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Abstract 
One of the key issues in driving the positive cycle of power battery recycling closed-loop 
supply chain is how to make reasonable recovery pricing for the decommissioned power 
batteries. Through 4S stores and consumers establish a contract, in the future, to recover 
the retired power batteries in the hands of consumers at a stipulated price, and the 
contract gives consumers the right to sell power batteries to car dealers. This paper 
establishes a recovery pricing model by redefining the parameters in the B-S option 
pricing model to determine a reasonable recovery price for the option contract, and 
verifies the practicality of the model using the cooperation case between SAIC and 
Ningde Times. The study shows that the recovery price can be calculated dynamically by 
modifying the parameters in the pricing model according to the market conditions, 
which can truly reflect the price of retired power batteries under market fluctuations. 
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1. Introduction 

The number of new energy vehicles exceeds 5 million in 2020, and the growth rate of ownership 
will be further accelerated in 2022 [1]. From the data of waste battery recycling in China, it is 
known that the recycled waste batteries have exceeded 240,000t in 2020, and according to the 
estimation, the retired power batteries will reach 780,000t (about 116GWh) by 2025, and the 
market scale of recycled power batteries will exceed 37 billion RMB [2], but the operation of 
the whole market is not ideal due to the low price of recycled power batteries in formal 
channels. The accumulated retired power batteries in China exceed 200,000t, but the current 
power batteries recovered from formal channels are about 30,000t industry-wide, and the 
power batteries flowing to informal enterprises are at least 100,000t or more [3]. The problem 
of power battery recycling pricing becomes particularly prominent, and how to develop a 
dynamic retired power battery recycling price that truly reflects the changes in the market 
needs to be studied. 
The first batch of new energy vehicles is nearing the retirement stage, and in the face of such a 
huge market scale, the recycling of retired power batteries by recycling and dismantling is of 
great significance for resource conservation, environmental protection and economic benefits 
[4]. Although the state has introduced a series of relevant policies to encourage cooperation 
between upstream and downstream enterprises in the closed-loop supply chain of power 
batteries, analysis of the current market operation shows that the scale of power batteries 
recycled through formal channels differs greatly from the plan due to factors such as operating 
costs and low recycling prices of formal enterprises. A large number of retired power batteries 
flow to informal recycling enterprises, which has a negative impact on the development of the 
closed-loop supply chain [5]. Although retired power batteries do not meet the requirements 
of passenger cars, they still have 70% to 80% of the remaining power that can be used as energy 
storage devices for further use, and the nickel, cobalt, lithium and other metal elements in 
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power batteries can also pollute the environment and endanger health. Power battery recycling 
can not only save resources by refining the heavy metals, but also prevent the heavy metals in 
power batteries from polluting the environment and endangering human health [6]. In addition 
to the environmental significance, power battery recycling can also bring economic benefits. 
Power battery raw materials such as nickel, cobalt, lithium and other metal prices fluctuate 
sharply, and the price of lithium carbonate (battery grade) has risen from 50,000 RMB/t at the 
beginning of 2021 all the way to 460,000 RMB/t, an increase of 920 percent, and the highest 
offer has exceeded 470,000 RMB/t, while cobalt prices have also hit a new high in the past three 
years. The intensified contradiction between supply and demand has triggered the upstream 
and downstream of the industry chain to layout power battery recycling. In addition to Ningde 
Times' large investment in battery recycling, LG Energy, SK Innovation, Samsung SDI, Tesla, 
Guoxuan Hi-Tech, Yiwei Li-energy and other enterprises have started to lay out a closed-loop 
supply chain for new energy power battery recycling in the second half of 2021. The closed-
loop supply chain is usually established jointly by vehicle enterprises in cooperation with 
recycling and dismantling enterprises, forming a recycling industry alliance through self-built, 
co-built and authorized ways to improve recycling efficiency and promote the development of 
the recycling industry through a standardized process, but the specific work is still in the 
exploration stage. 
Developed countries have been more mature in power battery recycling, used power battery 
recycling methods are mainly by the recycling alliance and consumers signed option contracts, 
including Japan to car dealers to recover the number of power batteries has been close to 90% 
of the total recovery. Among the options subject to the retired power battery, consumers have 
the right to sell the power battery to car dealers. The specific process is that the auto dealers 
and consumers agree on the recycling price, and in the future to recover the power battery in 
the hands of consumers at a price not lower than the agreed price, while consumers also have 
the right not to sell or sell the power battery to other power battery recyclers. 

2. Power Battery Recycling Research Development and Option Theory 

2.1. Power Battery Recycling Research 
There are more domestic studies on power battery recycling supply chain and dismantling 
process. Li Yuke (2012) analyzed the current situation of power battery recycling in China and 
proposed the producer recycling system and lease recycling system [7]. Sun Jiayao (2017) 
proposed three models: producer recycling, industry alliance recycling, and third-party 
recycling [8]. Dong Qingyin (2020) analyzed the Beijing automotive market and proposed that 
with power battery recycling is better to be recycled by automotive producers in the short term 
and adopt the model of industry alliance and third-party recycling in the medium and long term 
[9]. Scholars have also studied recycling of shared cars through e-commerce platforms [10,11], 
suggesting that small pilot experiments can be conducted first and then explore how to form a 
recycling system [12]. Regardless of the recycling model to ensure the interests of all parties 
involved, the benign development of the recycling supply chain is not only directly influenced 
by the recycling price, but also by government subsidies [13], and how to ensure the 
implementation of a social responsibility system by enterprises is key [14]. 
Scholars have also produced a series of research results on closed-loop supply chains. Huang 
Hui (2020) analyzed the pricing problem of a two-way dual-channel closed-loop supply chain 
for new energy vehicles under government subsidies [13]. Xie Jiaping (2020) constructed a 
multi-level closed-loop supply volume network for new energy vehicles for different recycling 
models and proposed a new idea for the power battery recycling system [15]. Li Xin (2018) 
proposed to establish a closed-loop supply chain for recycling, which can improve the recycling 
rate of formal channels [16]. Since the optimal recycling price under decentralized decision 
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making is always lower than the optimal recycling price under centralized decision making, the 
above studies are proposed based on recycling alliances [17]. 
The research results of the above-mentioned scholars provide useful references for the retired 
power battery recycling problem, but the previous scholars mainly considered it from the 
perspective of spot recycling, while the recycling pricing problem faced in this paper is from 
the perspective of real option pricing, and it is necessary to sort out the option pricing methods 
and applications. 

2.2. Option Pricing Theory 
From the perspective of option pricing methods, the underlying of real options is a physical 
commodity, of which the Black-Scholes pricing model, binomial tree pricing model and Monte 
Carlo simulation method are well-established basic methods. Many scholars improve the 
models according to different application conditions and expand their applications by 
combining them with practical problems. Guo (2017) proposed to improve the B-S model and 
price the value of Internet companies through the mutation level method, based on the 
integrated consideration of financial and non-financial indicators of enterprises [18]. Yanli 
Zhou (2019) constructed a dynamic real option pricing model using a Monte Carlo simulation 
approach that integrates investment cost, time, and investment uncertainty [19]. Scholars also 
introduced game theory into pricing analysis [20] and used fuzzy theory to deal with various 
uncertainties [21]. However, scholars have not conducted targeted research for new energy 
vehicle power battery recycling, and this paper will expand the B-S model by combining the 
characteristics and actual situation of power battery recycling. 

3. Modeling 

3.1. Description of Recycling Process and Parameters 
3.1.1. Recycling Process 
The retired power battery recycling can be divided into two categories: the first category of 
power battery reached the retirement requirements but the new energy vehicles in good 
condition, only replace the power battery can continue to work; the second category is the new 
energy vehicles including power battery together with the end of recycling. Both cases can be 
recycled by means of option contracts signed between car dealers and consumers. The 
difference between these two types of situations lies in the difference in the underlying of the 
option, as well as the different time point for executing the option. Since the power equipment 
is the most valuable part of the new energy vehicle, and the power battery occupies the main 
part of the value of the power equipment, even if the whole vehicle is scrapped, the power 
battery still occupies the main part of the value of the new energy vehicle, so this paper mainly 
analyzes according to the first type of recycling. 
Power batteries are recycled by recycling companies in the closed-loop supply chain, which 
constitutes a kind of option problem with retired power batteries as the underlying material. 
The key issue of recycling is how to determine a reasonable recycling agreement price, i.e., the 
option pricing problem. According to the previous paper, there are many studies on option 
pricing models, among which the B-S option pricing model is very mature and has generated 
many applications and its application conditions are close to the problem in this paper, so it is 
further analyzed on the basis of the B-S option pricing model. 
The closed-loop power battery recycling supply chain process is shown in Figure 1. Auto 
dealers recover power batteries from consumers through option contracts and temporarily 
store them for collection, then power batteries are transported to testing stations through auto 
dealers, and then sent to recycling enterprises for secondary use and dismantling through 
technical means for testing and classification. New energy vehicle enterprises sign cooperation 
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agreements with recycling enterprises to jointly build the layout to form a closed-loop supply 
chain. 
 

 
Figure 1. Power battery recycling closed-loop supply chain 

3.1.2. Parameter Description 
In the real option pricing model, the option value consists of six parameters, each of which has 
a different effect on the option value under different circumstances. In this paper, the 
parameters in real options are explained by analyzing the hypothetical conditions as follows. 
(1) Royalty C, which is the cost to the consumer to purchase the right to sell the power battery. 
The option contract signed between the car dealer and the consumer to recycle the power 
battery actually constitutes a European put option, and the consumer needs to pay a royalty to 
purchase this right. However, consumers are usually unwilling to pay the royalty due to 
personal interest considerations, and the royalty is paid by the company instead of the recycling 
company in order to prompt the option contract. 
(2) The option delivery price L, which is the reasonable pricing of power battery recycling 
sought in this paper. The real option assumes a fixed value for the exercise price, with no 
transaction fees and taxes. The consumer decides whether to sell the power battery to the car 
dealer based on the market value at the point of option expiration compared with the delivery 
price. The delivery price is determined by various factors and is changed from the independent 
variable to the dependent variable in the option model. 
(3) The current price of the traded financial asset, S, is the market price of retired power 
batteries. According to the previous classification of power battery recycling, power batteries 
occupy a major part of the new energy vehicle assumptions, so the market price of lithium 
carbonate (battery grade) is chosen to price lithium iron carbonate batteries. According to the 
different market fluctuations, the value of the power battery can be determined dynamically. 
(4) The option expiration date, T, is the time until the option expiration date, i.e., the point at 
which the consumer sells the power battery is the time until the power battery is retired. The 
option expiration date is a constant, and the power battery is difficult to determine the 
expiration date under the influence of different use scenarios and technology changes. This 
paper assumes that the consumer executes the option contract is one year away from the 
retirement of the power battery. 
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(5) Risk-free interest rate r, which usually uses the yield to maturity of Treasury bonds of the 
corresponding maturity. 
(6) Volatility σ, which is the standard deviation of the return on the underlying asset. Real 
options assume that volatility remains constant, but metal prices have risen tremendously in 
recent years, and this paper selects the price volatility of lithium carbonate (battery grade) from 
January 2021 to March 2022 as the volatility of the retired power battery industry. 

3.2. Option Recovery Pricing Model Construction 
3.2.1. Model Introduction 
In this paper, we conduct a recovery pricing study by modifying the parameters of the 
traditional B-S model, and the traditional option formula is shown in equation (1) [22,23]. 
 

C = S ∗ N(d ) − L ∗ e ∗ N(d )                                                  (1) 
 
where: N () is the cumulative probability distribution function of the normally distributed 
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C - initial reasonable price of the option; L - option delivery price; S - current price of the 
financial asset traded; T - option life; r - continuously compounded interest rate, i.e., risk-free 
rate; σ2 - annualized variance. 
The model is generally used to determine the reasonable price of the option C, the dependent 
variable in the option equation, in order to motivate the option contract to be signed royalty 
paid by the recycling firm instead, the royalty is used as a variable independent variable in this 
paper. The option price L in the model as the option exercise price is a known quantity, but the 
problem studied in this paper is how to develop a reasonable recovery price that increases the 
consumer's incentive to participate while ensuring the recycling enterprise's own interests, 
therefore, the calculation results that the agreed recovery price signed, i.e., the dependent 
variable. The parameters in equation (1) are redefined according to the calculation needs, as 
shown in Table 1. 
 

Table 1. Symbols and definitions of basic parameters 
Para-meter Symbols Definitions 

C The price at which the consumer purchases the option rights 
L The future recycling price of retired power batteries agreed in the contract 
S The current formal market recycling price of retired power batteries 
T Distance to reach the retirement standard power battery future use life 

𝜎 Volatility in the retired power battery industry 
r Continuously compounded risk-free rate 
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3.2.2. Recovery Pricing Calculation Model 
The recycling pricing model requires moving L to the left side of the equation written as a 
function on the dependent variable C. Since it is difficult to separate and explicitly express the 
other independent variables due to the complexity of the derivation and calculation process, 
the pricing function of the power battery recycling agreement price is expressed in this paper 
as equation (3) by defining the inverse function of the form (2) [24]. 
 

L = F (C)                                                                         (2) 
 

F(L) = S ∗ N(d ) − L ∗ e ∗ N(d )                                                  (3) 
 

The size of the royalty is determined according to the price of the subject matter, the current 
formal market recovery price of retired power batteries, and the ratio of the royalty to the price 
of the subject matter is set to α, so the pricing formula for the royalty is equation (4). 
 

C = αS                                                                             (4) 
 
The retired power cell agreement price is solved by bringing equation (4) into equation (3). 
3.2.3. Proof of Existence of Inverse Function 
It follows from the existence theorem of the inverse function that if F(L) = S ∗ N(d ) − L ∗
e ∗ N(d ) is to exist it is necessary to prove that F(L) is continuously differentiable, and the 
proof is as follows. 
 

F(L) = S ∗ N(d ) − L ∗ e ∗ N(d )                                             (5) 
 

The derivative of L in (5) yields. 
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Prove that Equation (5) exists and prove that F(L) has a continuous derivative function. 

1) 
√

e  is obviously constant greater than 0. 

2) Prove that 
√ √

(e Le − Se ) size, judge the positive or negative of e Le −

Se . Since it is assumed that the agreed recovery price must be greater than the current 

market recovery price, Le > S; and since d = d −  σ√T, d < d . Therefore (e Le −

Se ) > 0. 



Volume 3 Issue 4, 2022 

DOI: 10.6981/FEM.202204_3(4).0027 

201 

Frontiers in Economics and Management 

ISSN: 2692-7608 

Therefore F(L) > 0. F(L) is a monotonically increasing function about L, so there exists an 
inverse function, i.e., the power battery recycling pricing can be found by F(L) = S ∗ N(d ) −
L ∗ e ∗ N(d ). 

4. Calculation and Analysis of Results 

The applicability of the above pricing model is further analyzed by the following example of 
strategic cooperation memorandum of understanding signed between SAIC and Ningde Times. 
Shanghai Automotive Group Corporation (hereinafter referred to as SAIC), as a leading 
company in the automobile industry, has reached a leading domestic and international level in 
the core technologies of electric drive, battery and electric control, and has become the only 
domestic automobile company that insists on the simultaneous development of three new 
energy technologies: pure electric, plug-in hybrid and fuel cell. In 2017, SAIC Group and Ningde 
Times cooperated to build a highly intelligent, green and environment-friendly production base 
for advanced batteries and battery systems for new energy vehicles. On this basis, the two sides 
intend to further deepen cooperation and explore joint promotion of new energy vehicle power 
battery recycling. The two industry leaders have joined hands to create a complete new energy 
industry chain closed loop, which will not only strongly promote the healthy development of 
the new energy industry, but also take practical action to effectively promote the national 
circular economy and ecological civilization construction. 
According to this study, new energy vehicle consumers can sign power battery recycling 
agreements with the closed-loop supply chain consisting of SAIC, Ningde Times and sellers 
during the subsequent maintenance process of car dealers, and consumers have the right to sell 
the power batteries of their new energy vehicles to recycling enterprises at a certain relatively 
high price after retirement. 

4.1. Data Source 
In this paper, the power battery mass of SAIC Rongwei ERX5 is used as the calculation data, and 
the battery mass is obtained from Guazi used car website, and the market recycling price of 
SAIC Rongwei ERX5 lithium iron phosphate power battery is used as the calculation data of the 
recycling price of the option pricing model. In this paper, the price of lithium carbonate 
(battery-grade) is obtained from China Lithium Grid, and the risk-free interest rate is chosen 
from the one-year treasury bond interest rate in March 2022. 
 

Table 2. Data sources 
Data Source 

Battery quality Guazi used car network inquires that the quality of power battery is 357KG 
Recovery price Due to the sharp fluctuation of metal prices in recent years, the data used in this 

paper is the recovery price of lithium iron phosphate battery in March 2022, 
which is 8500 RMB/t 

Recovery price in 
formal market 

This paper assumes that the recycling price of new energy vehicles is mainly 
determined by the price of power batteries, and is obtained by multiplying the 
weight of power batteries and the recycling price of current lithium iron 
phosphate batteries 

Royalty K In this paper, 15% is selected as the subsidy ratio of recycling supply chain 
Volatility of retired 

power battery industry 
𝜎 

The volatility of retired power battery industry is determined by the market 
price of lithium carbonate (battery grade) in recent one year 

Continuous compound 
interest risk-free 

interest rater 

The interest rate of continuous compound interest without risk is determined 
by the interest rate of one-year national debt in this paper 
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4.2. Calculation and Analysis of Results 
4.2.1. Recovery Price Calculation 
(1) The market price of retired power batteries S, S = power battery weight * lithium iron 
carbonate recycling price. The power battery used by SAIC Group is lithium iron phosphate 
battery, the weight of the power battery of a SAIC Group new energy passenger car is about 357 
kg. The market price of formally recycled power batteries in China is relatively low, and the 
recycling price of lithium iron phosphate battery is about 8500 RMB/t. This paper assumes that 
the power battery recycling value occupies a major part of the recycling value of new energy 
vehicles, so the recycling value of power batteries in the market is used price as the new energy 
vehicle recycling price, that is, the formal recycling market price of a new energy passenger car 
power battery recycling price of about 3035 RMB / vehicle, that is, S = 3035 RMB / vehicle. 
(2) The royalty C, according to equation (4) C=αS with the study of Li Xin  (2018) [16] on 
recycling supply chain cost pricing, 15% is selected as the royalty cost ratio in this paper, i.e. 
α=15%. Therefore the cost of the royalty is 455 RMB, C=455 RMB/vehicle. 
(3) The option validity period T. This paper assumes that the consumer executes the option 
contract one year before the power battery is retired and T=1. 
(4) Risk-free rate r, continuously compounded risk-free rate using the one-year Treasury rate 
in March 2021, r = 3.34%. 
(5) The volatility of the retired power battery industry σ, the volatility of the price of lithium 
carbonate (battery grade) from January 2021 to March 2022 (see Table 3) is selected as the 
volatility of the retired power battery industry in this paper, after calculating σ = 0.1462. 
 

Table 3. Price list of lithium carbonate (battery grade) 
January 2021 February 2021 March 2021 April 2021 May 2021 
54429 RMB 81616 RMB 90038 RMB 90001 RMB 90785 RMB 
June 2021 July 2021 August 2021 September 2021 October 2021 

90407 RMB 91577 RMB 120438 RMB 174155 RMB 188324 RMB 
November 2021 December 2021 January 2022 February 2022 March 2022 

203050 RMB 281098 RMB 380978 RMB 458475 RMB 467872 RMB 

 
The option pricing model has more parameters, firstly, the retired power battery market price 
S, the premium C, the option validity T, the risk-free interest rate r and the industry volatility σ 
are calculated, and all parameters except the dependent variable power battery recycling price 
L are brought into the formula according to equation (3), and the functional equation about the 
power battery recycling price L is derived through the Matlab program, and the final The 
specific Matlab program procedure is as follows. 
syms d1 L d2 x; 
fun=exp(-x^2/2); 
d1=(log(3035/L)+(0.0334+(0.1462)^2/2))/0.1462; 
d2 = d1-0.1462; 
i=int(fun,-inf,d1); 
g=int(fun,-inf,d2); 
L = (3035*i-455)/(exp(-0.0334)*g); 
The solution to the function on L can be obtained and calculated as L = $4034.58/vehicle. The 
dealer can sign an option contract with the consumer at this price, agreeing that the power 
battery will be recycled at a price of no less than $4034.58/vehicle after the power battery is 
retired in the future. 
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4.2.2. Analysis of Results 
Usually the power battery market recycling price does not fluctuate significantly within a year, 
but the high market volatility of lithium carbonate (battery grade) may affect the battery spot 
recycling price after one year in the future. However, since consumers do not pay royalties, by 
recycling power batteries through option contracts, consumers are likely to make a profit, and 
the pricing model gives a more reasonable recycling price, and recycling companies have less 
probability of losing money. 
According to the calculation of the option expiration date car dealers will recycle the power 
battery in the hands of consumers at a price of $4034.58/unit, the following will analyze the 
impact of consumers' decisions on recycling enterprises according to the difference in informal 
market prices on the option expiration date. 
(1) When the informal market price is greater than the contract price, the consumer does not 
exercise the option right to sell the power battery to the car dealer but to other recyclers, which 
may lead to the flow of power batteries to the informal recycling enterprises with higher prices, 
resulting in the formal power battery recycling volume is less than expected. 
(2) When the informal market price is less than the contract price, the consumer will exercise 
the option right, and since the consumer does not pay the royalty, the consumer will gain more 
than the difference between the contract price and the market price. (3) the informal market 
price is close to the model price, but the consumer's participation in the contract is not high. 
(3) When the informal market price is close to the parameter 3035 RMB/vehicle in the model, 
consumers will also exercise the right to sell the power battery to recycling enterprises, at this 
time the amount of subsidy is within the range of the model calculation, promoting the benign 
development of the closed-loop supply chain. However, when the informal market price is much 
less than RMB 3035/unit, recycling enterprises will over-subsidize consumers, which may 
cause recycling enterprises to lose money. 
The above results analyze the case where the option is valid for T=1. For option contracts with 
longer maturity, the rise in the amount of royalty subsidy is also under consideration. By 
modifying the option time in the model, it is possible to cope with power batteries with different 
recycling periods and use a wider range. The remaining use time of the power battery in the 
practical evaluation is not determinable, and the remaining use time T is used as a variable to 
dynamically determine the recycling price. The remaining use time of power battery is 
evaluated based on a combination of usage scenarios and maintenance conditions, etc. How to 
determine the remaining use time of power battery based on usage scenarios and maintenance 
conditions needs further research. 

5. Conclusions and Policy Recommendations 

This paper investigates the pricing problem of new energy vehicle power battery recycling 
under the option contract model. By redefining the parameters of the option model and 
combining the settlement analysis of the closed-loop supply chain dominated by SAIC and 
Ningde Times, the feasibility of applying option contracts to power battery recycling is explored, 
and the profitability of consumers and recycling enterprises under different recycling prices is 
analyzed. The results show that.  
(1) The calculation and result analysis of the pricing model show that the pricing model is 
reasonably priced and beneficial to both upstream and downstream enterprises and consumers 
in the recycling closed-loop supply chain.  
(2) The model provided in this paper is feasible in the recycling pricing practice, and the power 
battery recycling price can be determined dynamically by changing the model parameters 
according to the actual situation.  
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(3) In view of the current situation that a large number of retired batteries are recycled by 
informal enterprises, the option contract recycling method proposed in this paper provides 
reasonable pricing through the market price mechanism to ensure the interests of all parties in 
the recycling supply chain, which helps the benign development of the closed-loop supply chain; 
on the other hand, it can promote the standardization and development of the power battery 
recycling market and help form a perfect recycling system, thus achieving the objectives of 
environmental protection and The other hand, it can promote the standardization and 
development of the power battery recycling market and help form a perfect recycling system, 
so as to protect the environment and save resources. However, there are still a lot of immaturity 
in the management of the initial closed-loop supply chain, and the technology for the secondary 
utilization of retired power batteries needs to be improved and the scale of recycling needs to 
be enhanced. 
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