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Abstract

:

After great efforts towards the development of the electric vehicle (EV) industry and the use of its products in public transportation networks, more electric buses operate in China than in any other country in the world. As more investors will enter the industry, the effect of new participants on the development of the EV industry becomes an important issue. Based on the analysis of several key stakeholders (central and local governments, electric bus producers, users/bus companies, and providers of charging infrastructure in public transportation, this paper constructs a dynamic game-theory model to determine the main participants and their strategic space payoff functions, and ultimately estimates a Nash equilibrium. The dynamic game-model analysis clearly shows that the government’s decision to provide subsidies or not is currently affecting the entire industry and is an important prerequisite for a dynamic game. The user decides the pace of the development of this industry and the user’s management efficiency is a key factor affecting users’ needs. In addition, the availability of EVs and charging station facilities are equally important to the development of the industry.






Keywords:


electric vehicles industry; public transport sector; Beijing public electric buses; Dynamic Game Model; government policy












1. Introduction


The electric vehicle (EV) industry is considered an effective way to resolve energy crises, environmental problems, and transportation issues not only in the USA, Japan, and Germany, but also in China. According to the Global EV Outlook, 2016, issued by the International Energy Agency (IEA), almost 1.28 million EVs were sold across the world, and almost 90% of total sales of EVs in 2015 took place in just eight countries: China, the USA, the Netherlands, Norway, the UK, Japan, Germany, and France [1].



The Chinese government declared the EV industry as one of the national, strategic, emerging industries in 2010, and regarded it as a key part of the strategy plan “Made in China, 2025”. A good number of new policies have been issued to accelerate the development and application of this emerging industry in China. Among those, an important policy, which introduced and demonstrated the use of EVs, especially in the public transportation sector, was the “Ten Cities, One Thousand Vehicles” project, jointly launched by five ministries in January 2009. Such support precipitated the swift progress of the EV industry after 2009. By 2015, more than 200,000 new EVs were registered in China, and China has since become the largest market for EVs [1].



Government policies promoted the use of EVs mainly in public transportation. The researchers indicate that plug-in hybrid and electric city buses have the best potential to reduce energy consumption and carbon emissions [2]. In electric bus lane investment, lower electricity costs can balance infrastructure costs while achieving a reduction of up to 51% in emissions and up to 34% in energy use in the bus fleet [3]. Especially in Beijing and some other big cities that face air pollution problems, the replacement of traditional vehicles by EVs in public transportation demonstrated the outcome of the development of the EV industry, even though the industry’s development is still at an early stage. The percentage of electric buses has been increasing constantly in recent years, but some problems remain. For example, electric buses are quite expensive and their technology is much more complicated compared to traditional ones. Another challenge comes from different participants involved in the industry. Unlike conventional buses, electric buses need charging facilities. This immediately raises questions on the exact location of those facilities and the role of energy providers (State Grid, Southern Grid, China Potevio, and others), which operate for profit. On the other hand, manufacturers may also apply new strategies when they enter this market. Meanwhile, the subject of government subsidies remains a big issue under fervent debate.



Recent research has produced valuable insights and viewpoints, as researchers examined more carefully several aspects of the EV industry, such as policy implementation, technology innovation, and business model innovation, covering almost the entire supply chain, which includes strategy, R&D, manufacture, promotion and demonstration, marketing, consumption, after-sale services, and battery recycling and reuse. Researchers believe that the development of new energy vehicles is China’s new economic growth point [4]. The literature review below highlights some important contributions to scholarly understanding of interactions between all parties involved in the industry and pinpoints significant aspects of innovation [5,6]. Researchers have also made a detailed analysis of the current status and prospects of electric vehicle technology in China [7,8].



Relevant literature often applies Social Network Analysis and Game Theory. Liu and Kokko provide an overview of the Chinese EV industry, discuss the role of state-owned enterprises in the development of the industry, and analyze other main participants and their roles [9]. Innovation and cooperation in the industry have also attracted considerable scholarly attention, especially from a network perspective [10,11], and also from consumers [12,13]. Some scholars applied Game Theory to determine the different factors of the EV industry game, to calculate profit maximization and investigate their impact on the development of the industry. Other scholars analyzed the decision-making process over charging stations, cooperative behavior, technical security, and life-cycle costs of the EV industry based on Game Theory [14,15,16,17]. These studies showed that relationships and networks between key stakeholders greatly affect the industry and the interaction between all participants. As the EV industry has been growing, more and more corporations have entered this industry. The sustainability of the industry’s development depends, not only on government policies, but also on all other factors in the whole value chains.



Further research on organizations and their networks is required, not only to determine the role of the government, but also to analyze the multifold dynamic gaming between all parties involved. An important factor for the industry’s development is the intention of different participants to be involved in the industry. Therefore, we have to know exactly how many important factors affect the development of the EV industry. How do they interact and influence one another within a dynamic system and what will be the results of the policies implemented? Furthermore, what would be an effective policy to increase the use of EVs in public service in the future? To tackle these research questions, this paper will use electric buses operating in public transportation networks as a case study to examine the multifold dynamic gaming between the main stakeholders involved and investigate their decision-making processes and their subsequent effect on the industry. The paper is structured as follows: After the introduction, we present the development of China and Beijing’s EV industry based on policies and empirical evidence on public transportation. The third part briefly illustrates the network and the interactions of all parties involved in the operation of electric buses in Beijing and estimates their individual contribution in this network. In Section 4, we construct and analyze a Dynamic Game Model. The last two sections include further discussion and conclusions.




2. The Development and Current Condition of the EV Industry


2.1. EV Industrial Policies in China


As many other countries have done, the Chinese government has issued policies to support the EV industry and consider this industry as a key field targeted by national development strategies. Policies affecting the EV industry were mainly issued by the Chinese ministries of environment, energy, technology, transportation, housing, industry, and information, and they cover aspects such as strategy, investment, market incentive, standards, and regulation [10]; some key policies (at a national level) are showed in Table 1. Evidently, the number of policies implemented has gradually risen, and the level of government support is much more impressive than in the early years.



The EV industry was upgraded to a strategic field in 2001. The National “863” Plan provided guidance and investment in R&D to assist the development of the industry. From then on, R&D and promotional events revealed the industry’s potential and brightened the industrial roadmap.



The year 2009 marked the very beginning of the EV industry, not only because policies on market activities were issued, but also because EVs began to sell in the Chinese market. In 2009, the program “Ten Cities, One Thousand Vehicles” encouraged the industrialization of EVs in several main cities in China, which has proved to be successful in recent years. From that point onwards, incentive policies and strategic plans have been issued to accelerate market performance and technological innovation. In 2010, the EV industry became one of seven strategic emerging industries, and the central government outlined the EV technological roadmap in 2012. The roadmap was entitled “The Interaction of Three Verticals and Three Horizontals”. The “three vertical road paths” identified pure battery vehicles, plug-in hybrid vehicles, and fuel-cell vehicles as the three main types of EVs to be included in China’s strategic planning, while the “three horizontal road paths” expressed the intention to consider battery systems, electric control systems, and electric machine systems for additional R&D funding. Meanwhile, subsidies and tax exemptions were offered to lower the cost of vehicle purchases, which apparently stimulated market performance of the EV industry. Recently, new policies focused more on the construction, operation, and business models of charging facilities. In addition, new energy generation and energy storage technologies were considered to be an important part of the EV industry’s strategy in 2016.




2.2. The Use and Promotion of EVs in Public Transportation Networks


Thanks to the implementation of government policies, 383,285 EVs, of different scope and purpose, have been sold and used across China. Figure 1 shows EV application and distribution data from different transportation networks between 2013 and 2015, published by the Chinese Automotive Technology and Research Centre in 2016 [18]. The time between 2013 and 2015 was a period of demonstration of EVs in cities/city groups. Clearly, great improvement has been traced in both public transportation and private use, as 66,004 EVs were used as public buses between 2013 and 2015, which amounts to 17.22%.



Meanwhile, new policies would take more action on the promotion of the use of EVs as public buses, delivery trucks, garbage trucks, government vehicles, and other forms. The Ministry of Transportation set a target of 300,000 vehicles being used in these transportation fields by 2020, a percentage of EVs in those public transportation fields to exceed 30%, and 35% for the Beijing-Tianjin-Hebei region in particular. Policies also regulated the standards of the use of EVs in public transportation networks and strongly suggested that bus lines and public transportation networks had to be suitable for urban development and in accordance with the requirements of public transportation.




2.3. The Use of Public Electric Buses and Charging Stations in Beijing


As the capital and largest city in China, Beijing boasts a large and complex urban transportation system. EVs have been gradually introduced into Beijing’s transportation network, especially in state-owned sections. According to data published by the Beijing Public Transportation Group [19], almost 11,000 EVs operated in the city in 2015 (2000 public buses, 3300 taxies, and more than 5600 EVs available for rent or lease). The stock number of new energy buses has been rising on an annual basis (Figure 2). By 2018, almost 7882 public electric buses were operating in various services, including Foton Ouhui electric buses and Yinlong electric buses, which were almost exclusively used as public buses, whereas only a few were used as touring coaches.



In 2009, the Beijing Public Transport Group began using 50 electric buses, manufactured by the Foton Company, in what became the first large-scale use of electric buses in China. After that, supported by the “Ten Cities, One Thousand Vehicles” project, the Beijing municipal government invested over 1 billion yuan to purchase 860 hybrid buses for the Beijing Public Transport Group. After bidding, the Beiqi Foton Motor Company, the Jinhua Younth Company, and the Xiamen Golden Dragon Company were deemed to be the most qualified providers. By the end of 2009, 860 hybrid buses were in service, and consumption data exhibited their remarkable fuel efficiency. In particular, an average fuel consumption of 30.77 L/100 km was calculated for Foton’s 12 m-long, low-floor, hybrid electric buses, whereas the average fuel consumption of diesel buses operating in the Being public transportation network was as high as 39.89 L/100 km. Thus, the use of EVs led to a 22.9% lower average consumption rate [20].



In 2015, Beijing Beilv Times Business Investment Co. Ltd., owned by the Beijing Public Transport Group, purchased 480 new energy buses from Zhuhai Yinlong New Enegy Co. Ltd. These buses were operated on Touring Lines 1 and 2, the first time EVs had ever been used in this kind of transportation system. Those double-decker, 12-m long, and exclusively electric-powered buses proved quite suitable for touring purposes. In 2016, another 20 Yinlong EVs were introduced on sight-seeing Line 3, which covers the central areas of Beijing. To put electric buses into operation, Beijing authorities built several large-size charging stations for electric buses (Figure 3), including Gaoantun, Beitucheng, Xizhimenqiao, Majialou, Xiaoyingbei, and others. Currently, eleven main charging stations are located in bus terminals, such as those on Lines 81, 84, 90, and 515.



As shown in Figure 3, the Beitucheng charging station was the first one. Covering an area of 5000 m2 and funded by the Beijing Development and Reform Commission with more than thirty million yuan, the station was built in July 2008 to facilitate the operation of the electric buses during the Olympics Games. The station contains a total of 240 charging machines, each with a 7 KW capacity, and a pair of automatic battery changing robots. As a result, the station can provide replacement batteries, fast battery charging, battery charging process monitoring, and remote monitoring of the safe operation of EVs. In October 2015, the largest electric bus charging station, Xiaoyingbei station, covering an area of 26,500 m2 inside the terminal station of Line 13, began to operate. It can accommodate hundreds of electric buses, and the average volume of passenger traffic capacity rose to 18,700 per day.





3. The Parties Involved in the Operation of Public Electric Buses in Beijing


The operation of electric buses in public transportation requires careful consideration of various parameters, such as the development of the automobile industry and the use of private cars, the supply of electric power, the availability and capacity of charging points, and government subsidies and regulations.



In regards to public electric buses in Beijing, a concise network of participants is shown in Figure 4 and mainly includes the most significant entities involved. As shown in the figure, corporations and their networks are quite simple. The Beijing Public Transport Group purchases electric buses from Beiqi Foton Motor Co. Ltd and Zhuhai Yinlong New Energy Co. Ltd, while electric power and charging infrastructure is provided by the Beijing Electric Power Company (owned by State Grid). The Beijing Public Transport Group also receives subsidies from the local and the central governments. All representative stakeholders in this research have shown in Table A1 in the Appendix A. Further analysis of incurring costs and revenues can be found in the next section.



3.1. Government


Undoubtedly, the national government holds a dominant position in the Chinese EV industry [9] (as well as in most other strategically important sectors). Unlike other provinces, in Beijing, local authorities at the municipal level are also involved alongside the central government. Below, we focus on both levels of government administration.



3.1.1. National Level


Several branches of the national government are closely involved in the Chinese EV industry. The four key sectors at the highest level of central government that jointly define the broad policy framework for EVs are the Ministry of Science and Technology (MOST), the National Development and Reform Commission (NDRC), the Ministry of Industry and Information Technology (MIIT), and the Ministry of Finance (MOF). They have been responsible for R&D, strategic policy, long-term investment issues, standards, and subsidy policy in the EV industry since the late 1990s. In addition, several other ministry-level organizations are involved in the development of the EV industry, such as the Environmental Protection Agency (EPA), the State Planning Commission (SPC), the Electric Vehicle Standardization Committee (EVSC), the State Economic and Trade Commission (SETC), and the China Automobile Association (CAA).




3.1.2. Municipal Level


Regarding the regulation and support of R&D, demonstration projects, subsidy policy, and operations at the municipal level, the Beijing Municipal Government is the most important agent among all four entities in the Chinese national level decision-system, as it launched almost all policies (except two) about new-energy vehicles (the other three organizations are the Beijing Science and Technology Commission, the Municipal Finance Bureau, and the Beijing Municipal Traffic Commission; two other bodies, the Beijing Municipal Bureau of Quality Supervision and the Beijing Environment Bureau recently began to operate in the field as well). We noticed that, at the municipal level, the Beijing Science and Technology Commission is responsible, not only for R&D and promotional projects, but also for project coordination.



For the central and local governments, the development of electric vehicles will reduce fuel consumption and exhaust emissions, and help sustain a stable GDP growth rate. While the market remains in the phase of development, authorities should provide support through policies, subsidies (including subsidies to providers of charging infrastructure, manufacturers, and bus companies), and funds for technological innovation.





3.2. Electric Bus Manufactures


Despite the fact that many operators, such as spare parts suppliers, partake, in some form or another, in the EV industry, for the purpose of this paper we focused exclusively on vehicle manufacturers. The latter produce electric, conventional, and hybrid vehicles. Although there are several electric bus manufactures in China, such as BiYaDi (BYD), the Shanghai Sunwin Bus Corporation (SUNWIN), a joint venture invested by SAIC Motor Co., Ltd. (SAIC Motor), the Volvo (China) Investment Corp. (VIC), and the Volvo Bus Corp. (VBC), for the purpose of this paper we consider them as a single entity.



Only two manufactures produce the electric buses that operate in the Beijing public transportation network: the Beiqi Foton Motor Cooperation (Foton) and Zhuhai Yinlong New Energy Co. Ltd (Yinglong). Foton is a subsidiary of Beijing Automotive Industrial Corporation (BAIC), a state-owned company. The company produces high-quality touring coaches and, while it aims to secure more orders from the Beijing Public Transport Group, its market share is still quite small compared to Foton.




3.3. Charging Infrastructure Providers


Two providers are responsible for charging infrastructure: State Grid and China Potevio. Whereas China Potevio only provides support to the China Potevio high-tech zone, the public transportation sector is serviced only by State Grid. By the end of 2012, State Grid had built four large charging stations and fifteen charging pile clusters both within and outside the city center. Most of the charging stations and piles also serviced garbage trucks, express transportation, and taxis, with the exception of the Beitucheng charging station, which services only electric buses. In Beijing, State Grid provides two kinds of charging models: battery charging and battery swap. Charging stations are one of the most important factors in the development of electric buses, and we will estimate their effect in the next section.



For a charging infrastructure provider like State Grid, an increase in the number of bus companies that operate electric vehicles, especially types that require only a short time to recharge, is very welcome. To guarantee the successful operation of electric vehicles, these providers should invest considerable resources beforehand to construct sufficient charging stations and purchase enough batteries to supply and support battery replacements. Therefore, the providers can take the cost and subsidies available into consideration before deciding to invest in additional charging stations.




3.4. The User


The sole user of public electric buses is the Beijing Public Transport Group, a state-owned company that is responsible for most of the over-ground public transportation in Beijing, and bought and operates all electric buses in Beijing. Initially, the company used fifty electric buses during the Olympic Games period and is now not only the first, but also the largest, operator of electric buses in China, with a total of 100 electric buses servicing many lines. Buyers of electric buses receive subsidies from the government and see their total costs reduced, which include the purchase cost of vehicles and chargers, maintenance costs, and the cost of electricity.




3.5. Others


Besides central and local governments, manufacturers, electricity providers, and the user, many other parties operate in the electric bus industry. For example, universities are involved in R&D and promotional activities and influence the whole industry through their interaction with the four main bodies operating in Beijing, as mentioned above. Other entities, such as finance companies, banks, maintenance agencies, and consulting firms, also offer services to particular organizations and thus impact the network, although only indirectly, and thus their importance for the whole industry remains secondary. Hence, for the purposes of this paper, we will not include them in the Game Theory analysis.





4. Dynamic Game Model Construction


We now proceed with the analysis of the Game Theory Model. Game Theory is the process of modeling the strategic interaction between players in a situation containing set rules and outcomes. Game theory is used as a tool within the study of management and economics.



The Game Theory Model in this research will include the central and local government, the bus company (user), the electric bus manufacturers (producer), and providers of charging infrastructure (energy supplier). The payoff functions are as follows:



For the subsidy policies of central and local government, we define the strategy space as    S 1  =    s 1  |  s 1  ≥ 0     and the subsidy percentage of the charging infrastructure provider, electric vehicle manufacturer, and bus company are    t 1  ,  t 2  ,  t 3  ,  t 4   , which satisfy    ∑  i = 1  4   t i  = 1 ,  t i  ≥ 0  . Particularly,    s 1  = 0   signifies no subsidy.



For the charging infrastructure provider, suppose we define the strategy space as    S 2  =    s 2  |  s 2  ≥ 0    . Strategy    s 2    is the total investment of the charging infrastructure provider.    s 2  = 0   signifies no investment.



For the electric bus manufacturer, suppose the strategy space is    S 3  =    s 3  |  s 3  ≥ 0    . Strategy    s 3    is the price of an electric bus, decided by the manufacturers.



For the bus company, suppose the strategy space is    S 4  =    s 4  |  s 4  ≥ 0    . Strategy    s 4    represents purchase quantity.    s 4  = 0   signifies no purchase.



In our dynamic game model, we presume that the payoff of the stakeholders is      u i     s 1  ,  s 2  ,  s 3  ,  s 4    , i = 1 , 2 , 3 , 4  , and the strategy profile space for all stakeholders is   s =    s 1  ,  s 2  ,  s 3  ,  s 4     . The dynamic game model is as follows (see Figure 5):



(1) The bus company decides the purchase quantity of electric buses as    s 4   , and the average annual revenue of each electric bus is    r 4   , which is independent of the purchase quantity. The cost of purchasing an electric bus is    s 3   , and    s 3    is also the selling price decided by the manufacturer operating within an imperfect market. The bus company will receive some subsidies towards the purchasing and operating costs of electric buses. The subsidies can be a certain percentage of the total subsidies from central and local governments every year, and can help towards the variable part of the operating costs of a charging station by covering the cost of electricity. Supposing that the cost of electricity is under government regulation and cannot be decided by the provider of the charging infrastructure, let    α 2    be the annual average cost of electricity for one electric bus. Considering that administration costs will rise as the number of electric buses increases, let    α 4    be the management efficiency coefficient and    α 4   s 4 2    be the cost of management. The payment function of the bus company is Formula (1):


   u 4   s  =  u 4     s 1  ,  s 2  ,  s 3  ,  s 4    =    r 4  −  s 3     s 4  +  t 4   s 1  −  α 2   s 4  −  α 4   s 4 2  .  



(1)







When allowing    u 4  ≤ 0  , its decision behavior satisfies the following Formula (2):


    max    s 4  ≥ 0      u 4   s  =    r 4  −  s 3     s 4  +  t 4   s 1  −  α 2   s 4  −  α 4   s 4 2       



(2)




and the optimal solution will be Formula (3):


   s 4 *  =    r 4  −  s 3  −  α 2     α 4    .  



(3)







(2) The government provides subsidies to the electric bus manufacturer as well. Sales revenue is the main source of revenue for the manufacturer and it can decide the selling price, because of the imperfect market. Suppose the manufacturer costs the electric bus for    s 4   , after the known purchase behavior of the bus company is    s 3   . Let    c 3    be the manufacturing cost of one electric bus.



The payment function of the electric vehicle manufacturer is Formula (4):


   u 3   s  =  u 3     s 1  ,  s 2  ,  s 3  ,  s 4    =  s 3   s 4  +  t 3   s 1  −  c 3   s 4  .  



(4)







Its decision behavior satisfies Formula (5):


          max    s 3  ≥ 0      u 3   s  =  u 3     s 1  ,  s 2  ,  s 3  ,  s 4 *    =  s 3   s 4 *  +  t 3   s 1  −  c 3   s 4             u 3   s  ≥ 0        



(5)




and the optimal solution is Formula (6):


   s 3 *  =    r 4  −  α 2  −  α 4   c 3   2  .  



(6)







(3) The government also provides subsidies to the provider of charging infrastructure. We suppose that the provider invests    s 2    for the construction of a charging station in full knowledge of the purchase behavior of the bus company, and the provider’s target is to break even with slight profits.



The payment function of the charging infrastructure provider is Formula (7):


   u 2   s  =  u 2     s 1  ,  s 2  ,  s 3  ,  s 4    =  t 2   s 1  −  s 2  +  α 2   s 4  .  



(7)







Its decision behavior satisfies Formula (8):


   u 2     s 1  ,  s 2  ,  s 3 *  ,  s 4 *    =  t 2   s 1  −  s 2  +  α 2   s 4  ≥ 0 .  



(8)







Since the provider makes the decision after the bus company and manufacturer have made theirs, its decision behavior satisfies Formula (9):


     u 2     s 1  ,  s 2  ,  s 3 *  ,  s 4 *      =  t 2   s 1  −  s 2  +  α 2   s 4  =  t 2   s 1  −  s 2  +  α 2     r 4  −  s 3  −  α 2     α 4         =  t 2   s 1  −  s 2  +  α 2     r 4  −  α 2     α 4    −    α 2     α 4    ·    r 4  −  α 2  −  α 4   c 3   2  ≥ 0    



(9)




and the optimal solution is Formula (10):


   s 2 *  =  t 2   s 1  +    α 2    2  α 4       α 4   c 3  −  α 2    .  



(10)







(4) The government decides its subsidies for the participants in full knowledge of their behavior, and the subsidy return is the industry development and environment protection, which is several times higher than expenditure, define as   k  s 1   . Since the subsidy return is eventually reflected in the number of electric vehicles, let   k =  a 1   s 4   , where    a 1    is a multiplier factor.



The action process of government subsidy is complex. Subsidy is significant to the industry in the initial stages, which means a high return for the government. As the industry develops, the return will marginally decrease, which exhibits a parabola. Hence, the actual cost of subsidy will be higher than the subsidy expenditure. Let   t  s 1 2    be the actual cost. Then the payment function of government is Formula (11):


   u 1   s  =  u 1     s 1  ,  s 2  ,  s 3  ,  s 4    =    a 1   s 4     s 1  − t  s 1 2  .  



(11)







Its decision behavior satisfies Formula (12):


   u 1   s  =  u 1     s 1  ,  s 2  ,  s 3  ,  s 4    =    a 1   s 4     s 1  − t  s 1 2  ≥ 0  



(12)




and the optimal solution is Formula (13):


   s 1 *  =   2 t    a 1   s 4    =   2 t    a 1    ·    α 4     r 4  −  s 3  −  α 2    =   4 t    a 1    ·    α 4     r 4  −  α 2  −  α 4   c 3    .  



(13)







(5) Then we can get the Nash equilibrium outcome as follows Formula (14):


  {     s 1 *  =   4 t    a 1    ·    α 4     r 4  −  α 2  −  α 4   c 3         s 2 *  =  t 2   s 1  +    α 2    2  α 4     (   α 4   c 3  −  α 2   )  =  t 2  ·   4 t    a 1    ·    α 4     r 4  −  α 2  −  α 4   c 3    +    α 2    2  α 4     (   α 4   c 3  −  α 2   )       s 3 *  =    r 4  −  α 2  −  α 4   c 3   2       s 4 *  =    r 4  −  s 3  −  α 2     α 4    =    r 4  −  α 2  −  α 4   c 3    2  α 4       .  



(14)







The Nash equilibrium solution shows a significantly high correlation between government subsidy behavior and bus company behavior. The optimal subsidy is proportional to the actual subsidy cost factor and the bus company management efficiency coefficient, and inversely proportional to the subsidy return multiplier factor and the bus company operation efficiency coefficient. Regarding the policy’s goal of non-negative profit, the higher the operation revenue, the higher the subsidy return multiplier factor, and the more easily the government achieves the target of payment balance. In this case, the government will not raise the subsidies.



For the provider of charging infrastructure, the influencing factors to the optimal solution are complex and consist of two parts: the first relates to the direct subsidy from the government and the other one to the cost of electricity, the production cost, and the bus company management efficiency. Our model shows a positive correlation between the optimal selling price and net profit of the bus company. The manufacturer has a relatively simple relation with the other participants in this model and has an obvious game relationship with the bus company.



In turn, the bus company is the core participant in this model. Its optimal purchase quantity is proportional to its net profit, which is influenced by many others factors. Although the bus company has a complex interest’s relation with other participants, its key performance is still dependent on the condition of its net profit.



What will happen if there is no subsidy offered? Let that eventuality be    s 1  = 0  . In this case, the bus company will suffer a loss of its fixed income. If the loss is affordable, the bus company will behave in exactly the same way as if a subsidy had been on offer. If not, the bus company will cease to purchase buses. The subsidy affects the other participants in the same way, which indicates that the subsidy is indispensable to the EV industry in its early stages of development. As the participants operate and grow with the subsidy and by accumulating profit, a cancellation of subsidy will not affect the performance of the participants. In the dynamic game model, subsidy is complex and needs to balance its gain and loss more comprehensively.




5. Discussion


5.1. Government Subsidy Is the Important Prerequisite of the Game Model


   s 1    signifies the provider of the charging infrastructure, the electric bus manufacturer, and the bus company. If    s 1    is not zero, then the stakeholders (government, user, the charging infrastructure provider, and the electric bus manufacturer) will be motivated to invest and consume and make decisions on the basis of clear costs and gains. Thus, the government will achieve a sustainable and stable rate of industrial development.



The Nash equilibrium solution shows the importance of policy in industrial development and it also reflects a widespread phenomenon, that national governments promote the development of EV industries through policies. As a response to the energy crisis and environment pollution, important automobile-producing countries, such as the USA, Japan, and Germany all regard the development of the EV industry as a national strategy and support its development.



Subsidies play an irreplaceable role in the development of electric vehicles in China [21]. Hence, government subsidies are an important prerequisite for the game model, as current circumstances in China clearly show. Comparing with the main automobile-producing countries, China is in possession of a similar level of technology, but profits from a huge, growing market, good supply chain conditions, and a government with the ability to take immediate action. Moreover, the development of the EV industry is important not only for manufacturers but also for the central government and its aim to promote economic development within a sustainable environment. By life cycle assessment, electric vehicles allow a significant reduction in terms of climate change because of the absence of exhaust gas emissions during operation [22]. Not only Beijing, but also the Shenzhen model provides practical lessons for industrial players and policymakers in other cities and shows that electric vehicles have become feasible for delivering bus services in the city [23]. Therefore, China considers the new energy industry as one of the strategic emerging industries and offers a range of subsidies.




5.2. User Is the Key Factor for the Increased Use of EVs in Public Transportation


In the traditional model, manufacturers produce cars in advance and then sell them to the user within a framework of market competition. Instead, in the EV market, it is usually the user who raises the purchase requirement and then the manufacturers produce cars to meet the requirement. This pattern appears in most cities in China, e.g. the Foton electric bus and the Midi taxi in Beijing, the BYD bus and taxi in Shenzhen, and the Chang’an bus and taxi in Chongqing, where manufacturers produce cars after securing purchase orders from bus and taxi companies. Therefore, the game model shows that, with subsidy as a precondition, the user is the decisive factor in the development of electric vehicles.



The model further indicates that, when the development of the industry breaks the old pattern of ‘demand determines production’ and the relationship between stakeholders in the game drastically changes, then the industry matures. In that case, even though subsidies are phased out gradually, the industry will mature more through the market mechanism.



We can discern some fresh ideas in the new subsidy policy. The policy intends to encourage the maturing of the EV industry by reducing subsidies from 2014 onwards and allowing other brand vehicles to enter the market and break the monopoly of regional manufacturers. Based on the model, we know that the user is the decisive factor in the purchase of electric buses. This poses additional difficulties to the new policy, because there is only one user in each market, owned by the respective regional government.




5.3. The User’s Management Efficiency Hinders the Rapid Development of the EV Industry


The game model shows that, with subsidy as a precondition, the management efficiency of the bus company is an influential factor. Subsidy is the motivating factor for these companies to purchase EVs, and their willingness to buy more EVs is determined by the efficiency of their management. Electric buses operating in Beijing, for example, must endure battery restrictions, which creates great gaps in running mileage and undermines consistency. Accordingly, the management of electric buses includes maintenance, battery swap, driver and administrative staff training, line operation, and so on.



Battery swap management has a significant impact on the bus lines currently in operation. Often, prolonged turnaround times for swap batteries results in a shortage of electric buses in these lines. New charging stations, such as the Gaoantun charging station, have high battery replacement efficiency (3 minutes), but there is a great difference between many old stations still in use, like the Beitucheng charging station, and the new ones in terms of scale and mechanization. In the Beitucheng charging station, it often takes 15–20 minutes to change batteries, a time that negatively affects the efficiency of battery replacement and drivers’ rest breaks; perhaps more importantly, station malfunction can have severe consequences for all lines.



Similarly, it would be useful to improve other influential factors, such as the overall management, the foundation of electric bus companies, and driver and staff training. These will improve the management efficiency of users, increase demand, and improve the overall operation of the market, which will eventually help the industry mature.




5.4. The Manufacturer’s Ability to Provide EVs That Meet the Users’ Needs Is a Requirement for the Industry’s Development


For the purpose of our model, we assumed that the government also provides subsidies for manufacturers, sales revenue is the basic source of the manufacturer’s income, and they can decide the selling price (all of which correspond to reality in this industry). According to the front analysis, the management efficiency of users ultimately affects the decision to purchase EVs, and management efficiency is closely related to the technological level the manufacturers possess in areas such as battery range, battery management system, vehicle body technology, motor, power driven system, and others. For example, over the last three years, the power and life of vehicle batteries have doubled, and their price has halved, which provides a safe basis for the users to improve management efficiency and industrialization.




5.5. Providers of Charging Infrastructure Constitute the Basis for the Industry’s Development


In the model, with the preconditions of subsidy from the central and local governments, the providers of charging infrastructure (State Grid and Southern Power Grid) are also responsible for the maintenance and management of existing charging stations. Therefore, the providers play an essential part in the development of the EV industry. At present, most policies on charging stations (or piles) are offering financial subsidies that do not exceed 30% of the total construction investment. With such policies in place and power grid construction, since the end of 2012 in Beijing there were four medium- to large-scale charging stations constructed, and fifteen charging pile groups were built in Xizhimen Bridge, Hujialou, Datun, Yuejialou Bridge, Wanquanhe Bridge, Fengbeilu Bridge, Yanqing, Baic New Energy Base, and elsewhere. This infrastructure provides the basis for the development of the EV industry and the use of electric buses in public transportation.





6. Conclusions


With the increasing emphasis on energy security, environmental protection, automobile industry development, and the requirements of short-distance urban transportation networks, state and local governments consider the new energy vehicle industry as one of the national strategic emerging industries and focus more attention to it. Based on our dynamic game analysis on the main participants (central and local governments, the electric bus manufacturers, users/bus companies, and providers of charging infrastructure), we believe that all participants make decisions on the basis of clear costs and gains, and they will be motivated to invest and consume more when subsidies are on offer. Thus, the government will achieve a sustainable and stable rate of development for this industry.



Our dynamic game model further indicates that the use of EVs in public transportation networks and the government’s subsidy policy are very important currently to the EV industry (in this paper, the term “government” entails both central and local governments). It is important to note at this point that government subsidies are gradually phased out of the market, substituted by low-carbon related policies. As the industry will continue to develop, government policies and regulation are bound to gradually withdraw and allow free-market mechanism to play a more important role. But currently, government policy remains very important for the industry.



As for the other three participants in this model, with subsidy policies in place, users can improve their management efficiency and strengthen the demand for electric vehicles through promotional events and projects; EV manufacturers achieve technological innovations, engage in market promotion, and offer after-sales services and training; providers of charging infrastructure improve the capacity and management of charging stations. Meanwhile, with subsidy policies in place, market participants can build partnerships with the government. This will help them work together to promote the EV industry and strengthen the EV market in many aspects, such as R&D for more products better suited to meet user demand. Thus, this will effectively address the main obstacle in the development of EVs and resolve the participants’ concerns over revenue and return of investment, build an economic guiding mechanism, and then accelerate the development of the Chinese EV industry.
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Table A1. Representative stakeholders in this research.
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	Type
	Stakeholders
	Headquarter Location: (City, Province, Country)





	Energy providers
	State Grid
	Beijing, China



	
	Southern Grid
	Guangzhou, Guangdong, China



	
	China Potevio
	Beijing, China



	Charging infrastructure provider
	Beiqi Foton Motor
	Beijing, China



	Bus manufacturers
	Beiqi Foton Electric Bus Company
	Beijing, China



	
	Jinhua Younth Company
	Jinhua, Zhejiang, China



	
	Xiamen Golden Dragon Company
	Xiamen, Fujian, China



	
	Zhuhai Yinlong New Enegy
	Zhuhai, Guangdong, China



	The users
	Beijing Public Transportation Group
	Beijing, China



	
	Beijing Beilv Times Business
	Beijing, China
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Figure 1. Application and distribution of electric vehicles (EVs) for different transportation systems (2013–2015). Source: “New Energy Vehicle Industry Development Report, 2015”, issued by Chinese Automotive Technology and Research Centre, China. Available on: https://jcpage.jp/f17/05_automobile/05_automobile_07_caam_xu_cn.pdf?1572825600032. 
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Figure 2. Number of Public Electric Buses in Beijing (2014–2018). Source: Social responsibility report, 2018 by Beijing Public Transportation Group. Available online: http://www.bjbus.com/elements/uploaded/material/2018.pdf. 
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Figure 3. Distribution of charging stations around Beijing. 
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Figure 4. Interactions and participants in the network of public electric buses in Beijing. 
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Figure 5. Dynamic game model of public electric buses in Beijing. 
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Table 1. Policies (national level) of China’s EV industry.
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Year

	
Policy

	
Key Points

	
Links






	
2001

	
National “863” Plan

	
The first time that the EV industry was regarded as a strategic sector for the purposes of the national policy system; two billion yuan secured for R&D

	
https://program.most.gov.cn/




	
2002

	
Olympic Technology Action Plan, 2008

	
EV demonstration in Olympic Games services

	
http://www.most.gov.cn/ztzl/kjay/kjaygzdt/kjaygzbs/200708/t20070827_52721.htm




	
2004

	
Automobile Industry Development Policy

	
Support R&D and industrialization

	
http://www.miit.gov.cn/n1146285/n1146352/n3054355/n3057292/n3057308/c3577031/content.html




	
2009

	
“Ten Cities, One Thousand Vehicles” Demonstration Program

	
Demonstration in ten cities

	
http://www.gov.cn/jrzg/2009-04/13/content_1283761.htm




	
Regulations on subsidies for demonstration and application of energy saving and new energy vehicles

	
Subsidies for the use of EVs in public transportation networks

	
http://www.gov.cn/gzdt/2009-02/19/content_1235738.htm




	
2010

	
Decision on Accelerating the Support and Development of Strategic Emerging Industries

	
EV industry became one of the seven strategic emerging industries

	
http://www.gov.cn/zhengce/content/2010-10/18/content_1274.htm




	
2012

	
Twelfth Five-Year Plan on EV Industrial Technology Development

	
Central government set an EV technological roadmap of the “interaction of three verticals and three horizontals”

	
http://www.most.gov.cn/tztg/201204/t20120420_93807.htm




	
2014

	
Notice on Exemption of New Energy Vehicle Purchase Tax

	
Six tax exemptions for purchasing EVs were issued, including many types of EVs (mostly locally produced EVs)

	
http://www.chinatax.gov.cn/n810341/n810755/c1150779/content.html




	
2015

	
Guidelines of the General Office of the State Council on Accelerating the Construction of Charging Infrastructure for Electric Vehicles

	
Many policies started supporting charging facility construction and operation

	
http://www.gov.cn/zhengce/content/2015-10/09/content_10214.htm




	
Guidance on EVs’ Charging Facility Development (2015~2020)

	
http://www.nea.gov.cn/2015-11/18/c_134828653.htm




	
Made in China, 2025

	
This strategy considered the EV industry as a key field to develop and planned to form an entire system to embrace all components of manufacture and vehicle production

	
http://www.miit.gov.cn/n973401/n1234620/




	
Measures to accelerate the promotion and use of New Energy Vehicle in public transport

	
Promotion activities, including public buses, delivery vehicles, garbage trucks, government vehicles, and others

	
http://www.gov.cn/gongbao/content/2015/content_2883248.htm




	
2016

	
“Internet + Energy” Strategy

	
Supporting energy storage systems and technology used in the EV industry, such as new energy generators for EV charging

	
http://www.gov.cn/xinwen/2015-07/04/content_2890205.htm




	
Notifications on enhanced planning and construction of urban EV charging facilities

	
A number of policies continue to support the construction and operation of charging facilities, especially those intended for public transportation systems

	
http://www.mohurd.gov.cn/wjfb/201601/t20160115_226326.html




	
Incentive policies on EV charging facility construction during the 13th five-year-plan

	
http://www.most.gov.cn/tztg/201601/t20160120_123772.htm








Sources: official government websites: http://www.gov.cn (accessed on 10 January 2020).
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