
 

  

Abstract—Insufficient equipment renewal has become a key 

constraint on the high-quality transformation of China’s 

manufacturing industry. To address this challenge, an 

evolutionary game model based on the Hotelling spatial 

competition framework is constructed to investigate the 

strategic decisions of manufacturing firms regarding 

equipment renewal. The model identifies the mechanisms 

through which variations in government subsidy intensity 

influence firms’ equipment renewal strategies under different 

levels of market competition. The analysis reveals that 

government subsidies significantly incentivize equipment 

renewal investment, but this effect only emerges when subsidy 

intensity exceeds a specific threshold. Moreover, intensified 

market competition weakens the incentive effect of subsidies, 

particularly for firms with severe financing constraints. 

Although synergistic effects can enhance firms' willingness to 

renew equipment by reducing costs, their marginal benefits 

diminish in highly competitive environments. These findings 

provide theoretical insights for refining subsidy policies and 

developing differentiated policy strategies tailored to market 

competition intensity and firm-specific characteristics. 

 

Index Terms—Government subsidy，Equipment renewal，

Hotelling，Game theory 

 

I. INTRODUCTION 

VER the past four decades since the initiation of 

reform and opening-up policies, the accelerated growth 

of China's manufacturing sector has emerged as a 

cornerstone of the country’s economic growth. However, it 

remains "scale without sophistication," predominantly 

occupying mid- to low-tier positions of the global 

manufacturing value chain. There is an urgent need to 

accelerate the pace of transformation and upgrading to 

achieve high-quality development and transition from 

large-scale to capability-driven manufacturing. Equipment 

constitutes a pivotal element in technological capital 

formation and directly reflects the technological level and 

operational efficiency of manufacturing firms. Equipment 

renewal improves production efficiency and product quality. 

 
Manuscript received April 15, 2025; revised June 17, 2025.  
This work was supported in part by the Liaoning Provincial Social 

Science Planning Fund under the L22AJL003. 

Hongming Qi is an Associate Professor of the LiaoNing Technical 
University, Huludao 125000, China (e-mail: 15840411703@163.com). 

Sijia Liang is a postgraduate student of the LiaoNing Technical 

University, Huludao 125000, China (Corresponding author, e-mail: 
2561943726@qq.com). 

Binhe Sun is a postgraduate student of the LiaoNing Technical 

University, Huludao 125000, China (e-mail: 2562289225@qq.com). 
 

Additionally, it facilitates technological innovation and 

organizational transformation, ultimately enhancing firms' 

overall competitiveness. Furthermore, in modern 

manufacturing systems, equipment renewal generates 

synergistic effects by integrating multiple technologies to 

optimize production processes in a complementary manner, 

while leveraging technology spillovers, supply chain 

coordination, and strategic market interactions to reshape 

inter-firm competitive-cooperative equilibria, thereby 

simultaneously enhancing operational efficiency, innovation 

outcomes, and profit-sharing mechanisms. While the 

adoption of new technologies and equipment can effectively 

boost productivity, such investments are often 

capital-intensive, path-dependent, and subject to the 

uncertainties associated with technological progress. 

Consequently, insufficient equipment renewal has emerged 

as a critical constraint impeding the quality improvement 

and upgrading of the manufacturing sector. In February 

2024, the Fourth Meeting of the Central Financial and 

Economic Affairs Commission emphasized that 

"accelerating product renewal is an important measure to 

promote high-quality development, and it is necessary to 

encourage and guide a new round of large-scale equipment 

renewal and consumer goods replacement." This policy 

directive provides strategic guidance and institutional 

support for advancing the manufacturing industry. As both a 

supplier and consumer of various types of equipment, the 

long-term and stable development of China's manufacturing 

sector depends heavily on the continuous renewal and 

upgrading of equipment and technology, as well as on 

product innovation. This policy directive resonates with 

existing debates on industrial upgrading. As documented in 

literature[1], investments in machinery and equipment 

exhibit particularly strong stimulating effect on economic 

growth. However, firms often face high initial costs when 

introducing new technologies and equipment. Financing 

constraints, in turn, reduce their capacity or willingness to 

undertake equipment renewal. To alleviate these financial 

pressures and lower the investment threshold, governments 

frequently intervene using various policy instruments, 

among which government subsidies are among the most 

common and effective tools.  

To alleviate financial constraints and reduce investment 

barriers, governments typically implement various policy 

interventions to mitigate firms' investment risks, among 

which subsidies are one of the most common and effective 

instruments. A substantial body of literature has investigated 

the economic consequences of government subsidies, which 
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can be broadly categorized into two perspectives: the 

"promotion" view and the "inhibition" view. The 

"promotion" view posits that subsidies can stimulate firms’ 

investment and innovation activities by easing financial 

constraints and reducing investment risks[2]-[4]. In contrast, 

the "inhibition" view contends that subsidies may distort 

market resource allocation, lead to inefficiencies, and crowd 

out private investment[5]. However, much of the existing 

literature overlooks the role of the external market 

environment-particularly the intensity of market 

competition-in shaping the actual impact of subsidies. Prior 

research has shown that factors such as market competition, 

technological demand, and the strength of knowledge 

diffusion and spillover effects can significantly influence the 

outcomes of subsidy policies[6]. Some scholars argue that in 

highly competitive markets, firms are more motivated to 

leverage subsidies to expand investment and accelerate 

technological upgrading in order to maintain their market 

positions and avoid destructive competition[7][8]. 

Conversely, other studies suggest that excessive competition 

may result in resource fragmentation, ultimately 

undermining the effectiveness of government subsidies[9]. 

Therefore, whether and how the intensity of market 

competition affects the actual outcomes of subsidies remains 

an open and insufficiently addressed question in the current 

literature. At the same time, it is important to recognize that 

equipment renewal is not merely a means of updating 

production capacity but also serves as a crucial channel for 

generating synergistic effects within firms. These effects, 

arising from the complementary integration of new 

technologies, production processes, and organizational 

adjustments, can further amplify the advantages of 

equipment renewal by enhancing operational efficiency and 

fostering innovation outcomes. However, existing research 

has largely overlooked how these synergistic effects interact 

with market competition and government subsidy policies to 

shape firms’ strategic behaviors. Few studies have 

systematically explored the dynamic interactions among 

government subsidies, market competition, and synergistic 

effects in determining firms’ equipment renewal decisions. 

To address this gap, the present study integrates the 

Hotelling spatial competition model with evolutionary game 

theory to construct a novel dynamic framework that captures 

the strategic adjustment processes of manufacturing firms 

under different market environments. 

Against this background, this paper proposes the 

following research questions: First, how does the intensity 

of market competition influence the effect of government 

subsidies on firms’ equipment renewal decisions? Second, 

what role do synergistic effects associated with equipment 

renewal play in this process? Third, how do government 

subsidies, market competition, and synergistic effects 

interact to shape firms’ dynamic strategic behaviors? In 

response to these questions, this study attempts to 

investigate the interactive relationship among government 

subsidies, market competition, and synergistic effects of 

equipment renewal, and how these factors jointly affect 

manufacturing firms’ investment decisions in equipment 

renewal. To systematically depict firms’ strategic choices 

under different market structures, this paper introduces a 

Hotelling model that captures the tripartite interaction 

mechanism among firms, consumers, and competitors. This 

model, combined with evolutionary game theory, examines 

the dynamic evolutionary paths of manufacturing firms’ 

equipment investment strategies, aiming to provide both 

theoretical support and practical insights for policymakers 

seeking to optimize subsidy policies and promote equipment 

renewal in the manufacturing sector. 

 

II. LITERATURE REVIEW 

Most existing studies on equipment renewal primarily 

focus on the characteristics of the equipment itself, such as 

its economic life cycle[10]-[12]. However, relatively few 

have investigated the underlying drivers of equipment 

renewal from the perspective of firms. Equipment 

investment represents a crucial component of capital 

expenditure, directly influencing productivity, technological 

innovation, and long-term competitiveness. It involves fixed 

asset spending aimed at maintaining or expanding 

production capacity and includes not only the acquisition of 

traditional machinery but also the adoption of advanced 

equipment—an essential pathway for technological 

upgrading[13]. Firms enhance their competitiveness through 

equipment renewal by phasing out outdated machinery and 

introducing technologically advanced equipment. This 

process entails not only physical replacement but also 

improvements in production technology and efficiency 

[14][15]. 

Existing literature, both domestic and international, 

generally classifies the determinants of equipment 

investment into internal and external factors. Internal drivers 

include firm size[16], demand for technological innovation 

[17], firm performance[18]-[20], and the level of financing 

constraints[21][22].External factors consist of policy 

incentives[23][24], industry characteristics[25][26], market 

demand[27], and the international trade environment[28]. 

Among these, government subsidies remain one of the most 

prevalent and influential policy tools. According to the 

theory of market failure, government subsidies are designed 

to correct externalities, mitigate investment risk, and 

promote industrial upgrading. Literature[29] emphasize that 

the economic benefits associated with replacing outdated 

equipment are often underestimated, and that subsidies can 

effectively reduce the marginal cost of equipment 

investment. Furthermore, subsidies can signal long-term 

policy support, bolster firms' investment confidence, and 

direct firms toward specific technological trajectories, 

thereby accelerating the diffusion of innovation[30]. 

Literature[31] note that subsidies not only incentivize the 

subsidized firms but also increase equipment investment 

along their supply chains, particularly among upstream 

suppliers. Equipment renewal can also generate significant 

inter-firm synergies. Such synergies refer to interaction 

effects where the aggregate outcome exceeds the sum of 

individual contributions. Literature[32] suggests that new 

high-end equipment typically requires more highly skilled 

employees for operation, thereby fostering a complementary 

effect with human capital, enhancing the alignment between 

employee skills and technological demands, and ultimately 

improving productivity within manufacturing systems. 

Literature [33] contends that equipment modernization is a 
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key enabler for SMEs to pursue digital transformation and 

complements digital capacity building, ultimately 

facilitating the transition to smart manufacturing. 

Literature[34] further suggest that modernized equipment 

may foster resource sharing and technical collaboration 

among firms, contributing to cost reduction. Similarly, 

literature[35] posits that advanced equipment serves as a 

platform for the commercialization of R&D outcomes and 

amplifies the marginal returns on innovation. 

However, the effectiveness of government subsidies is far 

from uniform and is highly sensitive to the external market 

environment. From the perspective of industrial organization 

theory, the intensity of market competition can significantly 

influence firm behavior, thereby affecting the real impact of 

subsidies. In highly competitive industries, subsidies are 

more likely to be translated into cost reductions and R&D 

investment. Conversely, in less competitive environments, 

firms may divert subsidies toward non-productive uses, 

undermining their intended efficiency gains[36]. 

Endogenous growth theory further introduces an "inverted 

U-shaped" relationship between competition and innovation: 

while moderate competition stimulates firms to adopt new 

technologies and invest in R&D, excessive competition can 

crowd out long-term innovation investment[37][38]. 

In conclusion, although scholarly interest in equipment 

renewal has increased, there remains a relative scarcity of 

research examining the impact of government subsidies on 

firms' equipment investment behavior, particularly from the 

standpoint of corporate decision-making. Existing studies 

are predominantly centered on the technical and economic 

attributes of equipment itself, with limited attention to 

firm-level motivations and constraints. This study aims to 

address this gap by investigating how government subsidies 

influence the investment decisions of manufacturing firms 

regarding equipment renewal, taking into account variations 

in the external market environment. Given that the efficacy 

of subsidies may vary across different levels of market 

competition, this study proposes an integrated analytical 

framework that incorporates government subsidies, market 

competition, and technological synergy effects. To explore 

their dynamic interactions, this study adopts an evolutionary 

game theory approach. Furthermore, considering the critical 

role of consumers in shaping firm competition, the Hotelling 

spatial competition model is introduced to capture triadic 

interactions among firms, consumers, and competitors. By 

combining the Hotelling model with evolutionary game 

dynamics, this paper seeks to reveal the mechanisms 

underlying firms' equipment renewal strategy and to trace 

the evolutionary path of strategic interactions in competitive 

manufacturing environments. 

 

III. AN EVOLUTIONARY GAME MODEL FOR STRATEGY 

SELECTION IN EQUIPMENT RENEWAL BY MANUFACTURING 

FIRMS 

 

A. Mechanism and Process Analysis of Strategy Evolution 

Under the new dual circulation development paradigm, 

equipment renewal has become an essential lever for the 

transformation and upgrading of the manufacturing industry. 

The investment decision-making mechanisms related to 

equipment renewal exhibit complex and multidimensional 

characteristics. In principle, profit maximization remains the 

fundamental objective for the survival and development of 

enterprises, and the core purpose of equipment renewal lies 

in acquiring competitive advantages through technological 

upgrading to achieve excess returns. However, 

manufacturing firms frequently encounter a triple dilemma 

involving "willingness-capability-benefit "in the process of 

equipment renewal decision-making, which leads to 

generally insufficient willingness and relatively weak 

incentives for equipment renewal. 

The cost-benefit balance of equipment renewal constitutes 

the core logic of firms’ decision-making processes. At 

present, some manufacturing enterprises remain in a critical 

phase of recovery and redevelopment after experiencing 

operational difficulties, and they exhibit significant concerns 

regarding the high capital requirements, long investment 

cycles, and uncertain returns associated with equipment 

renewal. To address the insufficient willingness of 

manufacturing firms to undertake equipment renewal, 

government subsidy policies can effectively alleviate firms’ 

liquidity constraints, significantly reduce the investment 

costs of equipment renewal, and consequently stimulate 

firms’ willingness to invest in upgrading. According to 

Porter’s theory of competitive advantage, firms can 

simultaneously pursue overall cost leadership and 

differentiation strategies through equipment renewal. On the 

one hand, by adopting intelligent manufacturing equipment 

and flexible production lines, firms can effectively lower 

marginal costs. On the other hand, leveraging digital 

manufacturing capabilities and customized production 

models enables firms to enhance product quality and 

performance, thereby achieving a differentiated competitive 

advantage in the market. However, the procurement of 

advanced equipment, integration of new production 

capacities, and training of technical personnel involved in 

the process of equipment renewal create substantial entry 

barriers, intensifying competitive dynamics within the 

industry. Based on the spatial competition theory of the 

Hotelling model, the position of manufacturing firms in the 

product or technology attribute space determines their 

market coverage and the degree of alignment with consumer 

preferences. As a critical means of shifting technological 

attributes, equipment renewal alters firms’ competitive 

positions within the market space, subsequently influencing 

the dynamic distribution of market shares and reshaping the 

structure of industry competition. 

Dynamic competition theory further suggests that when 

leading firms take the lead in implementing equipment 

renewal and enhancing production efficiency, they can 

expand their market share and exert a crowding-out effect 

on competitors. Once a competitor’s market share loss 

exceeds a critical threshold, it is compelled to follow suit, 

resulting in a typical "Red Queen effect" [39] , which 

accelerates the diffusion of equipment renewal strategy 

within the industry. Simultaneously, the market competition 

intensity parameter in the Hotelling model exerts a 

significant influence on the evolutionary process of 

equipment renewal decisions. The greater the intensity of 

market competition, the stronger the strategic interaction 
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among firms, the more pronounced the crowding-out effect, 

and the faster the diffusion of equipment renewal strategy, 

thereby driving the continuous upgrading of the overall 

technological level within the industry. In this dynamic 

competitive environment, manufacturing firms continuously 

adjust their strategic choices based on changes in the returns 

generated by equipment renewal. If a firm adopts an 

equipment renewal strategy in the initial stage of strategic 

competition but achieves returns lower than expected, it will 

abandon the renewal strategy in subsequent interactions. 

Conversely, if equipment renewal generates excess returns, 

other firms will be forced to adopt similar strategies to 

prevent further erosion of their market shares. 

In summary, equipment renewal decisions exhibit 

significant strategic interactivity and dynamic evolutionary 

characteristics. Within the framework of evolutionary game 

theory, manufacturing firms continuously optimize their 

strategic choices based on the changing costs and returns 

associated with equipment renewal. Over time, the 

proportion of firms adopting equipment renewal strategy 

evolves toward a stable equilibrium, displaying typical 

characteristics of replicator dynamics. This process not only 

reflects the endogenous evolutionary mechanism of 

equipment renewal strategy driven by market competition 

but also provides a theoretical foundation for subsequent 

dynamic behavioral analysis of equipment renewal strategy 

based on the Hotelling model. 

 

B. Basic Assumptions of the Model 

This paper focuses on the issue of strategic choices in 

equipment renewal among manufacturing enterprises. To 

simplify the analysis, a duopoly market framework is 

constructed, assuming that firms are able to produce 

differentiated products through equipment renewal. In 

existing studies, the issue of differentiated competition is 

primarily analyzed using two approaches: the representative 

consumer model and the spatial choice model. Given that 

this study aims to characterize both consumer preference 

heterogeneity and product differentiation, and the 

representative consumer model fails to capture the 

distributional characteristics of consumer preferences, this 

study adopts the Hotelling spatial competition model, which 

better reflects the heterogeneity of consumer preferences. 

The equipment renewal behavior of firms constitutes a 

strategic interaction, operating as a game process under 

imperfect competition. Various game-theoretic frameworks, 

including the Bertrand, Cournot, Stackelberg, and Hotelling 

models, have been widely applied to analyze the strategic 

interactions among firms. Given that the equipment renewal 

behavior of manufacturing firms is influenced not only by 

competitors' strategies but also significantly constrained by 

consumers' preferences, this paper selects the Hotelling 

model as the theoretical foundation. In the original Hotelling 

model, the nature of a product is determined by two 

parameters: price and location. Consumers' "location" 

represents their preferred attributes, which systematically 

depict the interaction mechanism between firms, consumers, 

and competitors. Therefore, this study constructs an 

evolutionary game analysis framework based on the 

Hotelling spatial competition model, where the distribution 

of consumers in the product space reflects their preference 

differences. The position of firms in this space is viewed as 

the embodiment of their product differentiation strategies. 

The spatial model is then embedded into the evolutionary 

game framework to explore the driving forces behind firms' 

equipment renewal behavior. 

Assumption 1: The oligopoly market in which the 

manufacturing industry operates consists of only two firms 

to play the game, denoted as Firm A and Firm B, and the 

two firms are located in any position of iS  ( ,i a b=  ) on 

the Hotelling line of the interval [0,1] , but the two positions 

do not overlap. Assuming that 0 1a b    , b a− =   

and   denotes the degree of heterogeneity of the products 

produced by A and B, the smaller   is, the smaller the 

difference is, implying the stronger the competition in the 

product market. 

Assumption 2: Firms A and B are assumed to exhibit 

"limited rationality," meaning they make decisions aimed at 

maximizing their own interests. The strategy combinations 

available to the two firms are {Equipment renewal, No 

equipment renewal}. The firms' positions are represented on 

the Hotelling line within the interval [0,1]. A value of "1" on 

the Hotelling line indicates that the firm has implemented 

equipment renewal at that stage, while a value of "0" 

indicates that the firm has not carried out equipment renewal 

at that stage. 

Assumption 3: Consumers, of unit size, are uniformly 

distributed along the interval. The distance between a 

consumer and a firm is directly proportional to the negative 

utility generated by the non-desirable product obtained by 

the consumer from purchasing that firm's product. In other 

words, the farther the consumer is from the firm, the higher 

the transport cost they must incur. Consumers located at x 

(where x is the point of indifference) experience a negative 

utility when purchasing firm A's product is 2( )t x a−  and 

also a negative utility when purchasing firm B's product is 
2( )t x b−  .The parameter t represents the transport cost 

coefficient, with subsequent analyses setting t=1. 

Assumption 4: Manufacturing firms that implement 

equipment renewal and transformation can achieve potential 

benefits in terms of cost reduction, quality improvement, 

and enhanced efficiency, among other aspects. This paper 

assumes that the primary benefit of equipment renewal for 

firms lies in the enhancement of product performance and 

differentiation, which, in turn, improves consumers' 

perception of the utility of the product unit. Other impacts 

are not considered in this analysis for the time being. 

Specifically, with the help of advanced equipment, firms can 

produce higher-quality products with better functionality or 

more closely aligned with consumers' personalized needs, 

making it easier to capture consumer preferences and 

influence their purchasing choices. For consumers in the 

product market, the utility derived from purchasing a unit of 

a product that has not been upgraded by Firm A and Firm B 

is denoted as 0U  (consumers are assumed to have a 

sufficiently large retention utility 0U  for the 

product ,meaning that the utility 0U  is large enough to 

encourage all consumers to purchase one unit of the product, 

ensuring full market coverage), and the utility derived from 

purchasing a new product produced by the equipment 
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renewal is denoted as 0 0aU U+  and 0 0bU U+  ,where a  

and b  represent the investment in equipment renewal by 

Firm A and Firm B, a , b [0,1]. Assuming Firm B faces a 

higher financing constraint, if both firms choose to adopt the 

equipment renewal, which implies that Firm A has greater 

financial capacity than Firm B, the willingness of Firm A to 

invest in equipment renewal will be greater than that of Firm 

B, where, a ＞ b  . Moreover, the government can regulate 

the size of subsidies, denoted as S, where（S>0）. 

Assumption 5: Assuming that the basic cost of producing 

products for both firms A and B is 0C  , the cost of 

equipment renewal for Firm A is denoted as aC  and the cost 

of equipment renewal for firm B is denoted as bC . If both 

implement equipment renewal, the synergistic effects 

resulting from the inter-firm sharing of equipment resources, 

technological cooperation, and exchange of experiences can 

reduce costs and improve the overall efficiency of 

technological innovation and application[33]. In this 

scenario, the equipment renewal investment costs borne by 

the two manufacturing firms are denoted as 
'

aC 、 '

bC  , and 

due to the synergistic effect of both parties to undertake the 

equipment renewal will reduce the cost of more 

trial-and-error , making 
' ( , )i iC C i a b=＜ . 

 

C. Hotelling Competition Model Construction 

Model 1 Firms A and B both choose to invest in 

equipment renewal, and the prices of their products are 
1

aP  、 
1

bP  , respectively, and the net surplus of consumers at x who 

buy units of products from firms A and B is as follows. 
1,1 1 2

0

1,1 1 2

0

( )

( )

a a

b b

U U U P x a

U U U P x b





 = + − − −


= + − − −
     (1) 

Where, 0 (0 )a aU U  = ＜ ＜1  , 0 (0 )b bU U  = ＜ ＜1  

Let the consumer located at *x（ *x ∈[0,1]） be indifferent 

between purchasing from the two firms, implying that the 

consumer at point *x  receives the same utility from 

purchasing a unit of product from either firm. Then, *x  

needs to satisfy the following condition: 
1 2 1 2

0 0( ) ( )a bU U P x a U U P x b + − − − = + − − −   (2) 

Solution: 
2 2 1 1

* 0 0

2( )

a b a ba b U U P P
x

a b

 − + + − − +
= −

−
     (3) 

Consumer demand for the products of the two firms, 

located at *x  , is as follows: 
*

*

2 2 1 1

0 0

0

2 2 1 1
1

0 0

1
2( )

1
2( )

x
a b a b

a

a b a b
b

x

a b U U P P
D dx a

a b

a b U U P P
D dx b

a b

 

 

 − + + − − +
= = − −

−


− + + − − + = = +
 −





   (4) 

Firm A and Firm B's production profit function 

( , )i i a b =  is 
1,1 1( ) ( , )i i iP c D i a b = − =       (5) 

Solved according to the first order condition for profit 

i  maximization: 

2 2
1,1 0 0

2 2
1,1 0 0

(3( ) )

18( )

(3( ) )

18( )

a b
a

a b
b

a b U U

a b

a b U U

a b

 


 


 − + −
= −

−


− − + = −
 −

         (6) 

Firms A、B all choose to undertake the equipment renewal 

and received government subsidies, the total revenue of the 

firms ( , )iR i a b=  are as follows: 
2 2

1,1 1,1 ' ' 0 0

2 2
1,1 1,1 ' ' 0 0

(3( ) )

18( )

(3( ) )

18( )

a b
a a a a

a b
b b b b

a b U U
R S C S C

a b

a b U U
R S C S C

a b

 


 


 − + −
= + − = − −

−


− − + = + − = − −
 −

 (7) 

Model 2 Firm A chooses to invest in equipment renewal 

and Firm B does not. The prices of their products are 
1

aP 、
0

bP  , and the net surplus of consumers located at x who buy 

units of Firm A and Firm B is as follows: 
1,0 1 2

0

1,0 0 2

0

( )

( )

a a

b b

U U U P x a

U U P x b


 = + − − −


= − − −
        (8) 

Then the demand for the products of the two firms by 

consumers at *x  is as follows: 
*

*

2 2 1 0

0

0

2 2 1 0
1

0

1
2( )

1
2( )

x
a a b

a

a a b
b

x

a b U P P
D dx a

a b

a b U P P
D dx b

a b





 − + + − +
= = − −

−


− + + − + = = +
 −





    (9) 

Correspondingly, the production profit functions of firms 

A and B are as follows: 
2 2

1,0 0

2 2
1,0 0

(3( ) )

18( )

(3( ) )

18( )

a
a

a
b

a b U

a b

a b U

a b







 − +
= −

−


− − = −
 −

          (10) 

The total revenues of the firms A and B are as follows: 
2 2

1,0 1,0 0

2 2
1,0 1,0 0

(3( ) )

18( )

(3( ) )

18( )

a
a a a a

a
b b

a b U
R S C S C

a b

a b U
R

a b







 − +
= + − = − −

−


− − = = −
 −

 (11) 

Model 3 Firm A chooses not to invest in equipment 

renewal and firm B invests in equipment renewal. The 

prices of their products are 
0

aP 、 1

bP  , and the net surplus of 

consumers at x who buy units from firm A and firm B are 
0,1 0 2

0

0,1 1 2

0

( )

( )

a a

b b

U U P x a

U U U P x b

 = − − −


= + − − −
       (12) 

Consumer demand for the products of the two firms, 

located at *x  , is as follows 
*

*

2 2 0 1

0

0

2 2 0 1
1

0

1
2( )

1
2( )

x
b a b

a

b a b
b

x

a b U P P
D dx a

a b

a b U P P
D dx b

a b





 − + + −
= = −

−


− + + − = = −
 −





   (13) 

Correspondingly, the production profit functions of firms 

A and B are as follows 
2 2

0,1 0

2 2
0,1 0

(3( ) )

18( )

(3( ) )

18( )

b
a

b
b

a b U

a b

a b U

a b







 − −
= −

−


− + = −
 −

          (14) 

The total revenues of the firms A and B are as follows: 
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2 2
0,1 0,1 0

2 2
0,1 0,1 0

(3( ) )

18( )

(3( ) )

18( )

b
a a

b
b b b b

a b U
R

a b

a b U
R S C S C

a b







 − −
= = −

−


− + = + − = − −
 −

 (15) 

Model 4 Firms A and B do not invest in equipment 

renewal, and the prices of their products are 0

aP 、 0

bP  

respectively, and the net surplus of consumers at x who buy 

units of firm A and firm B are as follows 
0,0 0 2

0

0,0 0 2

0

( )

( )

a a

b b

U U P x a

U U P x b

 = − − −


= − − −
         (16) 

Then the demand for the products of the two firms by 

consumers at *x  is 
*

*

2 2 0 0

0

2 2 0 0
1

1
2( )

1
2( )

x
a b

a

a b
b

x

a b P P
D dx a

a b

a b P P
D dx b

a b

 − + − +
= = − −

−


− + − + = = +
 −





     (17) 

Correspondingly, the production profit functions of firms 

A and B are as follows 
3

0,0

3
0,0

( )

2

( )

2

a

b

a b

a b





 −
= −


− = −



               (18) 

The total revenues of firms A and B are as follows 
3

0,0 0,0

3
0,0 0,0

( )

2

( )

2

a a

b b

a b
R

a b
R





 −
= = −


− = = −



           (19) 

To further characterize the impact of equipment renewal 

behavior on market space division, this study constructs a 

three-dimensional surface graph of indifference point *x  

with respect to product price changes based on four different 

equipment renewal combination scenarios, as shown in 

Figure 1. Among them, Figures (a) Scenario1, (b) Scenario2, 

(c) Scenario3, and (d) Scenario4 correspond to the cases of 

Model 1, Model 2, Model 3, and Model 4, respectively. 

By employing the Hotelling model, this study computes 

the consumer indifference point *x across various 

equipment renewal strategy combinations and illustrates the 

corresponding three-dimensional surface plot, as shown in 

Figure 1. The X-axis and Y-axis represent the product prices 

of firms A and B, respectively, while the Z-axis indicates 

the position of the consumer indifference point *x  . The 

color gradient, ranging from cool to warm, reflects the 

variation in the values of the indifference point. As shown in 

Figure 1, the positions of the indifference point exhibit 

considerable differences across the four equipment renewal 

scenarios. In Scenario 1, where both Firms A and B renew 

their equipment, symmetrical improvements in product 

utility are achieved, resulting in a relatively stable response 

of the indifference point *x  to price changes. In Scenario 2, 

where Firm A renews its equipment while Firm B does not, 

the indifference point shifts toward Firm B, indicating a 

distinct consumer preference for Firm A. Scenario 3 

presents the opposite situation, with Firm B updating its 

equipment while Firm A does not, causing the indifference 

point *x  to move toward Firm A. In Scenario 4, where 

neither firm renews its equipment, market division is solely 

driven by price differences, and the position of the 

indifference point *x  remains relatively stable and 

approximately symmetrical. 

In summary, equipment renewal behavior has a 

significant impact on consumer market preferences. Firms’ 

equipment renewal decisions, together with their pricing 

                     
(a) Scenario 1                                                            (b) Scenario 2 

                    
(c) Scenario 3                                                           (d) Scenario 4 

Fig. 1  Surface Plots of Indifference Point Variations under Different Equipment Renewal Scenarios 
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strategies, jointly shape the division of market space, 

thereby providing a solid foundation for the subsequent 

simulation of evolutionary dynamics. 

 

D. Construction of Evolutionary Game Dynamic Equations 

for Equipment Renewal 

Combining the four scenarios above, manufacturing firms 

A and B choose the payment matrix for equipment renewal 

investments, as shown in Table 1 below. 

Suppose that the probabilities of firm A choosing the 

equipment renewal and no equipment renewal are x  and 

1 x−  , respectively, and the probabilities of firm B choosing 

the equipment renewal and no equipment renewal are y  

and 1 y−  , respectively, (0 , 1)x y  . Then, from Table 

1: 
TABLE Ⅰ 

GAME PAYMENT MATRIX 

 

Firm B 

Equipment 

renewal 

No equipment 

renewal 

Firm A 

Equipment 

renewal 
（ 1,1 1,1,a bR R ) (

1,0 1,0,a bR R ) 

No equipment 

renewal 
(

0,1 0,1,a bR R ) (
0,0 0,0,a bR R ) 

The revenue from firm A's choice to invest in equipment 

renewal is: 
2 2

1 0(3( ) )
( 1)( )

18( )

a
a a

a b U
E y C S

a b

− +
= − − + −

−
  

2 2
' 0 0(3( ) )

( )
18( )

a b
a

a b U U
y C S

a b

 − + −
− +

−
  (20) 

The revenue firm A's choice not to invest in equipment 

renewal is 
2 23

0 0(3( ) )( )
( 1)

2 18( )

b
a

a b Ua b
E y y

a b

− −−
= − −

−
    (21) 

The revenue from firm B's choice to invest in equipment 

renewal is: 
2 2

1 0(3( ) )
( 1)( )

18( )

b
b b

a b U
E x C S

a b

− +
= − − + −

−
  

2 2
' 0 0(3( ) )

( )
18( )

a b
b

a b U U
x C S

a b

 − − +
− +

−
 (22) 

The revenue firm B's choice not to invest in equipment 

renewal is 
2 23

0 0(3( ) )( )
( 1)

2 18( )

a
b

a b Ua b
E x x

a b

− −−
= − −

−
    (23) 

According to evolutionary game theory, the replicator 

dynamic equation of Firm A for the equipment renewal 

strategy can be expressed as follows: 

( 1)dx x x= −   
2 2

' 0 0 0(6( ) 2 )
( )

18( )

a a b
a a a

U a b U U y
S C C y C y

a b

  − + −
− + − + +

−
(24) 

Similarly, the replicator dynamic equation of firm B as 
( 1)dy y y= −   

2 2
' 0 0 0(6( ) 2 )

( )
18( )

b b a
b b b

U a b U U x
S C C x C x

a b

  − + −
− + − + +

−
(25) 

To examine the stability of the system's equilibrium 

points, this study adopts the local stability analysis method 

proposed by Friedman to test the properties of equilibrium 

points. Based on the characteristics of the Jacobian matrix of 

the replicator dynamic system in evolutionary game theory, 

the stability of each equilibrium point is determined. The 

specific approach is as follows: if the equilibrium point 

Jacobian matrix determinant 0DetJ＞  , and the trace 

0TrJ＜  , then it can be judged that the corresponding 

equilibrium point has the nature of asymptotic stability 

called ESS point; if 0DetJ＞  , and 0TrJ＜  , then it can be 

judged that the corresponding equilibrium point is unstable; 

if 0DetJ＞  and 0TrJ＜  or when it is not certain, then the 

corresponding equilibrium point can be judged as a saddle 

point. Therefore, the Jacobi matrix is obtained by replicating 

the system of dynamic equations as:  
11 12

21 22

a a
J

a a

 
=  

 
, where: 

2
' 0 0 0

11

(6( ) 2 )
(1 2 )( )

18( )

a a b
a a a

U a b U U y
a x S C C y C y

a b

  − + −
= − − + − −

−
2

' 0
12

2
( 1)( )

18( )

a b
a a

U
a x x C C

a b

 
= − − − +

−
 

2
' 0

21

2
( 1)( )

18( )

a b
b b

U
a y y C C

a b

 
= − − − +

−
 

2
' 0 0 0

22

(6( ) 2 )
(1 2 )( )

18( )

b b a
b b b

U a b U U x
a y S C C x C x

a b

  − + −
= − − + − −

−
 

The equilibrium point of the game is 1(0,0)E , 2 (0,1)E ,

3 (1,0)E , 4 (1,1)E , 5 0 0( , )E x y  from / 0dx dt =  and 

/ 0dy dt = .Where, 
2

0 0

0 2
' 0

(6( ) )

18( )

2

18( )

b b
b

a b
b b

U a b U
S C

a b
x

U
C C

a b

 

 

− +
− + +

−
=

− +
−

, 

2

0 0

0 2
' 0

(6( ) )

18( )

2

18( )

a a
a

a b
a a

U a b U
S C

a b
y

U
C C

a b

 

 

− +
− + +

−
=

− +
−

 

, and at 
2 2

0 0 0 0

2 2
' '0 0

(6( ) ) (6( ) )

18( ) 18( )
0 , 1

2 2

18( ) 18( )

b b a a
b a

a b a b
b b a a

U a b U U a b U
S C S C

a b a b

U U
C C C C

a b a b

   

   

− + − +
− + + − + +

− −
 

− + − +
− −

, 5 0 0( , )E x y  is also equilibrium point. 

The trace 0TrJ＜  and determinant 0DetJ＞  of the 

Jacobian equation are respectively: 

11 22trJ a a= + =

2
' 0 0 0(6( ) 2 )

(1 2 )( )
18( )

a a b
a a a

U a b U U y
x S C C y C y

a b

  − + −
− − + − −

−
2

' 0 0 0(6( ) 2 )
(1 2 )( )

18( )

b b a
b b b

U a b U U x
y S C C x C x

a b

  − + −
+ − − + − −

−
 

(26) 

11 22 12 21detJ a a a a= − =  
2

' 0 0 0(6( ) 2 )
(1 2 )( )

18( )

a a b
a a a

U a b U U y
x S C C y C y

a b

  − + −
− − + − −

−
2

' 0 0 0(6( ) 2 )
(1 2 )( )

18( )

b b a
b b b

U a b U U x
y S C C x C x

a b

  − + −
 − − + − −

−
2 2

' '0 02 2
( 1)( ) ( 1)( )

18( ) 18( )

a b a b
a a b b

U U
x x C C y y C C

a b a b

   
− − − +  − − +

− −
 

(27) 

E. Analysis of Strategy Evolution Path and Equilibrium 

Trend  
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Drawing on the initial state of the equipment renewal 

strategy selection mechanism and the evolutionary phase 

diagram presented in Table 3, the evolutionary trajectories 

of the strategy combinations adopted by firms A and B are 

analyzed separately. For the purpose of analysis, let 
2

' 0 0 0(6( ) 2 )
( ) 1

18( )

a a b
a

U a b U U
S C

a b

  − + −
− − − =

−
, 

2
' 0 0 0(6( ) 2 )

( ) 2
18( )

b b a
b

U a b U U
S C

a b

  − + −
− − − =

−
, 

2

0 0(6( ) )
3

18( )

a a
a

U a b U
S C

a b

 − +
− − =

−
, 

2

0 0(6( ) )
4

18( )

b b
b

U a b U
S C

a b

 − +
− − =

−
. 

 

TABLE Ⅲ 

LOCAL STABILITY OF EQUILIBRIUM POINTS ①–⑮ UNDER THE INITIAL STATES OF EQUIPMENT RENEWAL STRATEGY 

balance point 

① ② ③ 

1 < 0, 2 < 0, 3 < 0, 4 < 0 1 < 0, 2 < 0,3 < 0, 4 > 0 1 < 0, 2 < 0, 3 > 0, 4 > 0 

DetJ  TrJ  Stability  DetJ  TrJ  Stability  DetJ  TrJ  Stability  

1(0,0)E  +  −  ESS −    
saddle point 

(math.) 
+ + instability 

2 (0,1)E  + + instability −    
saddle point 

(math.) 
−    

saddle point 
(math.) 

3 (1,0)E  + −  instability + + instability −    
saddle point 

(math.) 

4 (1,1)E  + −  ESS + −  ESS + −  ESS 

5 0 0( , )E x y    
saddle point 

(math.) 
  non-existent   non-existent 

 

 

 

TABLE Ⅱ 

DETERMINANTS AND TRACES OF THE JACOBIAN MATRIX OF EQUILIBRIUM POINTS FOR EQUIPMENT RENEWAL STRATEGIES 

balance 

point 
DetJ  TrJ  

(0,0) 

2

0 0(6( ) )

18( )

a a
a

U a b U
S C

a b

 − +
− − 

−
 

2

0 0(6( ) )

18( )

b b
b

U a b U
S C

a b

 − +
− −

−
 

2

0 0(6( ) )

18( )

a a
a

U a b U
S C

a b

 − +
− − +

−
 

2

0 0(6( ) )

18( )

b b
b

U a b U
S C

a b

 − +
− −

−
 

(0,1) 

2
' 0 0 0(6( ) 2 )

( )
18( )

a a b
a

U a b U U
S C

a b

  − + −
− − 

−
 

2
' 0 0 0(6( ) 2 )

[ ( )]
18( )

b b a
b

U a b U U
S C

a b

  − + −
− − −

−
 

2
' 0 0 0(6( ) 2 )

( )
18( )

a a b
a

U a b U U
S C

a b

  − + −
− − +

−
 

2
' 0 0 0(6( ) 2 )

[ ( )]
18( )

b b a
b

U a b U U
S C

a b

  − + −
− − −

−
 

(1,0) 

2

0 0(6( ) )
( )

18( )

a a
a

U a b U
S C

a b

 − +
− − − 

−
 

2
' 0 0 0(6( ) 2 )

)
18( )

b b a
b

U a b U U
S C

a b

  − + −
− −

−
 

2

0 0(6( ) )
( )

18( )

a a
a

U a b U
S C

a b

 − +
− − − +

−
 

2
' 0 0 0(6( ) 2 )

)
18( )

b b a
b

U a b U U
S C

a b

  − + −
− −

−
 

(1,1) 

2
' 0 0 0(6( ) 2 )

( )
18( )

a a b
a

U a b U U
S C

a b

  − + −
− − − 

−
 

2
' 0 0 0(6( ) 2 )

[ ( )]
18( )

b b a
b

U a b U U
S C

a b

  − + −
− − −

−
 

2
' 0 0 0(6( ) 2 )

( )
18( )

a a b
a

U a b U U
S C

a b

  − + −
− − − +

−
 

2
' 0 0 0(6( ) 2 )

[ ( )]
18( )

b b a
b

U a b U U
S C

a b

  − + −
− − −

−
 

0 0( , )x y  

2
' 0

0 0

2
( 1)( )

18( )

a b
a a

U
x x C C

a b

 
− − + 

−
 

2
' 0

0 0

2
( 1)( )

18( )

a b
b b

U
y y C C

a b

 
− − +

−
 

0 
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TABLE Ⅲ (CONTINUED) 

LOCAL STABILITY OF EQUILIBRIUM POINTS ①–⑮ UNDER THE INITIAL STATES OF EQUIPMENT RENEWAL STRATEGY 

Evolutionary 

phase diagram 
   

balance point 

④ ⑤ ⑥ 

1 < 0, 2 < 0, 3 > 0, 4 < 1 > 0, 2 < 0, 3 < 0, 4 < 0 1 > 0, 2 > 0, 3 < 0, 4 < 0 

DetJ  TrJ  Stability  DetJ  TrJ  Stability  DetJ  TrJ  Stability  

1(0,0)E  −    
saddle point 

(math.) 
+ −  ESS + −  ESS 

2 (0,1)E  + + instability −    
saddle point 

(math.) −    
saddle point 

(math.) 

3 (1,0)E  −    
saddle point 

(math.) 
+ + instability −    

saddle point 

(math.) 

4 (1,1)E  + −  ESS −    
saddle point 

(math.) 
+ + instability 

5 0 0( , )E x y    non-existent   non-existent   non-existent 

Evolutionary 

phase diagram 
   

balance point 

⑦ ⑧ ⑨ 

1 < 0, 2 > 0, 3 < 0, 4 < 0 1 < 0, 2 < 0, 3 > 0, 4 < 0 1 < 0, 2 > 0, 3 > 0, 4 < 0 

DetJ  TrJ  Stability  DetJ  TrJ  Stability  DetJ  TrJ  Stability  

1(0,0)E  + −  ESS −    
saddle point 

(math.) 
−    

saddle point 

(math.) 

2 (0,1)E  + + instability −    
saddle point 

(math.) 
+ + instability 

3 (1,0)E  −    
saddle point 

(math.) 
+ −  ESS + −  ESS 

4 (1,1)E  −    
saddle point 

(math.) 
+ + instability −    

saddle point 

(math.) 

5 0 0( , )E x y    non-existent   non-existent   non-existent 

Evolutionary 

phase diagram 
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TABLE Ⅲ (CONTINUED) 

LOCAL STABILITY OF EQUILIBRIUM POINTS ①–⑮ UNDER THE INITIAL STATES OF EQUIPMENT RENEWAL STRATEGY 

balance point 

⑩ ⑪ ⑫ 

1 < 0, 2 > 0, 3 > 0, 4 > 0 1 > 0, 2 > 0, 3 > 0, 4 > 0 1 > 0, 2 > 0, 3 < 0, 4 > 0 

 DetJ  TrJ  Stability  DetJ  TrJ  Stability  DetJ  TrJ  Stability  

1(0,0)E  + + instability + + instability −    
saddle point 

(math.) 

2 (0,1)E  −    
saddle point 

(math.) 
+ −  ESS + −  ESS 

3 (1,0)E  + −  ESS + −  ESS −    
saddle point 

(math.) 

4 (1,1)E  −    
saddle point 

(math.) 
+ + instability + + instability 

5 0 0( , )E x y    non-existent −  0 
saddle point 

(math.) 
  non-existent 

Evolutionary 

phase diagram 
   

 ⑬ ⑭ ⑮ 

balance point 1 > 0, 2 < 0, 3 < 0, 4 > 0 1 > 0, 2 < 0, 3 > 0, 4 > 0 1 > 0, 2 < 0, 3 > 0, 4 < 0 

 DetJ  TrJ  Stability  DetJ  TrJ  Stability  DetJ  TrJ  Stability  

1(0,0)E  −    
saddle point 

(math.) 
+ + instability −    

saddle point 
(math.) 

2 (0,1)E  + −  ESS + −  ESS −    
saddle point 

(math.) 

3 (1,0)E  + + instability −    
saddle point 

(math.) −    
saddle point 

(math.) 

4 (1,1)E  −    
saddle point 

(math.) 
−    

saddle point 

(math.) −    
saddle point 

(math.) 

5 0 0( , )E x y    non-existent   non-existent   non-existent 

Evolutionary 

phase diagram 
   

 

For the purpose of this analysis,  i i iS C K− =  ,  
' '

i i iS C K− =  , then iK−  indicate the net cost of equipment 

renewal,  
'

iK−  indicates the net cost of collaborative 

renewal to the firms , 
' 0i iK K  ， '

i i iK K K− =  ， iK−  

indicates the cost savings from collaborative renewal, that is, 

the synergies generated by technological advances brought 

about by renewing the equipment, and in the following 

analyses , ; ,i a b j a b= =  and i j . 

Discussion I 
2 0 02

( )
6

a bU U
a b

 −
−  , when

2( )a b−  is 

relatively large and the intensity of market competition is 

low, the evolutionary path of the system is as follows: 
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(1)when 
2

0 0 0'
(6( ) 2 )

18( )

i i j

i

U a b U U
K

a b

  − + −


−
、

2

0 0(6( ) )

18( )

i i
i

U a b U
K

a b

 − +


−
, 

corresponding to the initial table state in the table ③ (1 < 0, 

2 < 0, 3 > 0, 4 > 0) . The system has four local equilibrium 

points, and the stable point is 4 (1,1)E  , implying that both 

firm A and firm B adopt the equipment renewal strategy, 

This suggests that, under a high level of government subsidy, 

and a moderate cost savings from collaborative renewal 

iK− , the system will eventually converge to 4 (1,1)E  , 

indicating that substantial government subsidies can 

incentivize both firms in the game to adopt the equipment 

renewal strategy. 

(2)When 
2

0 0 0'
(6( ) 2 )

18( )

i i j

i

U a b U U
K

a b

  − + −


−
、

2

0 0(6( ) )

18( )

i i
i

U a b U
K

a b

 − +


−
, 

corresponding to the initial table state ① in the table (1 < 0, 

2 < 0, 3 < 0, 4 < 0). The system has five local equilibrium 

points, and the stable points are 1(0,0)E  and 4 (1,1)E  , 

implying that both firms will adopt the same decision. This 

indicates that, under a lower level of government subsidy 

but with greater cost savings from collaborative renewal, 

both firms are inclined to adopt the same decision. As the 

cost savings from collaborative renewal increase, the 

probability that the system converges to 4 (1,1)E  also 

increases, indicating that the enhanced synergies from 

equipment renewal can promote firms to adopt the renewal 

strategy. 

(3)When 
2

0 0 0'
(6( ) 2 )

18( )

i i j

i

U a b U U
K

a b

  − + −


−
, 

2

0 0(6( ) )

18( )

i i
i

U a b U
K

a b

 − +


−
, the initial state ⑥ (1 > 0, 2 > 0, 3 < 0, 

4 < 0 ) . The system has four local equilibrium points, with 

the stable point being 1(0,0)E  , where neither firm A nor 

firm B adopts the equipment renewal strategy. This indicates 

that, when the level of government subsidy is low and the 

cost savings from collaborative renewal are moderate, 

neither firm is willing to adopt equipment renewal. 

(4)When 
2

0 0 0'
(6( ) 2 )

18( )

i i j

i

U a b U U
K

a b

  − + −


−
, 

2

0 0(6( ) )

18( )

i i
i

U a b U
K

a b

 − +


−
, 

the initial state ⑫ (1 > 0, 2 > 0, 3 < 0, 4 > 0  ). The system 

has four local equilibrium points, with the stable points 

being 2 (0,1)E  and 3 (1,0)E  , where only one firm chooses 

to renew the equipment. This indicates that, under a low 

level of market competition and with substantial government 

subsidies, but moderate cost iK−  savings from 

collaborative renewal, the system will eventually converge 

to a stable state where only one firm adopts the equipment 

renewal strategy after continuous decision-making and 

learning. 

When comparing Scenario ② and Scenario ③ 

horizontally, it can be observed that the net cost of 

equipment renewal iK−  is higher in both scenarios, 

indicating that the intensity of government subsidies is 

relatively weak, and that firms face greater cost pressures 

when undertaking equipment renewal. However, the net cost 

of collaborative renewal 
'

iK−  in Scenario ② is lower than 

that in Scenario ③. This implies that, as the cost savings 

from collaborative renewal iK−  increase, the system 

stability points shift from 1(0,0)E  to 1(0,0)E  and 4 (1,1)E  , 

with 4 (1,1)E  increasing. This suggests that improvements in 

the synergistic effect can effectively reduce the marginal 

cost of renewal for firms, thereby enhancing their 

willingness to undertake the renewal of the equipment. 

Comparing Scenarios ① and ④, the net cost of 

replacement iK−  is lower in both scenarios, reflecting 

stronger government subsidies. In this context, the 

synergistic effect in Scenario ① is further enhanced 

compared to Scenario ④, and the corresponding system 

stabilization strategy shifts from 2 (0,1)E  and 3 (1,0)E  to 

4 (1,1)E  , indicating that the outcome of the evolution 

changes from only one firm renewing its equipment to both 

firms renewing their equipment. This also confirms that the 

enhancement of the synergistic effect can significantly 

increase the willingness of manufacturing firms to renew 

equipment, thereby forming a more stable cooperative 

renewal situation. 

Comparing Scenarios ③ and ④, under the condition of 

keeping other factors constant, as the net cost iK−  

decreases and the intensity of government subsidies rises, 

the system's evolutionary result shifts from both firms not 

renewing equipment to one firm renewing equipment. This 

further demonstrates that government subsidies can motivate 

firms to undertake equipment renewal. 

Discussion II When 20 0 0 02 2
( )

6 6

b a a bU U U U
a b

   − −
 −   , 

the intensity of competition in the market becomes greater, 

the system evolution path is as follows: 

(1)When 
2

0 0 0'
(6( ) 2 )
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i i j

i

U a b U U
K

a b

  − + −


−
, 

2

0 0(6( ) )

18( )

i i
i

U a b U
K

a b

 − +


−
, 

as shown in Table 3, the initial state ⑩(1 < 0, 2 > 0, 3 > 0, 

4 > 0). The system has four local equilibrium points, and the 

stability point is 3 (1,0)E  , under larger government 

subsidies, but with moderate cost savings from firms 

collaborating on equipment renewal iK−  , the system 

eventually converges to 3 (1,0)E  , indicating that only Firm 

A adopts the strategy. This suggests that, at this point, 

government subsidies are ineffective for firms with weaker 

financial capabilities. 

(2)When 
2

0 0 0'
(6( ) 2 )

18( )

i i j

i

U a b U U
K

a b

  − + −


−
, 

2

0 0(6( ) )

18( )

i i
i

U a b U
K

a b

 − +


−
, 

as shown in Table 3,the initial state ⑪(1 > 0, 2 > 0, 3 > 0, 

4 > 0). The system has five local equilibrium points, and the 

stable points are 2 (0,1)E  and 3 (1,0)E . This result suggests 

that under conditions of relatively large government 

subsidies but limited cost savings iK−  from collaborative 

equipment renewal, the system will eventually stabilize at a 

state where only one firm adopts the equipment renewal 

strategy after repeated strategy adjustment and learning. 

(3)When 
2

0 0 0'
(6( ) 2 )

18( )

i i j

i

U a b U U
K

a b

  − + −


−
, 

2

0 0(6( ) )

18( )

i i
i

U a b U
K

a b

 − +


−
, 

as shown in Table 3, the initial state ⑦(1 < 0, 2 > 0, 3 < 0, 

4 < 0). The system has four local equilibrium points, and the 

stability point is 1(0,0)E . This indicates that, under low 

levels of government subsidies, firms exhibit limited 

willingness to undertake equipment renewal, even when the 

cost savings from collaborative renewal iK−  are 

considerable. 

(4)When 
2

0 0 0'
(6( ) 2 )

18( )

i i j

i

U a b U U
K

a b

  − + −


−
, 

2

0 0(6( ) )

18( )

i i
i

U a b U
K

a b

 − +


−
, 

as shown in Table 3, the initial state ⑥ （1 > 0, 2 > 0, 3 < 0, 

4 < 0）. The system exhibits four local equilibrium points, 
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and the stable point is also 1(0,0)E  , implying that neither 

firm A nor firm B adopts the equipment renewal strategy. 

This result indicates that neither firm is willing to undertake 

equipment renewal when the government subsidies are low 

and the cost savings from collaborative renewal iK−  are 

moderate. 

Comparing Scenarios ③ and ④, it can be observed that 

the level of government subsidy remains low in both 

scenarios, while the cost savings iK−  from collaborative 

equipment renewal increases are higher in scenario ③ than 

in scenario ④. Nevertheless, the equilibrium point in both 

scenarios is 1(0,0)E  , indicating that neither firm opts for 

equipment renewal. This suggests that even with a strong 

synergistic effect from collaborative renewal, its incentive 

effect on firms' renewal strategies may be significantly 

diminished in a highly competitive market environment. For 

further cross-sectional comparison, in Scenario ① and 

Scenario ③, where all other conditions are held constant, 

the level of government subsidy is relatively higher in 

scenario ①. Under this condition, the stability point of the 

system shifts from 1(0,0)E  to 3 (1,0)E  , indicating that the 

outcome changes from neither firm undertaking equipment 

renewal to only firm A undertaking equipment renewal. 

Similarly, in the comparison between Scenario ④ and 

Scenario ②, the subsidy level in Scenario ④ is higher, and 

the corresponding stability point of the system shifts from 

1(0,0)E  to 2 (0,1)E  and 3 (1,0)E  ,meaning that the evolution 

result changes from neither of the two firms undertake the 

equipment renewal. This further supports the positive 

incentive effect of government subsidies in encouraging 

firms to undertake equipment renewal. 

Discussion III When 2 0 02
0 ( )

6

b aU U
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 

−
 

( 1 0,2 0  is constant) is constant and when 
2( )a b−  is 

smaller and the intensity of competition in the market is 

further increased, the system evolution path is as follows: 

(1) When 
2

0 0(6( ) )

18( )

i i
i

U a b U
K

a b

 − +


−
 , the stability analysis 

of the system equilibrium point is as shown in Table 3, the 

initial state ⑪（1 > 0, 2 > 0, 3 > 0, 4 > 0）. There are five 

local equilibrium points in the system, and the stability 

points are 2 (0,1)E  and 3 (1,0)E  , indicating that only one 

firm will choose to make investment in equipment renewal. 

This suggests that under a relatively high level of 

government subsidy, but limited cost saving from 

collaborative renewal iK−  ,the system will ultimately 

converge through repeated strategy learning to a stable state 

where only one firm adopts the equipment renewal strategy. 

(2) When 
2

0 0(6( ) )

18( )

i i
i

U a b U
K

a b

 − +


−
 ,the system equilibrium 

point stability analysis as shown in Table 3, the initial state 

⑥ (1 > 0, 2 > 0, 3 < 0, 4 < 0). The system has four local 

equilibrium points, and with a stable point at 1(0,0)E  , 

indicating that under a low level of government subsidy, 

firms are unwilling to undertake equipment renewal, even 

when the cost savings from collaborative renewal iK−  are 

substantial. 

Finally, comparing Scenario ③ in Discussion II with 

Scenario ② in Discussion Ⅰ vertically, under otherwise 

identical conditions, reveals that as market competition 

intensifies, firms tend to abandon their equipment renewal 

strategy. This suggests that increasing market competition 

weakens the incentive effect of government subsidies, 

thereby reducing firms' willingness to invest in equipment 

renewal. 

Similarly, comparing Discussion Ⅱ with ① in Discussion 

Ⅰ shows that the evolutionary outcome shifts from both firms 

undertaking equipment renewal to only firm A doing so. 

This further confirms that the effectiveness of government 

subsidy policies in promoting equipment renewal among 

manufacturing firms diminishes with stronger market 

competition. Moreover, this inhibitory effect is more 

pronounced for firm B, which faces more severe financing 

constraints. 

 

IV. SIMULATION ANALYSIS 

This study conducts simulation analysis using MATLAB 

to verify the validity of the game-theoretical conclusions, 

while also providing a more intuitive comparison of the 

evolutionary paths of equipment renewal choices by firms A 

and B under varying subsidy intensities, competition levels, 

and degrees of synergistic effect. 

A. Impact Analysis of Market Competition Intensity 

Let the initial assignment of the variables be: 

0 4, 0.8, 0.4, 7, 5, 1a b a b iU C C K = = = = = − =  

The following figure illustrates the evolution path of 

firms' strategies regarding equipment renewal under 

different levels of market competition intensity, assuming 

both manufacturing firms A and B initially choose a 0.5 

proportion of equipment renewal. As competition intensity 

increases, that is, when b a− =   decreases from 0.9 to 0.1, 

while holding the initial values of other parameters constant, 

it is observed that both firms are willing to undertake 

equipment renewal when market competition is low. 

However, as competition intensity rises, the evolutionary 

 
Fig. 2.  Evolutionary path of firms' equipment renewal strategies under 

different market competition intensities 
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outcome shifts to a state where neither firm opts for 

equipment renewal. 

 

B. Impact analysis of government subsidies 

Let the initial assignment of the variable be 

0 4, 0.8, 0.4, 7, 5, 1a b a b iU C C K = = = = = − =  . Figure 3 

illustrates the evolution path of firms' strategies regarding 

equipment renewal under different levels of government 

subsidy level, assuming both manufacturing firms A and B 

initially choose a 0.5 proportion of equipment renewal. As 

shown in ( a ) , when the intensity of market competition is 

low ( 0.7 =  ),an increase in government subsidy level 

leads the system to gradually evolve to the state (1,1), where 

both firms choose to invest in equipment renewal. This 

suggests that the government subsidy can enhance the 

willingness of the manufacturing firms to undertake 

equipment renewal. In contrast, when the intensity of market 

competition is high ( 0.1 =  ), as shown in ( )b , with the 

increase of the intensity of market competition, the system 

gradually evolves to the point that only firm A undertakes 

equipment renewal. This further indicates that government 

subsidy, while initially promoting renewal, can lose their 

effectiveness as competition intensifies. Additionally, the 

intensity of market competition in diminishing the incentive 

of government subsidies is more pronounced for firms with 

stronger financing constraints. 

 

C. Impact analysis of Synergies 

Let the initial assignment of the variable be:  

0 4, 7, 0.8, 0.4, 7, 5a b a bU S C C = = = = = = . When the synergy 

effect is stronger, it reduces more trial-and-error costs for 

the firms, and Fig. 4 illustrates the evolution path of the 

strategy choices by the two manufacturing firms under 

different synergy effects. When market competition is low, a 

greater synergy effect leads the system to evolve toward 

(1,1), with both manufacturing firms increasingly willing to 

undertake equipment renewal. However, when competition 

intensity is higher, although neither firm is willing to renew 

equipment, the system shifts toward (0,0) at a slower pace, 

suggesting that a stronger synergy effect can enhance firms' 

willingness to invest in equipment renewal to some extent. 

This also confirms that higher market competition can 

weaken the role of the synergy effect. 

 

V. CONCLUSION 

This paper examines the role of government subsidies as 

an incentive for firms to renew their equipment, and 

explores its relationship with the competitive market 

environment in the context of equipment renewal 

investments by manufacturing firms. The study draws the 

following main conclusions: 

 
(a) 0.7 =  

 
(b) 0.1 =  

Fig. 4.  Evolutionary path of firms' equipment renewal strategy selection 

under different synergies 

 
(a) 0.7 =  

 
 (b) 0.1 =  

Fig. 3.  Evolutionary path of firms' equipment renewal strategy choices 

under different government subsidies 
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First, government subsidies have a significant incentive 

effect in promoting equipment renewal in manufacturing 

firms, and the incentive effect is further enhanced as the 

subsidy increases. However, there exists a threshold effect 

such that when the subsidy is low, its incentive effect on 

investment in equipment renewal is weak, making it difficult 

to effectively encourage firms to undertake equipment 

renewal. Second, the intensity of market competition is an 

important external factor influencing the effectiveness of 

government subsidies. As market competition intensifies, 

the likelihood of firms choosing to undertake equipment 

renewal declines, suggesting that, in a competitive market 

environment, firms are more inclined to improve production 

efficiency by optimizing existing equipment rather than 

investing in large-scale renewal. This effect is particularly 

pronounced for firms with high capital constraints and 

strong financing limitations, where the negative impact of 

intense competition on the effectiveness of government 

subsidies is more apparent. Additionally, the synergistic 

effects arising from collaborative equipment renewal among 

manufacturing firms play a crucial role in their investment 

decisions. The sharing of technology, equipment, and 

experience through collaborative upgrading can reduce costs 

and enhance the appeal of equipment renewal. However, in 

a more competitive market, these synergies are diminished, 

reducing the overall incentive for firms to engage in 

equipment renewal. 

Based on the above conclusions, the following policy 

recommendations are made: First, the government should 

increase subsidies for investment in equipment renewal, 

particularly when subsidies are low. The government could 

establish special funds and raise subsidy standards to 

enhance firms' willingness to renew their equipment and 

facilitate technological upgrading and industrial 

transformation. Second, the market competition 

environment should be comprehensively considered when 

implementing differentiated subsidy strategies. In industries 

or regions with low market competition, the incentive effect 

of government subsidies on equipment renewal investment 

is more pronounced, and therefore, increasing the input of 

subsidy resources could be considered. In contrast, in more 

competitive environments, the effect of government 

subsidies is more limited. In such cases, direct subsidies 

should be appropriately reduced, and policy guidance should 

be emphasized to encourage firms to undertake equipment 

renewal based on their own strengths, thereby reducing the 

inhibitory effect of homogeneous competition on subsidy 

effectiveness. Finally, the government should play a guiding 

role in promoting cooperation among firms and establishing 

a platform for shared equipment renewal. Particularly in the 

early stages of the equipment renewal market, the 

government can set up a public service platform to integrate 

equipment, technology, and experience from various firms, 

reducing the cost of repeated investments and enhancing 

overall industry efficiency in terms of equipment renewal. 

At the same time, the government can provide technical 

support and financial guidance to promote synergistic 

cooperation among firms, thereby optimizing the overall 

effectiveness of equipment renewal. 

This study is subject to several limitations. The model 

simplifies the market structure to a duopoly and assumes 

homogeneous consumer preferences, which may not fully 

capture the complexity of real-world manufacturing sectors. 

Future research could extend this framework by considering 

multi-firm competition and heterogeneous consumer 

demand to enhance the generalizability of the findings. 

 

REFERENCES 

[1] Abdi Tahir. "Machinery & equipment investment and growth: 
evidence from the Canadian manufacturing sector", Applied 

Economics, vol. 40, no. 4, pp. 465–478, 2008. 

[2] Sylvia Sean, Xiao-Chen Ma, Yao-Jiang Shi, Rozelle Scott, Lawell Lin 

Cynthia C.-Y. "Ordeal Mechanisms, Information, and the 
Cost-Effectiveness of Subsidies: Evidence from Subsidized 

Eyeglasses in Rural China, "Journal of Health Economics, vol. 82, 

2022. 
[3] Xiao-Lei Yang, Ling-Yun He, Yu-Fei Xia, Yu-Feng Chen. "Effect of 

government subsidies on renewable energy investments: The 

threshold effect. "Energy Policy, vol. 132, pp. 156-166, 2019. 
[4] Chun-Xia Shan, Xue Ji. "Environmental regulation and green 

technology innovation: An analysis of the government subsidy 

policy's role in driving corporate green transformation." Industrial 
Engineering and Innovation Management, vol. 7, no. 1, 2024. 

[5] Aneesh Raghunandan. "Government subsidies and corporate 

misconduct." Journal of Accounting Research, vol. 62, no. 4, pp. 
1449–1496, 2024. 

[6] Fulvio Castellacci, Mee Christine Lie. "Do the effects of R&D tax 

credits vary across industries? A meta-regression analysis." Research 
Policy, vol. 44, no. 4, pp. 819–832, 2015. 

[7] R. James Brown, M. Steven Fazzari, C. Bruce Petersen. "Financing 

innovation and growth: cash flow, external equity, and the 1990s 
R&D boom." The Journal of Finance, vol. 64, no. 1, pp. 151–185, 

2009. 

[8] Chiara Criscuolo, Ralf Martin, G. Henry Overman, John Van Reenen. 
"Some causal effects of an industrial policy." American Economic 

Review, vol. 109, no. 1, pp. 48–85, 2019. 

[9] Bo-Qiang Lin, Ao-Xiang Zhang. "Government subsidies, market 
competition and the TFP of new energy firms." Renewable Energy, 

vol. 216, no. 6, 119090, 2023. 

[10] Alexander Bozhenyuk, Margarita Knyazeva, Olesya Kosenko, Eva 
Kosenko. "An approach to solving the problem of equipment 

replacement using periodic fuzzy graphs." International Journal of 

Hybrid Intelligent Systems, vol. 20, no. 4, pp. 369–384, 2024. 
[11] Adel Alshibani, Ahmed Youssef Ghazzawi El, Awsan Mohammed, M. 

Ghaithan Ahmed, et al. "A multi-criteria decision-making model for 

heavy construction equipment replacement." Journal of Financial 
Management of Property and Construction, vol. 29, no. 3, pp. 485–

511, 2024. 

[12] Damaris Vicentin Chieregato, Paulo Junior Alves Nocera, Geeta 
Duppati, Carlos Pedro Oprime. "Equipment replacement: a literature 

review of the stochastic approach using artificial intelligence." The 

Engineering Economist, vol. 69, no. 4, pp. 255–284, 2024. 
[13] N. V. Borisov, V. O. Pochukaeva, G. K. Pochukaev. "Domestic 

investment equipment in the world market: dynamics and structural 

changes." Studies on Russian Economic Development, vol. 31, no. 5, 
pp. 463–470, 2020. 

[14] Daron Acemoglu, Claire Lelarge, Pascual Restrepo. "Competing with 

robots: firm-level evidence from France." AEA Papers and 

Proceedings, vol. 110, pp. 383–388, 2020. 

[15] Jan De Loecker, Jan Eeckhout, Gabriel Unger. "The rise of market 
power and the macroeconomic implications." The Quarterly Journal 

of Economics, vol. 135, no. 2, pp. 561–644, 2020. 

[16] Praveen Kumar, Vijay Yerramilli. "Firm size, capital investment, and 
debt financing over industry business cycles." Journal of Financial 

and Quantitative Analysis, vol. 60, no. 1, pp. 524–550, 2023. 

[17] Benton C. Morgan. "The second machine age: work, progress, and 
prosperity in a time of brilliant technologies." Quality Management 

Journal, vol. 23, no. 1, pp. 72–72, 2016. 

[18] Napaporn Likitwongkajon, Chaiporn Vithessonthi. "Do foreign 
investments increase firm value and firm performance? Evidence 

from Japan." Research in International Business and Finance, vol. 51, 

2020. 
[19] Enrico Vanino, Stephen Roper, Bettina Becker. "Knowledge to 

money: assessing the business performance effects of publicly-funded 

R&D grants." Research Policy, vol. 48, no. 7, pp. 1714–1737, 2019. 
[20] Rytis Krusinskas, Rasa Norvaisiene, Ausrine Lakstutiene, Sigitas 

Vaitkevicius. "Investment, innovation and firm performance: 

IAENG International Journal of Applied Mathematics

Volume 55, Issue 9, September 2025, Pages 2761-2775

 
______________________________________________________________________________________ 



 

empirical evidence from small manufacturing industries." Finance 
and Economics, vol. 3, no. 6, pp. 122–131, 2015. 

[21] Murillo Campello, John R. Graham, Campbell R. Harvey. "The real 

effects of financial constraints: evidence from a financial crisis." 
Journal of Financial Economics, vol. 97, no. 3, pp. 470–487, 2010.  

[22] Yulia Davydova, Vladimir Sokolov. "The real effects of financial 

constraints: evidence from a debt subsidization program targeted at 
strategic firms." Journal of Empirical Finance, vol. 29, pp. 247–265, 

2014. 

[23] Huseyin Gulen, Mihai Ion. "Policy uncertainty and corporate 
investment." The Review of Financial Studies, vol. 29, no. 3, pp. 523–

564, 2016. 

[24] Yun Huang, Paul Luk. "Measuring economic policy uncertainty in 
China." China Economic Review, vol. 59, 2020. 

[25] Sik Won Hwang, Seunghwan Oh. "The effectiveness of public R&D 

subsidy on SMEs' innovation capability and catch-up in the Korean 
manufacturing industry." Technology Analysis & Strategic 

Management, vol. 35, no. 10, pp. 1369–1384, 2023. 

[26] Dong-yang Zhang, Gang Xu. "Does government subsidy affect firm 
survival? Evidence from Chinese manufacturing firms." Emerging 

Markets Finance and Trade, vol. 55, no. 11, pp. 2628–2651, 2019. 

[27] Daron Acemoglu, Pascual Restrepo. "Robots and jobs: evidence from 
US labour markets." Journal of Political Economy, vol. 128, no. 6, pp. 

2188–2244, 2020. 

[28] David Autor, David Dorn, Gordon Hanson. "On the persistence of the 
China shock." Brookings Papers on Economic Activity, pp. 381–447, 

2021. 
[29] Philippe Aghion, Antonin Bergeaud, Timo Boppart, Peter J. Klenow, 

Hui-yu Li. "Missing growth from creative destruction." American 

Economic Review, vol. 109, no. 8, pp. 2795–2822, 2019. 
[30] Sabrina T. Howell. "Financing innovation: evidence from R&D 

grants." American Economic Review, vol. 107, no. 4, pp. 1136–1164, 

2017. 
[31] Chen Zhao, Zhi-kuo Liu, Carlos J. Suárez, Daniel Yi Xu. "Notching 

R&D investment with corporate income tax cuts in China." American 

Economic Review, vol. 111, no. 7, pp. 2065–2100, 2021. 
[32] Tanawat Wisedsin, K. Jermsittiparsert, Phitphisut Thitart, Wissawa 

Aunyawong. "Role of advanced manufacturing technology, human 

capital and employee empowerment to enhance manufacturing 
industry supply chain performance." International Journal of Supply 

Chain Management, vol. 9, no. 2, pp. 411–418, 2020. 

[33] Alexandre Moeuf, Robert Pellerin, Samir Lamouri, Simon 

Tamayo-Giraldo, Rodolphe Barbaray. "The industrial management of 

SMEs in the era of Industry 4.0." International Journal of Production 

Research, vol. 56, no. 3, pp. 1118–1136, 2018. 
[34] R. William Kerr, Frederic Robert-Nicoud. "Tech clusters." The 

Journal of Economic Perspectives, vol. 34, no. 3, pp. 50–76, 2020. 

[35] Jian-lin Cao. "New quality productivity and high-end equipment 
manufacturing: issues, thoughts and practices." Proceedings of the 

Chinese Academy of Sciences, vol. 39, no. 9, pp. 1557–1563, 2024. 

[36] Hua-qing Zhang, Xiang-jian Zhang, Hao-yu Tan, Yong-qian Tu. 
"Government subsidies, market competition and firms' technological 

innovation efficiency." International Review of Economics and 

Finance, vol. 96(PA), 103567, 2024. 
[37] Philippe Aghion, Mathias Dewatripont, Luo-sha Du, Ann Harrison, 

Patrick Legros. "Industrial policy and competition." American 

Economic Journal: Economic Policy, vol. 7, no. 4, pp. 1–32, 2015. 
[38] Ignacio Juan Morena Palacio, Alejandro Lagarda Mungaray, Lizbeth 

Beltrán Salgado, Ramsés Jaciel León Méndez. "Full competition and 

innovation." Sustainability, vol. 17, no. 2, 527, 2025. 
[39] Tanyel Cakmak. "Escaping the Red Queen effect through technology 

intelligence: a review of the literature and recommendations." 

Economics and Management, vol. 19, no. 2, pp. 202–211, 2014. 
 

Hongming Qi: Associate Professor Qi Hongming, born in 1974 in Fuxin, 

Liaoning Province, received his Ph.D. from Liaoning Technical University. 
He has participated in several provincial and national research projects and 

has published multiple SCI-indexed papers. His primary research interests 

lie in industrial economics, with a focus on industrial structure upgrading 
and regional innovation. 
. 

IAENG International Journal of Applied Mathematics

Volume 55, Issue 9, September 2025, Pages 2761-2775

 
______________________________________________________________________________________ 




