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Strategizing battery swap service: Self-operation or authorization? 

Abstract: Electric vehicle (EV) charging is still time-consuming compared with 

traditional vehicle refueling, causing many consumers hesitant to make the switch. As 

a solution, battery swapping allows EVs to get energized within minutes. As economies 

like China embrace the emerging battery swap market, relevant automakers face 

strategic choices between self-operation and authorization. This study establishes 

game-theoretic models of a duopoly EV market comprising two automakers and a 

battery swap market involving an additional third-party operator. Each automaker may 

run its own battery swap service entirely or license at least part of it to the third-party 

operator. The results suggest that authorization is typically optimal for a competitive 

automaker, as its collaboration with the third-party operator enhances both EV market 

demand and battery swap serviceability, leading to increased social welfare in 99% of 

simulated cases. Practical implications are discussed for promoting EV industry chain 

development with the new link of battery swapping.  

 

Keywords: electric vehicle; battery swapping; third-party operator; self-operation; 

authorization. 

1. Introduction 

To tackle the issues of fossil fuel consumption and environment pollution, 

countries around the world promote the diffusion of electric vehicles (EVs) with 

incentive programs and supportive policies. More than a decade ago, for instance 

German government championed the emerging EV market with its National Platform 

for Electric Mobility (NPE) (Daniel, 2010). Similarly, China is promoting battery 

swapping to address the bottleneck of time-consuming charging that hinders further EV 

diffusion (ChinaDaily, 2021a). 

Based on battery-separable EVs instead of plug-in ones, battery swapping replaces 

depleted battery packs with fully-charged ones even quicker than traditional refueling. 

In addition, it allows consumers to enjoy reduced EV purchase cost, extended battery 

life, and off-peak electricity rate (EVreporter, 2019). For the utility industry, battery 
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swapping also eases the real-time imbalance between power generation and 

consumption demand (Vallera, Nunes, & Brito, 2021). In 2007, Better Place took the 

lead in launching battery swap stations in Europe, but the effort ended in failure. Later, 

Tesla released its battery swap technology in the United States, but eventually gave it 

up due to cost and utilization concerns (Tesla, 2013). 

Nevertheless, the emerging battery swap service has found its place in China 

where there are millions of time-sensitive consumers, such as taxi and ride-hailing 

drivers. Automakers like NIO and Geely are engaged in the development of battery 

swap technology. Geely’s smart battery swap stations can complete each service in 60 

seconds (Tom, 2021). NIO has already performed more than 4,000,000 battery swaps 

at NIO Power Swap stations in China (Mark, 2021). NIO launched its first second-

generation battery swap station in Beijing, and signed a strategic agreement with 

Sinopec to establish 5,000 such stations by 2025 (Nora, 2021). To date, NIO has 609 

battery swap stations and plans to install more than 700 by the end of this year 

(ChinaDaily, 2021b). For the fast-developing battery swap market in China, policy 

makers compiled the National Standard for Battery Swap Safety Requirements for 

Electric Vehicles (GB/T 40032-2021), making it the first mandate governing the 

industrial development of battery swap technology (Phate, 2021).  

Similarly, more and more automakers around the world recognize the great 

potential of battery swap service. For example, French automaker Renault announced 

its intent to incorporate battery swap into EV design (Franz, 2021). In addition, third-

party battery swap service operators start to partner with automakers, battery 

manufacturers, and fleet operators. India’s Sun Mobility developed battery swap 

solutions for buses, two-wheelers and three-wheelers, and announced the plan to launch 

100 battery swap stations in Bangalore by the end of 2021 (Promeet, 2020). The 

German urban light EV startup Adaptive City Mobility (ACM) launched a platform to 

share a large number of batteries for its relatively simple manual swap solution (David, 

2017). Ample, a Silicon Valley EV startup in the USA, cooperates with five automakers 

to build EVs compatible with its battery packs and swap stations (Jonathan, 2021).  
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With market readiness and industry involvement, battery swap stands a chance to 

take off. Due to previous failures, however, the existing literature focuses on the 

dilemma and issues associated with the development of battery swap mode, such as 

scale, standardization, and profitability (A., A., A., & S., 2020). To help automakers 

capitalize on the rejuvenated battery swap market, this study explores potential business 

models considering third-party operators.  

Based on modularization, providers like Ample, Sun Mobility, and Geely build 

open and compatible platforms to accommodate different EV brands and models, 

leading to the establishment of battery swap ecosystems (Deepak, 2020; Geely, 2021; 

Lora, 2021). To avoid "strategic losses" due to long-term capital investment in areas 

other than production, automakers such as Tesla and Xpeng Motors collaborate with 

third-party operators like Yunkuaichong Clean Energy Technologies (YKC Charging) 

(Eva, 2020; Prnewswire, 2021; Xpeng, 2021). YKC Charging is one of the pioneers in 

the Chinese EV charging sector and one of the few Chinese internet firms with both 

technical expertise and an open attitude towards collaboration with other industry 

players. Since 2016, YKC Charging has built the largest third-party EV charging SaaS 

platform in China. By the same token, automakers may partner with third-party 

operators in the battery swap market.  

License-based authorization represents a collaborative model that allows 

automakers to devote more capital, human, and technology resources to their core 

business while capitalizing on relevant service markets (Weidenbaum, 2005). In the 

emerging battery swap market, automakers can seek partnerships with third-party 

operators as win-win solutions for all stakeholders. Therefore, the meaningful research 

question is: which strategy is optimal for automakers to adopt, self-operation or 

authorization? This study attempts to address the question with game-theoretical 

modeling to compare corporate profitability and social welfare under different choices. 

To accommodate different demand functions, it develops a linear model for the EV 

market as well as a Hotelling model for the battery swap market. The contributions to 

the literature comprise multiple folds: 1) the proposal of a battery swap business model 
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involving third-party operators; 2) the evaluation of strategic choices for automakers in 

the battery swap service market; and 3) the comparison of overall social welfare under 

different battery swap strategies.  

The remainder of this article is organized as follows. Based on a literature review, 

it establishes game-theoretical models incorporating market demand, service price and 

corporate profit. Model evaluation leads to equilibrium solutions under four different 

battery swap service strategies. Focusing on the total profit function of automakers, the 

subsequent numerical simulation reveals how the change in each variable affects 

service strategy choice-making. Then, this study examines the impacts of automaker 

decisions on social welfare. The next section extends the modeling to the exclusive-

agreement scenario in which each third-party operator can only partner with one 

automaker. The conclusion summarizes major findings and discusses their implications. 

2. Research background 

As an emerging phenomenon, battery swap draws researchers’ attention. To EV 

drivers, it makes energy replenishment almost instant, greatly boosting the 

sustainability of transportation ecosystem (Revankar & Kalkhambkar, 2021). In 

mainland China, for instance, battery swapping provides an alternative refueling option 

to time-sensitive users such as taxi-drivers and ride-hailers (A. Q. Huang, Zhang, He, 

Hua, & Shi, 2021), who also benefit from off-peak electricity rate for battery charging 

(Liang & Zhang, 2018). In Taiwan, battery swap also facilitates the electrification of 

motorbikes by millions to ease air pollution (F. H. Huang, 2020). For mass 

transportation, battery swap is by far the best charging approach for electric buses (W. 

X. Li, Li, Deng, & Bao, 2018), which also enables the use of the target mixed integer 

nonlinear programming model to minimize their capital investment and operating cost 

(Ayad, El-Taweel, & Farag, 2021).  

As more and more automakers enter the battery swap arena, each must expand its 

market share quickly in order to survive the fierce competition. The official statistics of 

the China Electric Vehicle Charging Infrastructure Promotion Alliance indicated that 

China had a total of 716 battery swap stations as of June 2021, a leap from 161 in 2020. 
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Listed companies in China's EV battery swap industry mainly include NIO, BAIC Blue 

Valley, Contemporary Amperex Technology Co., Ltd. (CATL) and Lifan Technology. 

Owning the largest domestic market share, NIO recently opened its first battery swap 

station in Europe, along with a plan to provide the same service in the USA by 2025. In 

April 2022, CATL announced the launch of EVOGO battery swap service, and will 

complete the construction of 30 battery swap stations by the end of 2022. 

Through management optimization and location planning, battery swap service 

can yield tremendous economic and social benefits compared with traditional refueling 

and regular charging (Schneider, Thonemann, & Klabjan, 2018; Sun, Sun, Tsang, & 

Whitt, 2019; Widrick, Nurre, & Robbins, 2018; Wu, Pang, Choy, & Lam, 2018; F. 

Zhang et al., 2021; B. H. Zhou & Tan, 2018). This is of great significance to the 

promotion of battery-separable EVs (T. Y. Zhang, Chen, Yu, Zhu, & Shi, 2018), as 

service providers can hardly survive the market competition without profitability and 

sustainability (X. P. Zhang & Rao, 2016). Nevertheless, the extant research on battery 

swapping mainly addresses station construction and service configuration.  

Site selection remains the primary consideration in the establishment of a battery 

swap station, as service demand hinges on the location. Based on population density 

and traffic flow, for instance, stochastic planning models are employed to determine 

service locations (An, Jing, & Kim, 2020; M. D. Lin, Liu, Yang, & Lin, 2021). 

Additional factors like land acquisition cost and grid load impact can be incorporated 

in multi-criteria decision making (MCDM) to enhance decision robustness (Wang, Li, 

Xu, & Li, 2020). The data-driven approach based on GPS tracking of EV traffic further 

enhances the prediction of service demand for candidate locations (Yang et al., 2021; 

Zeng, Pan, Zhang, Lu, & Li, 2019). The location optimization of battery swap stations 

reduces the range anxiety of EV drivers and increases their service usage. 

Following site selection is the determination of service capacity for each battery 

swap station considering random EV arrivals and battery charging status (Sun, Tan, & 

Tsang, 2018). As charger and battery costs are the main constraints (Jing, Kim, & An, 

2018), optimization models are used to design cost-effective battery charging schemes, 
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as demonstrated by the Hong Kong Airport Bus Station case (W, P, C, & L, 2015). To 

control capital, maintenance, and operation expenses, in particular, the number of 

batteries assigned to each swap station must be carefully planned (Liu, Lin, Chen, Zou, 

& Chen, 2017). Service rendering to EVs arriving at a battery swap station is a hybrid 

queuing network problem, the solving of which helps managers plan service capacity 

(Tan, Sun, Wu, & Tsang, 2018).  

Once a battery swap station is established, its operating cost bears on the service 

competitiveness that dictates investor confidence. Battery turnover and electricity 

consumption are the main cost factors that need to be taken into account (Nie, Chung, 

Chen, Wang, & Qin, 2014). To streamline battery turnover, the queuing theory is 

employed to detect and remedy service bottlenecks (Asadi & Pinkley, 2021). For 

electricity expense reduction and grid load smoothing, off-peak charging is preferred 

(Zhao, Guo, & Qiang, 2017). Battery swap stations must strike a balance between 

service reliability and economic viability (Sepetanc & Pandzic, 2020). 

Extant studies focus on the construction and operation of battery swap stations, 

yet few address different business models and strategic choices of parties involved. To 

fill in the research gap, this study explores different battery swap service strategies of 

automakers: self-operation and authorization. Widely adopted in many industries, 

authorization is a business model in which an original provider authorizes a third-party 

operator to provide a service based on a license agreement. In a close-loop supply chain, 

the authorization model is conducive to the overall profitability of participants (Y. M. 

Zhang, Chen, & Li, 2021). Due to capacity and emission constraints, third-party 

authorization becomes a viable means for major companies to outsource 

remanufacturing and other green activities (B. A. Li, Geng, Xia, Qiao, & Wang, 2021).  

Third-party operators have been involved in various aspects of EV ecosystem, 

such as consumer service, charging, and battery recycling. By authorizing another 

company to use its intellectual property for a licensing fee, an automaker can improve 

productivity and branding, as well as service quality. To better serve its EV customers, 

for example, Xpeng Motor provides technical standards and authorizes TELD to build 
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and operate supercharger stations (Gasgoo, 2019). By examining the equilibrium 

solutions under different scenarios, game-theoretical modeling enables benchmarking 

the effectiveness of authorization against self-operation in terms of consumer surplus, 

social welfare and environmental protection (Q. Zhou, Meng, & Yuen, 2021; Zou, Wang, 

Deng, & Chen, 2016). For the exploration of potential collaboration between 

automakers and third-party operators, therefore, this study establishes game-theoretical 

models to compare self-operation and authorization strategies in terms of corporate 

profit and social welfare. The insights obtained may help automakers choose the best 

strategy to capitalize on the emerging battery swap market. 

3. Problem Description and Model Setup 

In a battery swap market, there are two competing automakers A and B, the former 

having a bigger customer base than the latter, as well as a third-party operator C. Each 

automaker may provide the service by itself or sign a non-exclusive authorization 

agreement with operator C who has a certain edge such as existing facilities. Figure 1 

shows the two alternative strategies for each automaker: self-operation (i.e., providing 

its own battery swap service), and authorization (i.e., licensing technology and 

equipment to operator C). Under the self-operation strategy, an automaker fulfills both 

EV market demand 𝑞𝑖 and battery swap demand ℎ𝑖, and determine EV price 𝑝𝑖 and 

battery swap price 𝑟𝑖 respectively. Under the authorization strategy, an automaker still 

takes care of its EV market, but let the third-party operator render at least part of battery 

swap service. The total battery swap demand is the sum of each automaker’s, ℎ𝑖, and 

the third-party operator’s, ℎ𝑖,3𝑝. Under the authorization agreement with an automaker, 

the third-party operator offers licensed battery swap service at price 𝑟𝑖,3𝑝. To find out 

whether there is a win-win solution, this study compares corporate profitability and 

social welfare under different scenarios.  
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Figure 1. Market structure 

When a third-party operator is present, each automaker makes three decisions 

sequentially: setting EV retail price, choosing a battery swap service strategy (self-

operation or authorization), and determining service price. Concerning the 

combinations of strategies, there are four possibilities: (1) both automaker A and B 

choose self-operation; (2) both automaker A and B choose authorization; (3) automaker 

A chooses self-operation, automaker B chooses authorization; (4) automaker A chooses 

authorization, automaker B chooses self-operation. 

Table 1 gives the main parameters used in modeling. Corresponding to either 

participant in the EV market, the subscript 𝑖 ∈ {1,2}  stands for automaker A and 

automaker B, the subscript 3𝑝 stands for the third-party operator C.  

Table 1. Model parameters 

Parameter Definition Unit 

𝑞𝑖 Automaker i’s current EV demand 10^7  

𝑝𝑖 Automaker i’s EV retail price 10^5 USD 

𝑠𝑖 Automaker i’s profit from EV sales 10^12 USD 

𝑐𝑖 Automaker i’s EV marginal cost 10^5 USD 

𝑎𝑖 Automaker i’s potential EV demand 10^7  

𝑏𝑖 Automaker i’s substitution intensity from the competing EV brand  - 

𝜌𝑖
𝑚 Impact of battery swap service strategy on potential EV 

demand,  𝑚 ∈ {𝐴, 𝑆} , where A stands for authorization, and S 

stands for self-operation 

- 

𝑜𝑖 Automaker i’s battery swap operating cost 10^2 USD 

𝑜3𝑝 The third-party operator’s battery swap operating cost 10^2 USD 

𝑙𝑖 Automaker i’s unit battery procurement cost 10^5 USD 

𝑙3𝑝 The third-party operator’s unit battery procurement cost 10^5 USD 

𝑛𝑖 The maximum service capacity of each battery swap station of 10^5 
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automaker i during an EV service life 

𝑛3𝑝 The maximum service capacity of each battery swap station of the 

third-party operator during an EV service life  

10^5 

𝛿𝑖 Automaker i’s battery swap station utilization rate - 

𝛿3𝑝 The third-party operator’s battery swap station utilization rate - 

𝜇 The average number of batteries stored at each battery swap station  10^2 

𝑟𝑖 Automaker i’s price of self-operated battery swap service  10^2 USD 

𝑟𝑖,3𝑝 The third-party operator’ price of the battery swap service 

authorized by automaker i 

10^2 USD 

ℎ𝑖 The demand for automaker i’s self-operated battery swap service 10^10 

ℎ𝑖,3𝑝 The demand for the third-party operator’s battery swap service 

authorized by automaker i 

10^10 

ℎ3𝑝 The total demand for the third-party operator’s battery swap 

service 

10^10 

𝑤𝑖 Automaker i’s profit from self-operated battery swap service 10^12 USD 

𝑤𝑖,3𝑝 The third-party operator’s profit from the battery swap service 

authorized by automaker i 

10^12 USD 

𝑤3𝑝 The third-party operator's total profit from battery swap service 10^12 USD 

𝜋𝑖 Automaker i’s overall profit 10^12 USD 

𝜏 Average number of battery swaps during an EV service life (about 

8.2 years) 

10^3  

𝑘 Price adjustment factor - 

𝑡 Unit preference distance cost coefficient 10^2 USD 

𝑣 Consumer's perceived valuation of battery swap service - 

𝑓 Unit licensing fee 10^2 USD 

𝐶𝑆 Overall consumer surplus 10^12 USD 

𝐶𝑆𝑒𝑣 Consumer surplus from the EV purchase 10^12 USD 

𝐶𝑆𝑏𝑠,𝑖 Consumer surplus from automaker i’s battery swap service 10^12 USD 

𝐶𝑆𝑏𝑠,3𝑝 Consumer surplus from the third-party operator’s battery swap 

service  

10^12 USD 

𝑆𝑊 Social welfare 10^12 USD 

Note: Units are derived from realistic values as described in Section 5. For simplification, scientific 

notations are used. For example, when 𝑐𝑖 = 0.2, it is actually 0.2*10^5 USD, or $20,000. 

3.1 EV market 

The modeling of EV market is based on the following assumptions: (1) EV market 

demand is a linear function of price. Such an assumption is widely used in recent 

literature (Beranek & Buscher, 2020; Y. G. Li, Sun, Ling, Lu, & Liu, 2020; Xi & Zhang, 

2020); (2) The battery swap service strategy of automakers will affect their EV market 

demand to some extent. In a dual poly, the demand function of automakers A and B can 
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be expressed as follows: 

𝑞𝑖(𝑝𝑖, 𝑝𝑗) = 𝜌𝑖
𝑚𝑎𝑖 − 𝑝𝑖 + 𝑏𝑖𝑝𝑗  , (1) 

where 𝑖, 𝑗 ∈ {1, 2}  with 𝑖 ≠ 𝑗 . Respectively, 𝑝𝑖  and 𝑝𝑗  are automakers A’s and B’s 

EV prices. Meanwhile, 𝜌𝑖
𝑚  with 𝑚 ∈ {𝑆, 𝐴}  represents the relative impacts  

(𝜌𝑖
𝑚  ≥ 1) of an automaker’s self-operation strategy (𝜌𝑖

𝑆, set to be 1 as baseline) and 

authorization (𝜌𝑖
𝐴 ) strategy on its potential EV market demand 𝑎𝑖  (𝑎1 > 𝑎2 > 0 , 

assuming automaker A has a larger market share than automaker B). Indicating the 

substitution intensity of the two brands, 𝑏𝑖 falls into the range of [0, 1]. When 𝑏𝑖 = 1, 

both brands are completely substitutable; when 𝑏𝑖 = 0, neither is replaceable. Under 

the game market structure, the profit function of an automaker from EV sales is, 

𝑠𝑖 = (𝑝𝑖 − 𝑐𝑖)𝑞𝑖 . (2) 

The primary goal of each automaker is to maximize the profit from EV sales, the 

possibility of which can be evaluated. The evaluation comprises the first-order, second-

order, and mixed partial derivatives of the profit function.  

𝜕𝑠𝑖

𝜕𝑝𝑖
= 𝜌𝑖

𝑚𝑎𝑖 + 𝑏𝑖𝑝𝑗 + 𝑐𝑖 − 2𝑝𝑖 , (3) 

𝜕2𝑠𝑖

𝜕𝑝𝑖
2

= −2 , (4) 

𝜕𝑠𝑖

𝜕𝑝𝑖𝜕𝑝𝑗
=  𝑏𝑖 . (5) 

Based on the condition that the extreme value of the binary function exists (4 −

𝑏𝑖
2 > 0, and −2 < 0), automakers are able to maximize profits. Hence the solution of 

the algebraic equations with 
𝜕𝑙𝑖

𝜕𝑝𝑖
= 0 for profit maximization, 

𝑝𝑖
∗ =

2𝜌𝑖
𝑚𝑎𝑖 + 𝜌𝑗

𝑚𝑎𝑗𝑏𝑖 + 𝑏𝑖𝑐𝑗 + 2𝑐𝑖

4 − 𝑏𝑖𝑏𝑗
 . (6) 

Finally, the equilibrium demands for EV can be obtained by putting the results into 

formula (1). 

𝑞𝑖
∗ =

2𝜌𝑖
𝑚𝑎𝑖 + 𝜌𝑗

𝑚𝑎𝑗𝑏𝑖 + 𝑏𝑖𝑏𝑗𝑐𝑖 + 𝑏𝑖𝑐𝑗 − 2𝑐𝑖

4 − 𝑏1𝑏2
 . (7) 
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3.2 Battery swap market 

Battery swap market is divided into two major segments: automaker A’s and 

automaker B’s. There are two battery swap service strategies in each market segment: 

self-operation and authorization. In the case of authorization strategy, an automaker 

licenses battery swap technology and equipment to the third-party operator, and both 

will offer the same service to consumers. This article assumes that automaker’s 

equilibrium demand in the battery swap market is 𝜏𝑞𝑖
∗, where τ represents the average 

number of battery swaps in an EV service life. The superscripts S and A indicate 

different strategies to distinguish price and demand functions under each. Based on real-

world scenarios, it is assumed that an EV can undergo battery swaps up to 1,000 times, 

and a consumer patronizes a service provider every 3 days. Thus, an EV service life is 

around 3,000 days (or 8.2 years that is also consistent with the median EV life 

expectancy as per Raustad, 2017), which is used as the parametric duration for battery 

swap market demand and swap station service capacity. 

The Hotelling model was originally proposed to explain how two monopoly firms 

position their products in a competitive market (Hotelling, 1929). Since then, it has 

been used to examine the pricing behavior of firms in spatial competition based on 

typical assumptions: 1) two stores are evenly distributed horizontally; 2) the locations 

of consumers are fixed; 3) the unit distance cost of travel to each store is the same (Luo 

& Moschini, 2019; Xing, 2014; J. Zhang, Wang, & Zhao, 2020). Interested in distinct 

battery swap service strategies, this study constructs a Hotelling model involving two 

competing automakers, each of whom may opt for self-operating battery swap service 

or authorizing it to the third-party operator. The service is homogeneous but operating 

costs and spatial locations vary with strategic choices, leading to different consumer 

preferences and corporate performances.   

At opposite ends of a linear city locate an automaker and a third-party operator 

offering homogeneous services, while price-sensitive consumers are evenly distributed 

over the interval of [0,1]. As it takes time and money to reach each service, consumers 

care about the sum of service price and travel cost in choice-making. A consumer at 𝑥 
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visiting the automaker’s and third-party operator’s services incurs the travel costs of 

𝑡𝑥  and 𝑡(1 − 𝑥) , respectively. The equilibrium condition of the Hotelling model is 

thus as follows: 

𝑣 − 𝑟𝑖 − 𝑡𝑥 = 𝑣 − 𝑟𝑖,3𝑝 − 𝑡(1 − 𝑥). (8) 

Solve the above formula, consumer decision equilibrium point �̅� =
𝑟𝑖,3𝑝−𝑟𝑖+𝑡

2𝑡
 can 

‘be obtained. Therefore, the battery swap service demands of automaker and third-party 

operator are: 

ℎ𝑖
𝐴 = 𝜏𝑞𝑖

𝐴�̅�, (9) 

ℎ𝑖,3𝑝 = 𝜏𝑞𝑖(1 − �̅�). (10) 

As the authorization strategy involves a licensing fee, the automaker’s and third-

party operator’s battery swap service profit functions are: 

𝑤𝑖
𝐴 = (𝑟𝑖

𝐴 − 𝑜𝑖)ℎ𝑖
𝐴 − 𝑙𝑖𝜇

ℎ𝑖
𝐴

𝑛𝑖𝛿𝑖
+ 𝑓ℎ𝑖,3𝑝 , (11) 

𝑤𝑖,3𝑝 = (𝑟𝑖,3𝑝 − 𝑜3𝑝 − 𝑓)ℎ𝑖,3𝑝 − 𝑙3𝑝𝜇
ℎ𝑖,3𝑝

𝑛3𝑝𝛿3𝑝
 . (12) 

Considered as a one-time expense, the depreciation cost is independently borne by 

each service provider through its battery rental to EV drivers. It can be calculated based 

on battery reserve size and procurement cost 𝑙. The total battery reserve of automakers 

and the third-party operator is determined by the number of their battery swap stations 

and the average battery reserve at each 𝜇 . The number of battery swap stations is 

determined by battery swap market demand ℎ, swap station service capacity 𝑛, and 

utilization rate 𝛿: ℎ (𝑛 ∗ 𝛿)⁄ . Based on EV market demand (Equations 7), battery swap 

service demands can be obtained for the automaker and third-party operator 

respectively (Equations 15 and 16). 

In the Hotelling models of this study, therefore, the operating cost of authorized 

battery swap service comprises the licensing fee and provider-specific expenses like 

labor and electricity. As licensing is a standard practice, it is assumed that different 

automakers charge the same fee for the sake of fairness. When the third-party operator 

works with both automakers, therefore, the operating cost remains equivalent at the 
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average industry level. Meanwhile, automakers compete with each other in the EV 

market, the game state of which affects their battery swap pricing. This in turn leads to 

the price competition among the third-party operator and automakers in the battery 

swap market. To maximize overall profitability, the automaker and third-party operator 

may adjust their battery swap service prices. Equilibrium service price and demand for 

each provider can be obtained based on the derivatives of the two profit functions above: 

𝑟𝑖
𝐴∗ =

3𝑓 + 𝑜3𝑝 + 2𝑜𝑖 + 3𝑡

3
 , (13) 

𝑟𝑖,3𝑝
∗ =

3𝑓 + 2𝑜3𝑝 + 𝑜𝑖 + 3𝑡

3
 , (14) 

ℎ𝑖
𝐴∗ = 𝜏𝑞𝑖

𝐴
𝑜3𝑝 − 𝑜𝑖 + 3𝑡

6𝑡
 , (15) 

ℎ𝑖,3𝑝
∗ = 𝜏𝑞𝑖

𝐴
𝑜𝑖 − 𝑜3𝑝 + 3𝑡

6𝑡
 . (16) 

If another automaker adopts the self-operation strategy, it only needs to maximize 

its own profit: 

max
𝑟𝑖

{(𝑟𝑖 − 𝑜𝑖)𝜏𝑞𝑖 − 𝑙𝑖𝜇
𝜏𝑞𝑖

𝑛𝑖𝛿𝑖
} . (17) 

Once battery swap demand is determined, the profit function is a linear function 

of service price. For automaker, the key factor in service pricing is the operating cost: 

𝑟𝑖
𝑆 = 𝑘𝑜𝑖 + 𝜀 , where 𝑘  indicates the adjustment coefficient (𝑘 > 1) , and 𝜀  is a 

random variable of standard normal distribution. As 𝐸(𝑟𝑖
𝑆) = 𝑘𝑜𝑖, the profit function 

of automaker is: 

𝑤𝑖
𝑆 = (𝑘𝑜𝑖 − 𝑜𝑖)𝜏𝑞𝑖

𝑆 − 𝑙𝑖𝜇
𝜏𝑞𝑖

𝑆

𝑛𝑖𝛿𝑖
 . (18) 

Based on the above analytical solution, the demand for the service offered by the 

third-party operator may come from two market segments when both automakers 

choose the authorization strategy. Similarly, the profit function is the sum of market 

gains: 

ℎ3𝑝
∗ = ∑ ℎ𝑖,3𝑝

∗ , 𝑤3𝑝
∗ = ∑ 𝑤𝑖,3𝑝

∗  . (19) 

3.3 Corporate overall profit 

For solving EV market and battery swap market models, it is necessary to assume 
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that automakers make corresponding decisions in a sequence. In practice, an automaker 

prioritizes EV pricing over service strategy choice-making. The overall profit of an 

automaker consists of two parts: EV market profit and battery swap market profit. Its 

overall profit under self-operation service strategy is: 

𝜋𝑖
𝑆 = (𝑝𝑖

𝑆∗ − 𝑐𝑖)𝑞𝑖
𝑆∗ + (𝑘𝑜𝑖 − 𝑜𝑖)𝜏𝑞𝑖

𝑆∗ − 𝑙𝑖𝜇
𝜏𝑞𝑖

𝑆∗

𝑛𝑖𝛿𝑖
. (20) 

As for authorization, the overall profit is: 

𝜋𝑖
𝐴 = (𝑝𝑖

𝐴∗ − 𝑐𝑖)𝑞𝑖
𝐴∗ + (𝑟𝑖

𝐴∗ − 𝑜𝑖)ℎ𝑖
𝐴∗ − 𝑙𝑖𝜇

ℎ𝑖
𝐴∗

𝑛𝑖𝛿𝑖
+ 𝑓ℎ𝑖,3𝑝

∗. (21) 

Based on the aforementioned equilibrium solutions obtained for the EV market 

and battery swap market, the profit functions can be evaluated for self-operation and 

authorization strategies, respectively. 

4. Optimal decisions of automakers and third-party operator 

Both automakers have 2 strategies corresponding to their respective battery swap 

markets. The combination of two has 4 results: self-operation and self-operation (SS), 

authorization and authorization (AA), authorization and self-operation (AS), self-

operation and authorization (SA). The equilibrium solutions for different strategy 

combinations for EV and battery swap markets are solved separately below. 

4.1 Symmetric self-operation scenario-SS 

When both automakers choose the self-operation strategy, the third-party operator 

is not involved in the battery swap market, and service demand is fully covered by the 

former. The equilibrium price, demand and profit can be obtained based on the self-

operation profit functions in the battery swap market, as summarized by the following 

lemma. 

Lemma 1. In the SS case, the equilibrium prices are r1
S∗ = ko1, r2

S∗ = ko2,  the 

equilibrium demands are: 

h1
S∗ = τ

2𝜌1
𝑆𝑎1 + 𝜌2

𝑆𝑎2𝑏1 + 𝑏1𝑏2𝑐1 + 𝑏1𝑐2 − 2𝑐1

4 − 𝑏1𝑏2
 , 

h2
S∗ = τ

2𝜌2
𝑆𝑎2 + 𝜌1

𝑆𝑎1𝑏2 + 𝑏1𝑏2𝑐2 + 𝑏2𝑐1 − 2𝑐2

4 − 𝑏1𝑏2
 . 
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and the equilibrium profits are: 

𝑤1
𝑆∗ = (𝑘𝑜1 − 𝑜1 − 𝑙1𝜇

1

𝑛1𝛿1
) τ

2𝜌1
𝑆𝑎1 + 𝜌2

𝑆𝑎2𝑏1 + 𝑏1𝑏2𝑐1 + 𝑏1𝑐2 − 2𝑐1

4 − 𝑏1𝑏2
 , 

𝑤2
𝑆∗ = (𝑘𝑜2 − 𝑜2 − 𝑙2𝜇

1

𝑛2𝛿2
) τ

2𝜌2
𝑆𝑎2 + 𝜌1

𝑆𝑎1𝑏2 + 𝑏1𝑏2𝑐2 + 𝑏2𝑐1 − 2𝑐2

4 − 𝑏1𝑏2
 . 

4.2 Symmetric authorization scenario-AA 

When both automakers choose the authorization strategy, they share battery swap 

market demand with the third-party operator. The equilibrium service price, demand 

and profit of each participant in the two market segments can be obtained by solving 

the first-order conditions based on the profit functions, as summarized by the following 

lemma. 

Lemma 2. In the AA case, the equilibrium prices are 𝑟1
𝐴∗ =

3𝑓+𝑜3p+2𝑜1+3𝑡

3
, 𝑟1,3p

∗ =

3𝑓+2𝑜3p+𝑜1+3𝑡

3
, 𝑟2

𝐴∗ =
3𝑓+𝑜3p+2𝑜2+3𝑡

3
, 𝑟2,3p

∗ =
3𝑓+2𝑜3p+𝑜2+3𝑡

3
, the equilibrium demands are: 

h1
A∗ = τ

(2𝜌1
𝐴𝑎1 + 𝜌2

𝐴𝑎2𝑏1 + 𝑏1𝑏2𝑐1 + 𝑏1𝑐2 − 2𝑐1)(𝑜3𝑝 − 𝑜1 + 3𝑡)

(4 − 𝑏1𝑏2)6𝑡
 , 

h1,3p
∗ = τ

(2𝜌1
𝐴𝑎1 + 𝜌2

𝐴𝑎2𝑏1 + 𝑏1𝑏2𝑐1 + 𝑏1𝑐2 − 2𝑐1)(𝑜1 − 𝑜3𝑝 + 3𝑡)

(4 − 𝑏1𝑏2)6𝑡
 , 

h2
A∗ = τ

(2𝜌2
𝐴𝑎2 + 𝜌1

𝐴𝑎1𝑏2 + 𝑏1𝑏2𝑐2 + 𝑏2𝑐1 − 2𝑐2)(𝑜3𝑝 − 𝑜2 + 3𝑡)

(4 − 𝑏1𝑏2)6𝑡
 , 

h2,3𝑝
∗ = τ

(2𝜌2
𝐴𝑎2 + 𝜌1

𝐴𝑎1𝑏2 + 𝑏1𝑏2𝑐2 + 𝑏2𝑐1 − 2𝑐2)(𝑜2 − 𝑜3𝑝 + 3𝑡)

(4 − 𝑏1𝑏2)6𝑡
 . 

and the equilibrium profits are: 

𝑤1
𝐴∗ = (𝑟1

𝐴∗ − 𝑜1 − 𝑙1𝜇
1

𝑛1𝛿1
) ℎ1

𝐴∗ + 𝑓ℎ1,3𝑝
∗ , 

𝑤1,3𝑝
∗ = (𝑟1,3𝑝

∗ − 𝑜3𝑝 − 𝑙3𝑝𝜇
1

𝑛3𝑝𝛿3𝑝
− 𝑓) ℎ1,3𝑝

∗ , 

𝑤2
𝐴∗ = (𝑟2

𝐴∗ − 𝑜2 − 𝑙2𝜇
1

𝑛2𝛿2
) ℎ2

𝐴∗ + 𝑓ℎ2,3𝑝
∗ , 

𝑤2,3𝑝
∗ = (𝑟2,3𝑝

∗ − 𝑜3𝑝 − 𝑙3𝑝𝜇
1

𝑛3𝑝𝛿3𝑝
− 𝑓) ℎ2,3𝑝

∗ , 

𝑤3𝑝
∗ = 𝑤1,3𝑝

∗ + 𝑤2,3𝑝
∗ . 
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4.3 Asymmetric scenario-AS 

When automaker A chooses the authorization strategy but automaker B chooses 

the self-operation strategy, the third-party operator only participates in the former’s 

market segment. The equilibrium price, demand and profit of each participant can be 

found based on the authorization and self-operation profit functions, as summarized by 

the following lemma. 

Lemma 3. In the AS case, the equilibrium prices are 𝑟1
𝐴∗ =

3𝑓+𝑜3p+2𝑜1+3𝑡

3
 , 𝑟1,3p

∗ =

3𝑓+2𝑜3p+𝑜1+3𝑡

3
, 𝑟2

S∗ = ko2, the equilibrium demands are: 

h1
A∗ = τ

(2𝜌1
𝐴𝑎1 + 𝜌2

𝑆𝑎2𝑏1 + 𝑏1𝑏2𝑐1 + 𝑏1𝑐2 − 2𝑐1)(𝑜3𝑝 − 𝑜1 + 3𝑡)

(4 − 𝑏1𝑏2)6𝑡
 , 

h1,3p
∗ = τ

(2𝜌1
𝐴𝑎1 + 𝜌2

𝑆𝑎2𝑏1 + 𝑏1𝑏2𝑐1 + 𝑏1𝑐2 − 2𝑐1)(𝑜1 − 𝑜3𝑝 + 3𝑡)

(4 − 𝑏1𝑏2)6𝑡
 , 

h2
S∗ = τ

2𝜌2
𝑆𝑎2 + 𝜌1

𝐴𝑎1𝑏2 + 𝑏1𝑏2𝑐2 + 𝑏2𝑐1 − 2𝑐2

4 − 𝑏1𝑏2
  . 

and the equilibrium profits are: 

𝑤1
𝐴∗ = (𝑟1

𝐴∗ − 𝑜1 − 𝑙1𝜇
1

𝑛1𝛿1
) ℎ1

𝐴∗ + 𝑓ℎ1,3𝑝
∗ , 

𝑤2
𝑆∗ = (𝑘𝑜2 − 𝑜2 − 𝑙2𝜇

1

𝑛2𝛿2
) τ

2𝜌2
𝑆𝑎2 + 𝜌1

𝐴𝑎1𝑏2 + 𝑏1𝑏2𝑐2 + 𝑏2𝑐1 − 2𝑐2

4 − 𝑏1𝑏2
 , 

𝑤3𝑝
∗ = 𝑤1,3𝑝

∗ = (𝑟1,3𝑝
∗ − 𝑜3𝑝 − 𝑙3𝑝𝜇

1

𝑛3𝑝𝛿3𝑝
− 𝑓) ℎ1,3𝑝

∗ . 

4.4 Asymmetric scenario-SA 

When automaker A chooses the self-operation strategy but automaker B chooses 

the authorization strategy, the third-party operator only participates in the latter’s 

market segment. The following lemma summarizes the equilibrium price, demand and 

profit of each participant. 

Lemma 4. In the SA case, the equilibrium prices are 𝑟1
S∗ = ko1 , 𝑟2

𝐴∗ =

3𝑓+𝑜3p+2𝑜2+3𝑡

3
 , 𝑟2,3p

∗ =
3𝑓+2𝑜3p+𝑜2+3𝑡

3
, the equilibrium demands are: 

h1
S∗ = τ

2𝜌1
𝑆𝑎1 + 𝜌2

𝐴𝑎2𝑏1 + 𝑏1𝑏2𝑐1 + 𝑏1𝑐2 − 2𝑐1

4 − 𝑏1𝑏2
 , 



17 

 

h2
A∗ = τ

(2𝜌2
𝐴𝑎2 + 𝜌1

𝑆𝑎1𝑏2 + 𝑏1𝑏2𝑐2 + 𝑏2𝑐1 − 2𝑐2)(𝑜3𝑝 − 𝑜2 + 3𝑡)

(4 − 𝑏1𝑏2)6𝑡
 , 

h2,3p
∗ = τ

(2𝜌2
𝐴𝑎2 + 𝜌1

𝑆𝑎1𝑏2 + 𝑏1𝑏2𝑐2 + 𝑏2𝑐1 − 2𝑐2)(𝑜2 − 𝑜3𝑝 + 3𝑡)

(4 − 𝑏1𝑏2)6𝑡
 . 

and the equilibrium profits are: 

𝑤1
𝑆 = (𝑘𝑜1 − 𝑜1 − 𝑙1𝜇

1

𝑛1𝛿1
) τ

2𝜌1
𝑆𝑎1 + 𝜌2

𝐴𝑎2𝑏1 + 𝑏1𝑏2𝑐1 + 𝑏1𝑐2 − 2𝑐1

4 − 𝑏1𝑏2
, 

𝑤2
𝐴∗ = (𝑟2

𝐴∗ − 𝑜2 − 𝑙2𝜇
1

𝑛2𝛿2
) ℎ2

𝐴∗ + 𝑓ℎ2,3𝑝
∗, 

𝑤3𝑝
∗ = 𝑤2,3𝑝

∗ = (𝑟2,3𝑝
∗ − 𝑜3𝑝 − 𝑙3𝑝𝜇

1

𝑛3𝑝𝛿3𝑝
− 𝑓) ℎ2,3𝑝

∗. 

5. Authorization as the Equilibrium Strategy 

Due to the complexity of profit functions, it is difficult to directly compare profit 

sizes under different battery swap service strategies. Therefore, the method of numeric 

analysis is used to examine automakers’ profit changes under different strategy 

combinations. Lemmas 1-4 suggest that the profit functions contain common 

parameters: substitution intensity, EV production cost, and battery swap market demand. 

By analyzing the impacts of these parameters on the profits of automakers, the best 

strategy choice can be determined.  

This study consults relevant information sources to determine the values of EV 

production cost and battery swap operating cost. On average, lithium-ion rechargeable 

batteries cost $132/kWh, and EV capacity is 60kWh, leading to the approximate 

subtotal of $7,000. As batteries typically account for 35% of plug-in EV production 

cost (excluding the battery cost), the average production cost of a battery-separable EV 

is $20,000. A life-cycle analysis shows that the annual operating cost of a battery swap 

station is about 4.77 million CNY, covering electricity, facility maintenance, and labor 

(Chen et al., 2016). NIO’s second-generation station can serve up to 312 EVs daily, a 

leap from the first-generation’s 120. Assuming the service volume of 240 times per day 

and station utilization rate of 60% per year, the average operating cost of a single battery 

swap is about 90 CNY, or $13.5 (calculated at the exchange rate of 1 USD ≈ 6.7 CNY).  
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Based on the daily service capacity of each battery swap station and EV service 

life, a station can serve about 720,000 swaps during that unit period. Based on the 

scientific notations shown in Table 1 ($10^5 for  𝑙𝑖 and 𝑐𝑖, $10^2 for 𝑜𝑖, 10^5 for 𝑛𝑖, 

and 10^2 for  𝜇 ), respectively, single battery cost, EV marginal cost, battery swap 

operating cost, and each battery swap station service capability, and battery reserve at 

each station are: 𝑙𝑖 = 0.07, 𝑐𝑖 = 0.2 , 𝑜𝑖 = 0.135 , 𝑛𝑖 = 7.2 , and 𝜇 = 0.1  (i.e., the 

number of batteries that each battery swap station reserves is 10, for instance). Other 

fixed parameters are assigned values as follows：𝑎1 = 0.3, 𝑎2 = 0.2, 𝑏1 = 0.4, 𝑏2 =

0.2, 𝑜3𝑝 = 0.12, 𝜏 = 1, 𝑡 = 0.03, 𝑘 = 1.4, 𝑓 =  0.024, 𝜌𝑖
𝑆 = 1, 𝜌𝑖

𝐴 = 1.1, and 

𝛿𝑖 = 0.6. 

5.1 EV production cost 

As automakers A and B make game choices at the same time, their decisions are 

independent. As the authorization strategy helps an automaker focus on the EV market 

while benefit from the battery swap market, it tends to partner with a third-party 

operator. Figure 2 shows how the changes in the EV production costs of automakers 

affect their battery swap service strategies by keeping the other parameters in the profit 

function constant. The solution space is divided into four subregions, each of which 

corresponds to the optimal choices of two automakers.  

 

Figure 2. EV production costs and battery swap service strategies 
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For an automaker, different EV production cost scenarios lead to different strategy 

choices. When the EV production cost is relatively low, authorization is preferred; 

otherwise, self-operation is a better choice. A higher cost reduces EV demand, leading 

to a smaller battery swap market segment that makes the involvement of a third-party 

operator less necessary. Without the need to share profit in such a case, the self-

operation strategy yields more return. In contrast, when an automaker keeps its EV 

production cost low, the authorization strategy is conducive to battery swap market 

share expansion and profit margin increase.  

In addition, market demand and substitution intensity are also likely to affect 

battery swap strategies. The subsequent analyses on these two influencing factors 

follow the same approach as for production cost. If parameter shifts alter corporate 

profitability levels, automakers are likely to switch strategies to pursue performance 

improvement.  

5.2 EV market demand 

Similarly, the results indicate that EV market demands affect battery swap strategy 

choices of automakers. As shown in Figure 3, when the EV demand of an automaker is 

high, it will choose the authorization strategy for battery swap service to advance brand 

influence and profitability. Outsourcing the service to a third-party operator allows the 

automaker to invest in battery swap technology, increase store accessibility, and 

enhance consumer loyalty. When the EV market demand is relatively low for an 

automaker, however, the self-operation strategy saves money and effort. 
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Figure 3. EV market demands and battery swap service strategies 

A higher market demand motivates an automaker to choose the authorization 

strategy, as the active involvement not only increases battery swap market profitability 

but also expands EV market share. The strategy requires the automaker to continuously 

invest in the battery swap technology, leading to a faster and cheaper service that 

attracts more consumers to purchase battery-separable EVs. There are various 

approaches for boosting up market demand. Through market research, for example, an 

automaker can design products and services that consumers like to use. It can also 

partner with other top companies, such as battery manufacturers and fleet operators, to 

increase brand influence.  

5.3 EV substitution intensity 

Competition in the battery swap service market is fierce and automaker A has a 

larger user base. In such an advantageous position, it is likely to choose the 

authorization battery swap strategy to strengthen its market dominance further. As 

shown in Figure 4-1, therefore, the variation in EV substitution intensity factors will 

not affect automaker A’s choice of authorization as its battery swap service strategy. For 

automaker B, however, its EV substitution intensity bears an inverse relationship with 

the self-operation strategy: the higher intensity factor, the lower chance of self-

operation. When automaker B endows its EVs with unique design features that attract 
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and retain consumers, the authorization strategy will help it further expand the loyal 

user base. Otherwise, it is not worth developing the battery swap technology, and the 

self-operation strategy is less risky. Considering the scenario that the market shares of 

two automakers are approximately the same as shown in Figure 4-2, their strategic 

choices are basically independent of the substitution intensity: they unanimously adopt 

the authorization strategy for higher profitability.  

(1)  𝑎1 > 𝑎2 

   

(2)  𝑎1 = 𝑎2 

Figure 4. EV substitution intensity factors and battery swap service strategies 

The competition between automakers is conducive to the healthy development of 

EV and battery swap markets. Automaker A needs to keep its competitive advantage by 

continuously investing in R&D, including its battery swap technology. In order to 

improve overall profitability, automaker B needs to enhance the substitution intensity 

of its EVs by continuously improving performance, quality, and aesthetics. Based on a 

sound understanding of consumer needs, both automakers can design better EVs and 

formulate appropriate marketing strategies. Such consumer-centric product design and 

marketing must highlight how EVs can bring unique values like convenience and 

enjoyment to users (Egbue & Long, 2012; Qian & Yin, 2017). 

5.4 Battery swap service operating cost 

The above analyses suggest that the authorization strategy strikes a balance 

between battery swap market participation and EV market focus. An automaker can 

expand its EV market share by authorizing a third-party operator to offer services to 
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consumers in the battery swap market. From the overall profit function, it is clear that 

the gap in the unit battery swap service operating cost between the technology 

authorized by an automaker and the third-party operator’s own technology will affect 

the overall profit of the automaker.  

Take automaker A as an example, Figure 5 illustrates how the gap in battery swap 

operating costs affects corporate profitability under the authorization strategy. It can be 

seen that the profit of automaker A is positively correlated with its relative cost 

advantage over the third-party operator. Since |𝑜3𝑝 − 𝑜1| < 3𝑡, the interval range of 

𝑜3𝑝 − 𝑜1  is (-0.09, 0.09) assuming 𝑡 = 0.03 . At the left limit toward which the 

automaker is the least cost-efficient (i.e., 𝑜3𝑝 − 𝑜1 = -0.09), the demand for its battery 

swap service approaches zero, making it a burden to corporate profitability. In such a 

case, the automaker should rather give up the whole battery swap business but 

outsource it to the third-party operator. The automaker’s battery swap service will turn 

lucrative when it becomes competitive. Meanwhile, the third-party operator’s market 

share will drop, and its net profit will get eaten away by the licensing fee expenditure. 

 

Figure 5. Relative battery swap operating cost and profitability of automaker A. 

Thus, automakers and third-party operators can be partners as well as competitors 

in the battery swap market. Each may decide its role based on relative competitiveness. 

All else being equal, specialized service providers are generally more cost-efficient. Yet 

automakers are in a position to upgrade battery swap technologies and take the lead in 
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reducing operating cost. More affordable battery sway service attracts consumers to 

adopt and use battery-separable EVs. Increasing overall profitability from both EV and 

battery swap markets, the relatively high battery swap operating cost of capable 

automakers warrants their authorization strategy.  

5.5 Battery reserve size 

This section explores how battery reserve varies along with pricing strategies and 

utilization rates. Using automaker A as an example, Figure 6 gives the numerical 

estimates. First of all, the battery reserve size of the automaker under the authorization 

strategy is just shy of half that under the self-operation strategy. Under the authorization 

strategy, the third-party operator takes care of part of market demand, the automaker 

may simply cut its battery reserve. Saving a big chunk of battery procurement and 

maintenance costs, the authorization strategy enhances the automaker’s profitability, 

and outperforms the self-operation strategy in most cases. Secondly, battery reserve size 

negatively correlates with utilization rate regardless of pricing strategies. When the rate 

is relatively low at the beginning, automakers and third-party operators have to prepare 

enough batteries for first-time customers. At 20%, for instance, the automaker needs to 

set aside around 30,000 batteries under the authorization strategy. As each facility 

serves more returning customers, the need for extra batteries gradually diminishes. 

 

Figure 6. Battery reserve under different pricing strategies and utilization rates 

Based on the authorization strategy, Figure 7 further analyzes the shift in market 
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share in terms of the battery reserve ratio between the automaker and third-party 

operator as the swap service utilization rate increases. Despite the decline from an even 

split with the third-party operator at the start, the automaker still retains over 40% of 

battery swap market at its maturity. Striking such a balance, two swap service providers 

are in a competitive yet collaborative relationship. When the utilization rate of swap 

stations increases, the third-party operator assumes greater responsibility for battery 

reserve in terms of capital investment and daily maintenance, and thus becomes an 

essential link in the industry value chain. In this sense, the authorization strategy 

provides a win-win solution that is not only mutually beneficial to automakers and 

third-party operators but also conducive to overall social welfare. 

 

Figure 7. Automaker share of battery reserve under the authorization strategy 

6. The Impact of Authorization Strategy on Social Welfare 

It is to the benefit of automakers to partner with third-party operators, yet to which 

extent such collaboration contributes to the overall social welfare is still unknown. This 

section compares the social welfare with and without the third-party operator to 

examine the difference it makes. There are four scenarios: both automakers A and B 

adopt the self-operation strategy (𝑆𝑆) ; both automakers A and B adopt the 

authorization strategy (𝐴𝐴) ; automaker A adopts the self-operation strategy but 

automaker B adopts the authorization strategy (𝑆𝐴) ; automaker A adopts the 

authorization strategy but automaker B adopts the self-operation strategy (𝐴𝑆). Among 
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them, 𝑆𝑆  is the benchmark scenario corresponding to the self-operation strategy 

without the third-party operator. The social welfare under the scenario corresponding 

to each combination of the other strategies involving the third-party operator is 

compared with the benchmark. 

Social welfare (SW) includes consumer surplus (from EV purchase and battery 

swapping), the overall profit of automakers A and B, and the profit of third-party 

operator C. 

𝑆𝑊 = 𝐶𝑆 + 𝜋1 + 𝜋2 + 𝜋3𝑝. (22) 

Consumer surplus from buying products from both automakers in a duopoly is 

𝐶𝑆𝑒𝑣 = 𝑈(𝑞1, 𝑞2) − 𝑝1𝑞1 − 𝑝2𝑞2 , where the utility function is 𝑈(𝑞1, 𝑞2) = 𝛼1𝑞1 +

𝛼2𝑞2 −
𝛽1𝑞1

2+𝛾1𝑞1𝑞2+𝛾2𝑞1𝑞2+𝛽2𝑞2
2

2
 (Singh & Vives, 1984). The utility function produces 

a linear demand structure,𝑝1 = 𝛼1 − 𝛽1𝑞1 − 𝛾1𝑞2 ,  𝑝2 = 𝛼2 − 𝛽2𝑞2 − 𝛾2𝑞1. From (1), 

𝑝1 =
𝜌1

𝑚𝑎1 + 𝜌2
𝑚𝑎2𝑏1 − 𝑏1𝑞2 − 𝑞1

1 − 𝑏1𝑏2
, (23) 

𝑝2 =
𝜌2

𝑚𝑎2 + 𝜌1
𝑚𝑎1𝑏2 − 𝑏2𝑞1 − 𝑞2

1 − 𝑏1𝑏2
. (24) 

Therefore, 𝛼1 =
𝜌1

𝑚𝑎1+𝜌2
𝑚𝑎2𝑏1

1−𝑏1𝑏2
 , 𝛽1 =

1

1−𝑏1𝑏2
 , 𝛾1 =

𝑏1

1−𝑏1𝑏2
 , 𝛼2 =

𝜌2
𝑚𝑎2+𝜌1

𝑚𝑎1𝑏2

1−𝑏1𝑏2
, 𝛽2 =

1

1−𝑏1𝑏2
, 𝛾2 =

𝑏2

1−𝑏1𝑏2
. 

When there is a third-party operator along with automakers in the market, 

consumer surplus from battery swapping is 𝐶𝑆𝑏𝑠,𝑖
𝐴 = ∫ 𝑢𝑖𝑑𝑥

�̅�

0
+ ∫ 𝑢𝑖,3𝑝𝑑𝑥

1

�̅�
 . In the 

benchmark case in which only automakers provide the service, the consumer surplus is 

𝐶𝑆𝑏𝑠,𝑖
𝑆 = ∫ 𝑢𝑖𝑑𝑥

1

0
 . The social welfare under different strategic combinations can be 

obtained, as shown in Appendix A.  

The assignment method for comparative analysis is used for evaluating social 

welfare. Table 2 lists the 21 parameters that may need to be changed. Each parameter 

is set with three values (corresponding to columns І, Ⅱ, Ш). In the process of 

comparative analysis, one variable remains unchanged, and the others take different 

values. In order to ensure outcome reliability, a python loop of 311 times evaluated all 

the 177,147 combinations. Over 99% of them (175,509) outperformed the benchmark 
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case in terms of social welfare. This suggests that the inclusion of third-party operators 

in a battery swap market is socially beneficial. 

Table 2. Parameter setup 

Level 

Parameter 
І Ⅱ Ш 

∆𝑎 (𝑎1 = 0.5) 0 0.1 0.2 

∆𝑏 (𝑏1 = 0.4) 0.1 0 -0.1 

∆𝑐 (𝑐1 = 0.15) 0.01 0 -0.01 

∆𝑜3𝑝,2 (𝑜3𝑝 = 0.4) 0.01 0 -0.02 

∆𝑜3𝑝,1 (𝑜3𝑝 = 0.4) 0.02 0 -0.01 

𝜌𝑖
𝑆 1 1 1 

𝜌𝑖
𝐴 1.1 1.2 1.3 

𝑣 1 1.5 2 

𝑡 0.02 0.03 0.04 

𝑘 1.5 1.7 2 

𝑓 0.02 0.04 0.06 

𝜏 1.4 1.8 2.2 

𝑛1 7.2 7.2 7.2 

𝑛2 7 7 7 

𝑛3𝑝 7.5 7.5 7.5 

𝜇 0.1 0.1 0.1 

𝑙1 0.05 0.05 0.05 

𝑙2 0.06 0.06 0.06 

𝑙3𝑝 0.055 0.055 0.055 

𝛿1 0.6 0.6 0.6 

𝛿2 0.5 0.5 0.5 

𝛿3𝑝 0.7 0.7 0.7 

Note: 𝜌𝑖
𝑚 represent the impact of operator C on the potential market demand for EVs of 

automakers A and B under different strategic combinations. ∆𝑜3𝑝,𝑖 represents the battery 

swap service operating cost difference between operator C and automaker. ∆𝑎 represents 

the EV market demand difference between automakers A and B. ∆𝑏  represents the 

substitution intensity difference between automakers A and B. ∆𝑐  represents the EV 

production cost difference between automakers A and B. 

The inclusion of a third-party operator in the battery swap market is also justified 

by the recent administrative and industrial trends. For maximizing social welfare, China 

included the establishment of third-party battery swap stations specifically in its “2020 

Government Work Report” (GOV, 2020). In addition, "The New Energy Vehicle (NEV) 

Industry Development Plan" encourages battery swapping along with charging and 

hydrogenation for the development of NEV market infrastructure (C. Lin, 2020).  
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Conducive to their EV market demands, it is a win-win solution for automakers 

to open the battery swap market to third-party operators. For instance, Geely 

Technology Group will build 5,000 smart battery swap stations worldwide based on a 

full-chain open platform that integrates EV manufacturing, battery lifecycle 

management and battery swap service (florianoconnell, 2021). For automakers, it is not 

a question of whether to allow third-party operators to enter the market but how to 

collaborate with them. 

7. Model robustness considering an exclusive agreement 

The previous modeling is based on the assumption that the third-party operator 

can cooperate with both automakers. For its EV market dominance, however, 

automaker A may enter an exclusive agreement with the third-party operator. Whereas 

automaker A can still choose between authorization and self-operation strategies, 

automaker B has no choice but self-operation. Therefore, this section examines whether 

the relationships between influencing factors and automaker A's strategy choice remain 

largely stable. The updated profit functions of automaker A under self-operation and 

authorization strategies are as follows:  

𝜋1
𝑆 = (𝑝1

𝑆∗ − 𝑐1)𝑞1
𝑆∗ + (𝑘𝑜1 − 𝑜1)𝜏𝑞1

𝑆∗ − 𝑙1𝜏𝑞1
𝑆∗/(𝑛1 ∗ 𝛿1). (25) 

𝜋1
𝐴 = (𝑝1

𝐴∗ − 𝑐1)𝑞1
𝐴∗ + (𝑟1

𝐴∗ − 𝑜1)ℎ1
𝐴∗ − 𝑙1ℎ1

𝐴∗/(𝑛1 ∗ 𝛿1) + 𝑓ℎ1,3𝑝
∗. (26) 

Two functions are compared based on the variations in EV production cost, market 

demand, and substitution intensity, respectively. Take EV production cost for instance, 

and Figure 6 shows that it still affects automaker A's choice between authorization and 

self-operation strategies with the exclusive agreement, in a way close to what Figure 2 

illustrates. Similarly, the impacts of EV market demand and substitution intensity on 

the strategic choice of automaker A remain almost the same (See Appendix B for 

diagrams). As for the exclusive agreement scenario, therefore, model robustness is 

supported. 
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Figure 8. EV production cost and battery swap service strategies of automaker A 

8. Conclusion 

As battery swap service exhibits great potential, this study explores the service 

strategies for automakers producing battery-separable EVs to expedite market 

development. It employs game-theoretical modeling to compare two strategies: self-

operation and authorization. Model analyses suggest that the authorization strategy is 

typically optimal for an automaker to increase its EV market demand and profit from 

the battery swap market as well. The comparison of social welfare across different 

strategy combinations also shows the necessity and significance of third-party operators 

to the healthy development of the battery swap market. The findings yield the following 

conclusions. 

(1) With a highly competitive and substitute battery swap market, partnering with 

a third-party operator can help automakers gain wider access to the battery swap market 

and thus increase their EV market share. The results of game-theoretical modeling 

indicate that when there is a third-party operator in the battery swap market, both 

automakers are willing to cooperate with it. Under different scenarios, the battery swap 

service strategies of the two automakers may change accordingly. Whether 

authorization or self-operation, one automaker’s strategic choice is basically 

independent of the other’s. Primary influencing factors include EV production cost, 
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market demand, and substitution intensity. For both automakers, authorization is a 

better choice when EV production cost is relatively low and EV market demand is 

relatively high; otherwise, self-operation is preferred. Meanwhile, EV substitution 

intensity mainly affects the strategic choice of small market shares (i.e., automaker B). 

A relatively high level of substitution intensity implies the possibility of expanding the 

EV market share through battery swap market engagement, leading to the preference 

for authorization strategy. To maximize the gain from authorization strategy, an 

automaker needs to develop the battery swap technology of lower operating cost 

compared with the third-party operator’s. 

(2) Typically, third-party operators have a cost advantage over automakers due to 

service specialization. If the gap is too large for some automakers to close, they may let 

third-party operators take over the battery swap business but focus on the EV market. 

Nevertheless, capable automakers have the chance to develop sophisticated 

technologies that lower battery swap operating cost. When this occurs, the automakers 

enter a game competition with their partnering third-party operators. Such a rivalry is 

conducive to service process optimization and user experience enhancement, eventually 

leading to EV market expansion and EV industry advancement. In case of sustained 

cost advantage, automakers should reduce their licensing fees to support the 

development of third-party operators.  

(3) Based on the development status of battery swap market in terms of service 

utilization rate, automakers and third-party operators may optimize facility and battery 

management. This study conducts simulation analyses to assess the battery reserve 

requirement under different pricing strategy and market status scenarios. Such an 

approach helps battery swap market participants make strategic and operational 

decisions. For instance, an automaker may cut battery reserve by choosing the 

authorization strategy and promoting swap service utilization. The dispersion of capital 

investments and managerial responsibilities between automakers and third-party 

operators enhances the healthiness and robustness of battery swap market. Through 

both cooperation and competition, therefore, different players are likely to maximize 
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the overall social welfare.  

(4) Whether the leading automaker signs an exclusive agreement with a third-party 

operator or not has little to do with its strategic selection (which is likely authorization). 

For the purpose of promoting battery swap market development, policy makers should 

encourage third-party operators to establish a win-win relationship with multiple 

automakers. In this way, the battery swap service ecosystem becomes healthy and 

dynamic, accelerating the construction of more battery swap stations in major cities and 

encouraging more EV consumers to use them. 

(5) Numerical simulations show that engaging third-party operators in the battery 

swap market almost always enhances overall social welfare. Policymakers should 

encourage more of them to run battery swap stations with all kinds of support. In China, 

for instance, the government keeps track of battery swap development and provides 

financial and regulatory incentives. Market leaders including NIO, Geely, Aodong New 

Energy, and Sinopec set up ambitious goals to build a total of 24,000 battery swap 

stations by 2025. Together, policy support and capital investment broaden the prospect 

of battery swap industry.  

At present, there are still major obstacles to overcome, and the government can 

play a critical role in the process. In particular, automakers have incompatible battery 

standards and are generally unwilling to share technical details, making it hard for a 

third-party operator to service the EVs of different brands. Relevant administrative 

agencies may provide guidance on battery swap standardization. They can give it a 

jump start by working with automakers like NIO and Aodong, which are vigorously 

promoting battery-separable EVs for taxi and ride-hailing drivers. It is likely that other 

automakers will join the alliance later and produce compatible EVs for private 

consumers as well. 

Although EV charging is still the mainstream, battery swapping is gaining 

popularity due to its advantages in resource conservation and environment-friendliness. 

The centralized and closed-loop battery management enables battery recycling and 

cascade utilization, preventing waste batteries from polluting the environment. 
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Compared with EV charging, battery swapping also allows battery charging during off-

peak hours, reducing electricity cost as well as grid load. The potential increase of social 

welfare from multiple folds is motivating policy makers to promote the development 

of the battery swap market with means like standardization. In addition, the emerging 

battery swap market provides automakers an opportunity for sales-service integration. 

With car-battery separation, consumers make a much lower payment in the front, and 

rent batteries based on usage. Automakers may create new payment schemes to attract 

more consumers, such as bundling network access and swap service price into one 

discount package (e.g., 20% off for 50 swaps). The joint effort from both policy makers 

and industry leaders will speed up the development of the battery swap market while 

keeping it healthy and sustainable. 

This study has limitations that point to future research directions. First of all, the 

findings are more directly applicable to similar EV markets to that in China. More effort 

is needed to examine potential business models of battery swap service in different 

markets in terms of perfect competition, monopolistic competition, oligopoly, and pure 

monopoly. Secondly, it only includes the partnership between an automaker and a third-

party operator without considering the collaboration between two automakers. It is 

possible that the two automakers and third-party operators form an alliance to work 

with each other, which requires further analysis. Finally, it does not examine the impacts 

of subsidization on battery swap service strategizing and social welfare: subsidy 

policies targeting consumers, automakers and providers are likely to yield different 

outcomes. To make the analyses more realistic, future studies may include multiple 

automakers in a polyopoly market as well. In this way, the results can be compared with 

this study’s, which serves as the benchmark due to the lack of prior research. 

 

Appendix A 

1. Social welfare when both automakers A and B adopt the self-operation strategy. 

𝑆𝑊𝑆𝑆 =  ∑ 𝜋𝑖
2
𝑖=1 + 𝐶𝑆𝑒𝑣 + ∑ 𝐶𝑆𝑏𝑠,𝑖

𝑆2
𝑖=1  . Where 𝜋𝑖 = (𝑝𝑖 − 𝑐i)𝑞𝑖 + (𝑘𝑜𝑖 − 𝑜𝑖)𝜏𝑞𝑖 −
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𝑙𝑖𝜇𝜏𝑞𝑖/(𝑛𝑖𝛿𝑖),   𝐶𝑆𝑏𝑠,𝑖
𝑆 = ∫ (𝑣 − 𝑘𝑜𝑖 − 𝑡𝑥)𝑑𝑥

1

0
. 

2. Social welfare when both automakers A and B adopt the authorization strategy. 

𝑆𝑊𝐴𝐴 =  ∑ 𝜋𝑖
2
𝑖=1 + 𝜋3𝑝 + 𝐶𝑆𝑒𝑣 + ∑ 𝐶𝑆𝑏𝑠,𝑖

𝐴2
𝑖=1 + 𝐶𝑆𝑏𝑠,3𝑝.Where 𝜋𝑖 = (𝑝𝑖 − 𝑐𝑖)𝑞𝑖 +

(𝑟𝑖 − 𝑜𝑖)ℎ𝑖 −
𝑙𝑖𝜇ℎ𝑖

𝑛𝑖𝛿𝑖
+ 𝑓ℎ𝑖,3𝑝 , 𝜋3𝑝 = ∑ (𝑟𝑖,3𝑝 − 𝑜3)ℎ𝑖,3𝑝 − 𝑓ℎ𝑖,3𝑝 −

𝑙3𝑝𝜇ℎ𝑖,3𝑝

𝑛3𝑝𝛿3𝑝

2
𝑖=1 ,

𝐶𝑆𝑏𝑠,𝑖
𝐴 = ∫ (𝑣 − 𝑟𝑖 − 𝑡𝑥)𝑑𝑥 ,

𝑟𝑖,3𝑝−𝑟𝑖+𝑡

2𝑡
0

𝐶𝑆𝑏𝑠,3𝑝 = ∫ (𝑣 − 𝑟1,3𝑝 − 𝑡(1 − 𝑥))𝑑𝑥
1

𝑟1,3𝑝−𝑟1+𝑡

2𝑡

 +

∫ (𝑣 − 𝑟2,3𝑝 − 𝑡(1 − 𝑥))𝑑𝑥
1

𝑟2,3𝑝−𝑟2+𝑡

2𝑡

. 

3. Social welfare when automaker A adopts the self-operation strategy while automaker 

B adopts the authorization strategy. 𝑆𝑊𝑆𝐴 =  ∑ 𝜋𝑖
2
𝑖=1 + 𝜋3𝑝 + 𝐶𝑆𝑒𝑣 + 𝐶𝑆𝑏𝑠,1

𝑆 +

𝐶𝑆𝑏𝑠,2
𝐴 + 𝐶𝑆𝑏𝑠,3𝑝 . Where 𝜋𝑖 = (𝑝1 − 𝑐1)𝑞1 + (𝑘𝑜1 − 𝑜1)𝜏𝑞1 −

𝑙1𝜇𝜏𝑞1

𝑛1𝛿1
,  𝜋2 = (𝑝2 −

𝑐2)𝑞2 + (𝑟2 − 𝑜2)ℎ2 −
𝑙2𝜇ℎ2

𝑛2𝛿2
+ 𝑓ℎ2,3𝑝 , 𝜋3𝑝 = (𝑟2,3𝑝 − 𝑜3)ℎ2,3𝑝 − 𝑓ℎ2,3𝑝 −

𝑙3𝑝𝜇ℎ2,3𝑝

𝑛3𝑝𝛿3𝑝
 ,

𝐶𝑆𝑏𝑠,1
𝑆 = ∫ (𝑣 − 𝑘𝑜1 − 𝑡𝑥)𝑑𝑥,

1

0
 𝐶𝑆𝑏𝑠,2

𝐴 = ∫ (𝑣 − 𝑟2 − 𝑡𝑥)𝑑𝑥,
𝑟2,3𝑝−𝑟2+𝑡

2𝑡
0

 𝐶𝑆𝑏𝑠,3𝑝 =

∫ (𝑣 − 𝑟2,3𝑝 − 𝑡(1 − 𝑥))𝑑𝑥
1

𝑟2,3𝑝−𝑟2+𝑡

2𝑡

. 

4. Social welfare when automaker A adopts the authorization strategy while automaker 

B adopts the self-operation strategy. 𝑆𝑊𝐴𝑆 =  ∑ 𝜋𝑖
2
𝑖=1 + 𝜋3𝑝 + 𝐶𝑆𝑒𝑣 + 𝐶𝑆𝑏𝑠,1

𝐴 +

𝐶𝑆𝑏𝑠,2
𝑆 + 𝐶𝑆𝑏𝑠,3𝑝 . Where 𝜋1 = (𝑝1 − 𝑐1)𝑞1 + (𝑟1 − 𝑜1)ℎ1 − 𝑙1𝜇

ℎ1

𝑛1𝛿1
+ 𝑓ℎ1,3𝑝 , 

𝜋2 = (𝑝2 − 𝑐2)𝑞2 + (𝑘𝑜2 − 𝑜2)𝜏𝑞2 − 𝑙2𝜇
𝜏𝑞2

𝑛2𝛿2
 , 𝜋3 = (𝑟1,3𝑝 − 𝑜3)ℎ1,3𝑝 − 𝑙3𝑝𝜇

ℎ1,3𝑝

𝑛3𝑝𝛿3𝑝
  

−𝑓ℎ1,3𝑝 ,  𝐶𝑆𝑏𝑠,1
𝐴 = ∫ (𝑣 − 𝑟1 − 𝑡𝑥)𝑑𝑥

𝑟1,3𝑝−𝑟1+𝑡

2𝑡
0

 ,  𝐶𝑆𝑏𝑠,2
𝑆 = ∫ (𝑣 − 𝑘𝑜2 − 𝑡𝑥)𝑑𝑥

1

0
 , 

𝐶𝑆𝑏𝑠,3𝑝 = ∫ (𝑣 − 𝑟1,3𝑝 − 𝑡(1 − 𝑥))𝑑𝑥
1

𝑟1,3𝑝−𝑟1+𝑡

2𝑡

. 

Note: 𝐶𝑆ev = 𝛼1𝑞1 + 𝛼2𝑞2 −
𝛽1𝑞1

2+𝛾1𝑞1𝑞2+𝛾2𝑞1𝑞2+𝛽2𝑞2
2

2
− 𝑝1𝑞1 − 𝑝2𝑞2, 𝛽1 =

1

1−𝑏1𝑏2
 , 

𝛼1 =
𝜌1

𝑚𝑎1+𝜌2
𝑚𝑎2𝑏1

1−𝑏1𝑏2
 , 𝛾1 =

𝑏1

1−𝑏1𝑏2
 , 𝛼2 =

𝜌2
𝑚𝑎2+𝜌1

𝑚𝑎1𝑏2

1−𝑏1𝑏2
 , 𝛽2 =

1

1−𝑏1𝑏2
 , 𝛾2 =

𝑏2

1−𝑏1𝑏2
 . 

Appendix B 

The remaining results corresponding to the extensions (Section 7). 
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Figure B-1. EV market demand and battery swap strategy of automaker A. 

 

Figure B-2. EV substitution intensity and battery swap strategy of automaker A. 
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