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Collection mode choice of spent 
electric vehicle batteries: 
considering collection competition 
and third‑party economies of scale
Xin Li

With the rapid development of the electric vehicle (EV) industry, the recycling of spent EV batteries 
has attracted considerable attention. The establishment and optimization of the collection mode is a 
key link in regulating the recycling of spent EV batteries. This paper investigates an EV battery supply 
chain including an EV manufacturer, an EV retailer, and a third‑party collector and analyzes three 
dual‑channel collection modes. The optimal pricing and collection decisions of the three dual‑channel 
collection modes are obtained and compared. The collection mode choice strategy and the effects 
of third‑party economies of scale are explored. Three interesting insights are derived: (i) Third‑party 
economies of scale can improve the collection rate of spent EV batteries and the profit of the supply 
chain. (ii) The optimal collection mode choice depends on the intensity of collection competition and 
the third‑party economies of scale. (iii) When the intensity of collection competition and the third‑
party economies of scale are high enough, the EV retailer and the third‑party dual‑channel collection 
mode is the optimal mode; otherwise, the EV manufacturer and the EV retailer dual‑channel collection 
mode is optimal.

Because environmental pollution and energy tensions are becoming increasingly tight, the new energy vehicle, 
especially the electric vehicle (EV), industry has developed rapidly worldwide because of its advantages in 
environmental protection and energy  savings1. With the development of the industry, the derivative problem of 
EV battery recycling has become increasingly  prominent2–4. It is estimated that retired EV batteries will reach 
6 million packs by  20305.

If such a large scale of retired EV batteries cannot be properly recycled, EV industrial development will 
encounter new  bottlenecks6. Therefore, governments worldwide consider the management of EV battery recy-
cling and improving the recycling policy system to be vital. In terms of lead-acid battery recycling, the United 
States, Japan, and the European Union have formulated recycling regulations based on the extended producer 
responsibility (EPR)  system7,8. China also follows the principle of the EPR system when formulating EV battery 
recycling  policies9.

With the implementation of the EPR system, EV manufacturers employ different collection modes in 
 practice10,11. Some EV manufacturers collect the spent EV batteries through a single-channel mode. For example, 
Dongfeng Motor, one of the four major automobile groups in China, collects spent EV batteries through GEM 
(a third-party collector). By contrast, Jianghuai Motor provides incentives to retailers to induce the collection 
of spent EV batteries. Moreover, many EV manufacturers use dual-channel mode to collect spent EV batteries. 
For example, Soundon New Energy (an EV manufacturer) competes with his retailer on EV battery collection 
work. CATL (an EV battery manufacturer) competes with Hunan Brunp (a third-party collector) to perform 
collection activities. BYD 4S shop competes with GEM (a third-party collector) to promote the recycling of spent 
EV  batteries12. BAIC (an EV manufacturer) competes with GEM to collect spent EV batteries.

The recycling of spent EV batteries has attracted considerable attention in the academic community. Many 
scholars focus on recycling  technologies13–15, the second use of EV  batteries3, 16, 17, the economic analysis of sec-
ond  use18,19, energy and climate  effects20–22, quick  coding23, economic and environmental  impacts4, 24. However, 
little research focuses on the collection mode choice strategy. Tang et al. analyzed three single-channel collection 
modes and three dual-channel collection modes under a reward-penalty  mechanism12. They did not analyze the 
impacts of economies of scale. In practice, the difficulty of carrying out spent EV battery collection activities 
varies among the  participants25,26. Yi et al. and Han et al. assumed different collection costs to represent different 
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difficulties of collection, where a lower collection cost represents lower collection  difficulty25, 26. In the study of 
Lu et al., the lower collection cost is due to economies of  scale27.

Based on the existing research, the competition among different collection channels and the third-party 
economies of scale are simultaneously considered in this paper. Three dual-channel collection modes are inves-
tigated: (i) the EV manufacturer competes with the EV retailer to collect spent EV batteries (M&R mode), (ii) 
the EV manufacturer competes with the third-party collector to collect spent EV batteries (M&TP mode), and 
(iii) the EV retailer competes with the third-party collector to collect spent EV batteries (R&TP mode). The 
aim of this paper is to answer the following questions: (i) How do third-party economies of scale influence the 
optimal decisions of different collection modes? (ii) How do competition intensity and third-party economies 
of scale affect the collection mode choice?

Literature review
This study considers reverse channel management for spent EV battery collection. The related research is 
reviewed as follows.

Literature on reverse channel management. Savaskan et al. compared three collection modes with a 
single reverse channel. Their research concluded that the retailer is the most effective collector of used  products28. 
Hong and Yeh proposed a retailer collection model and a non-retailer (third-party collector) collection model. 
They found that retailer collection does not always outperform non-retailer collection. Retailer collection is 
dominant only if the third-party collector is a non-profit  company29. Wang et al. considered the contract design 
problem for a manufacturer who entrusts collection to a  retailer30. All the above studies focused on the single-
channel collection mode.

Hong et al. and Hong and Yeh expanded the analysis to the dual-channel collection mode. They argued that 
the manufacturer and retailer dual-channel collection mode is the most effective mode for the  manufacturer29, 31. 
Modak et al. analyzed the influences of recycling and product quality on pricing decisions in a closed loop supply 
chain (CLSC) with a three-channel collection mode: retailer-led collection, manufacturer-led collection, and 
third-party collector-led  collection32. However, the above studies neglected the competition between different 
reverse channels.

Literature on competition in reverse channels. Many studies have focused on reverse channel man-
agement with respect to competition between different channels. Competition between retailers has been inves-
tigated in some studies. Savaskan and Van Wassenhove explored the manufacturer’s channel choice considering 
the impacts of competition between two  retailers33. De Giovanni took spent battery recycling as a case to analyze 
a joint maximization incentive in a CLSC with competing  retailers34. Xu et al. investigated the situation in which 
two retailers compete on retailing products and recycling used  products35.

Other studies investigate competition between a retailer and a third-party collector. Huang et al. analyzed the 
pricing decision and recycling strategies of a CLSC with dual collection channels, the retailer and third-party 
collector compete to collect the used  products36, and compared their results with those of Savaskan et al.28. They 
found that when the competition intensity is within a certain range, the dual-channel collection mode outper-
forms the single-channel collection  mode28. A CLSC with a similar structure was investigated in Wang et al. by 
considering asymmetric information and a reward-penalty  mechanism37.

Other studies investigate competition among a manufacturer, retailer, and third-party collector. Based on 
Huang et al.36, Zhao et al. compared three single-channel collection modes (the manufacturer, the retailer and the 
third-party collector collection modes) with three dual-channel collection modes (the manufacturer competes 
with the retailer, the manufacturer competes with the third-party collector, and the retailer competes with the 
third-party collector)38. Liu et al. contended that the mode in which the manufacturer competes with the retailer 
is optimal for the manufacturer regardless of the competition  intensity39. Liu and Zhang analyzed collection 
channel decisions under different power  configurations40.

All the above-mentioned studies assumed that the collection difficulty of different collectors was the same. 
However, there are difference in the collection difficulty of different collectors.

Literature on collection cost in reverse channels. The collection cost reflects the difference in the 
degree of difficulty in  collection27. Some studies have explored the impacts of collection costs on manufactur-
ers’ reverse channel  choice41–43. Toyasaki et  al.44 studied the impacts of recycling economies of scale on the 
choice of monopoly or competitive recycling. They found that when product substitution and economies of 
scale are weak, the competitive recycling model is favorable; when substitution is strong, recyclers tend to choose 
the monopolistic recycling model regardless of economies of  scale44. A remanufacturer-dominated CLSC with 
multiple reverse channels was modeled in Huang et al., and the impacts of the economies of scale on reverse 
channel selection were  analyzed43. Han et al. analyzed the manufacturer’s collection channel choice in a retailer-
dominated CLSC with uncertain remanufacturing costs and found that direct recycling is more profitable than 
indirect recycling. Moreover, indirect recycling is more robust than the direct channel when considering reman-
ufacturing  risk25. Huang et al. found that reducing the reverse logistics cost coefficient and competition could 
improve profits in remanufacturing  activities45.

Of the above studies, only Toyasaki et al. mentioned the competition between  recyclers44. The competitive 
scheme implied that the recyclers compete indirectly through their contracted manufacturers instead of compet-
ing directly in the collection market. Studies on reverse channel choice considering different collection costs did 
not consider the competition between different collection channels. This paper attempts to fill this gap.
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According to Lu et al., a lower collection cost comes from economies of  scale27. Based on the studies of Liu 
et al. and Zhao et al., this paper further considers third-party economies of  scale38,39. Based on the studies of Han 
et al. and Yi et al., the completion between different collection channels is  considered25,26. The aim of this paper 
is to analyze the comprehensive impact of competition between different collection channels and third-party 
economies of scale on the optimal decisions of different collection modes and the collection mode choice strategy.

Problem description
This paper investigates an EV supply chain composed of an EV manufacturer, an EV retailer, and a third-party 
collector. In the forward supply chain, the EV manufacturer sells EVs to the EV retailer. The EV retailer sells EVs 
to consumers. In the reverse supply chain, the EV manufacturer collects the spent EV batteries from consumers 
or from the EV retailer and the third-party collector. The EV manufacturer has three dual-channel collection 
mode options: the M&R mode, M&TP mode, and R&TP mode (Fig. 1).

Notations. The notations are summarized in Table 1.
Subscript i ∈ {M,R,TP,T} represents the EV manufacturer, the EV retailer, the third-party collector, and 

the supply chain. Subscript j ∈ {M&R,M&TP,R&TP} represents the M&R mode, the M&TP mode, and the 
R&TP mode.

Assumptions. To establish the model, this paper makes the following assumptions:

 i. All supply chain members are risk-neutral. The information is symmetrical among different members. 
All the members make decisions independently and attempt to maximize their own  profit11.

 ii. The EV manufacturer is the dominant leader and the other members are the followers in the EV supply 
 chain11.

 iii. The demand function is a linear function D(p) = φ − βp , and it satisfies D(cm) = φ − βcm > 0 , φ > βcm
28,31,39.

 iv. The remanufacturing process is profitable, namely cr < cm , and the unit savings in produc-
tion cost by using recycled materials is �=cm − cr . Therefore, the average production cost is 
c = (1− τ)cm + τ cr = cm − τ� . In addition, the transfer price b of the manufacturer for collecting bat-
teries satisfies 0 ≤ b ≤ �28,31,39.

 v. The collection investment of collector i is Cτi228. Here, this paper assumes that the third-party collector has 
lower collection difficulty than the EV manufacturer and EV retailer because of its professional abilities. 
C represents the scale parameter. Different C values represent different investment costs under a given 
collection rate, which means that the larger C is, the more difficult it is to  collect25,26.

 vi. The parameter δ(0 < δ < 1 ) is introduced to indicate the drop range of the third-party collector’s collec-
tion investment. Therefore, the collection investment function of the third-party collector is δCτtp2 . The 

Figure 1.  Three dual-channel collection modes: (a) the M&R mode; (b) the M&TP mode, and (c) the R&TP 
mode.



4

Vol:.(1234567890)

Scientific Reports |         (2022) 12:6691  | https://doi.org/10.1038/s41598-022-10433-3

www.nature.com/scientificreports/

relatively lower collection investment is considered to be caused by the economies of scale of the third-
party  collector27.

 vii. The collection rate of member i can be expressed as τi =
√

I∗i /C , and the effective collection investment 
of member i is I∗i = Ii − αIj , i �= j . To simplify the analysis, this paper assumes the same cross-influence 
effects for the collection investment among different collectors αM = αR = αTP = α, 0 ≤ α ≤ 133,36,39.

This paper takes the M&TP mode as an example to illustrate the collection investment function:

In addition, the total collection rate 0 ≤ τm + τtp ≤ 1.
In the other two collection modes, the collection investment function of each member is consistent with 

Eq. (1).

Model formulation and equilibriums in different modes
This section establishes game models and obtains the optimal decisions of the three dual-channel collection 
modes. The EV manufacturer behaves as the Stackelberg leader. The EV retailer and the third-party collector 
behave as followers and make the best responses to the EV manufacturer’s decisions.

The M&R mode. In this mode, the EV manufacturer collects the spent EV batteries from consumers or 
from the EV retailer. First, the EV manufacturer determines its optimal wholesale price w , collection rate τm , and 
transfer price b . Then, the retailer determines the retail price p and the collection rate τr.

In the M&R mode, the third-party collector is not involved in the system. Therefore, the optimal decisions 
of this mode have no relation to third-party economies of scale. The decision model and the optimal decisions 
are consistent with Liu et al.39 (see Table 2).

The M&TP mode. In this mode, the EV manufacturer and the third-party collector take part in the collec-
tion work. First, the EV manufacturer makes the optimal decisions on the wholesale price w , collection rate τm , 
and transfer price b . Then, the retailer determines the retail price p . Moreover, the third-party collector deter-
mines the collection rate τtp.

The decision model of the M&TP mode is as follows:

(1)IM =
C(τm

2 + αδτtp
2)

1− α2
, Itp =

C(δτtp
2 + ατm

2)

1− α2

(2)πM&TP
m = [w − cm +�(τm + τtp)](φ − βp)−

Cτm
2 + αδCτtp

2

1− α2
− bτtp(φ − βp)

(3)πM&TP
r = (p− w)(φ − βp)

(4)πM&TP
tp = bτtp(φ − βp)−

δCτtp
2 + αCτm

2

1− α2

Table 1.  Notations in the model.

Symbol Definition

φ Potential demand

β The sensitivity of consumers to the retail price

p Unit retail price

w Unit wholesale price

cm Unit cost of producing an EV battery with raw materials

cr Unit cost of producing an EV battery with recycled materials

� Unit benefit of remanufacturing

b Unit transfer price of the manufacturer for returning a spent EV battery from the EV retailer/third-party collector

C Scalar parameter

α Competition coefficient between two collection channels

δ The drop range of the collection investment of the third-party collector

Ii The total collection investment of member i

I∗i The effective collection investment of member i

τ j
i

The collection rate of member i  in mode j

π j
i

The profit of member i  in mode j
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Proposition 1 The optimal decisions of the EV manufacturer, the EV retailer, and the third-party collector in the 
M&TP mode can be obtained as follows:

From Eqs. (5)–(9), the total collection rate and the profits of the EV manufacturer, the EV retailer, the third-party 
collector, and the supply chain in the M&TP mode can be obtained as follows:

The R&TP mode. In this collection mode, the EV manufacturer does not directly collect spent EV batteries 
from consumers. Instead, it retrieves them through the EV retailer and the third-party collector. First, the EV 
manufacturer determines the wholesale price w , and the transfer price b . Then, the EV retailer determines the 
retail price p and collection rate τr . Moreover, the third-party collector determines the collection rate τtp.

(5)wM&TP∗ =
4Cδ(2+ α)(φ + βcm)− β�2φ(1+(2+ α)δ)(1− α2)

β[8Cδ(2+ α)− β�2(1+(2+ α)δ)(1− α2)]

(6)τM&TP∗
m =

�δ(2+ α)(1− α2)(φ − βcm)

8Cδ(2+ α)− β�2(1+ (2+ α)δ)(1− α2)

(7)bM&TP∗ =
�

2+ α

(8)pM&TP∗ =
2Cδ(2+ α)(3φ + βcm)− β�2φ(1+(2+ α)δ)(1− α2)

β[8Cδ(2+ α)− β�2(1+ (2+ α)δ)(1− α2)]

(9)τM&TP∗
tp =

�(1− α2)(φ − βcm)

8Cδ(2+ α)− β�2(1+ (2+ α)δ)(1− α2)

(10)τM&TP∗
T =

�(1+(2+ α)δ)(1− α2)(φ − βcm)

8Cδ(2+ α)− β�2(1+(2+ α)δ)(1− α2)

(11)πM&TP∗
m =

Cδ(2+ α)(φ − βcm)
2

β[8Cδ(2+ α)− β�2(1+ (2+ α)δ)(1− α2)]

(12)πM&TP∗
r =

4C2δ2(2+ α)2(φ − βcm)
2

β[8Cδ(2+ α)− β�2(1+(2+ α)δ)(1− α2)]2

(13)πM&TP∗
tp =

Cδ�2[1− αδ(2+ α)2](φ − βcm)
2(1− α2)

[8Cδ(2+ α)− β�2(1+(2+ α)δ)(1− α2)]2

(14)πM&TP∗
T =

(12C2δ2(2+ α)2 − β�2Cδ(1+ α)(1+ (2+ α)2δ)(1− α2))(φ − βcm)
2

β[8Cδ(2+ α)− β�2(1+ (2+ α)δ)(1− α2)]2

Table 2.  The optimal decisions in the M&R mode.

Symbol Value

wM&R∗ [4C−β�2(1−α2)(2−α)]φ+[4C−β�2(1−α2)]βcm
β[8C−β�2(1−α2)(3−α)]

bM&R∗ �

τM&R∗
m

�(1−α2)(φ−βcm)

8C−β�2(1−α2)(3−α)

pM&R∗ [6C−β�2(1−α2)(3−α)]φ+2Cβcm
β[8C−β�2(1−α2)(3−α)]

τM&R∗
r

�(1−α2)(φ−βcm)

8C−β�2(1−α2)(3−α)

τM&R∗
T

2�(1−α2)(φ−βcm)

8C−β�2(1−α2)(3−α)

πM&R∗
m

C(φ−βcm)2

β[8C−β�2(1−α2)(3−α)]

πM&R∗
r

C[4C−β�2(1−α2)(1+α)](φ−βcm)2

β[8C−β�2(1−α2)(3−α)]2

πM&R∗
T

4C[3C−β�2(1−α2)](φ−βcm)2

β[8C−β�2(1−α2)(3−α)]2
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The decision model of the R&TP mode is given as follows:

Proposition 2 The optimal decisions of the EV manufacturer, the EV retailer, and the third-party collector in the 
R&TP mode can be obtained as follows:

From Eqs. (18)–(22), the total collection rate and the profits of the EV manufacturer, the EV retailer, the third-
party collector, and the supply chain in the R&TP mode can be obtained as follows:

Results and discussion
The following analysis is based on the data in existing  references36,38,39. The parameters are C = 1000 , φ=100 , 
β=0.3 , cm = 20 , and �=15.

Comparison of different modes. In this section, the optimal decisions of the three dual-channel collec-
tion modes are compared, and the reverse channel choice is explored from the perspectives of the collection rate 
and the total profit. In addition, the effects of third-party economies of scale are investigated.

The retail price. 

Corollary 1 The retail prices in the three dual-channel collection modes are ordered as follows:

(15)πR&TP
m = [w − cm +�(τr + τtp)](φ − βp)− bτr(φ − βp)− bτtp(φ − βp)

(16)πR&TP
r = (p− w)(φ − βp)+ bτr(φ − βp)−

Cτ 2r + αδCτ 2tp

1− α2

(17)πR&TP
tp = bτtp(φ − βp)−

δCτ 2tp + αCτ 2r

1− α2

(18)wR&TP∗ =
φ

β
−

δ(16C − (1− α2)β�2(1+δ)2)(φ − βcm)

2β[16Cδ − (1− α2)β�2(1+δ)2]

(19)bR&TP∗ =
(1+ δ)�

2

(20)pR&TP∗ =
(12Cδ − (1− α2)β(1+ δ)2�2)φ + 4Cβδcm

β(16Cδ − (1− α2)β(1+ δ)2�2)

(21)τR&TP∗r =
(1− α2)δ(1+ δ)�(φ − βcm)

16Cδ − (1− α2)β(1+ δ)2�2

(22)τR&TP∗tp =
(1− α2)(1+ δ)�(φ − βcm)

16Cδ − (1− α2)β(1+ δ)2�2

(23)τR&TP∗T =
(1− α2)(1+ δ)2�(φ − βcm)

16Cδ − (1− α2)β(1+ δ)2�2

(24)πR&TP∗
m =

2Cδ(φ − βcm)
2

β[16Cδ − β�2(1+ δ)2(1− α2)]

(25)πR&TP∗
r =

Cδ(16Cδ − (1− α2)β(1+ δ)2(δ + α)2�2)(φ − βcm)
2

β[16Cδ − β�2(1+ δ)2(1− α2)]2

(26)πR&TP∗
tp =

Cδ�2(1− α2)(1+ δ)2(1− αδ)(φ − βcm)
2

[16Cδ − β�2(1+ δ)2(1− α2)]2

(27)πR&TP∗
T =

Cδ(48Cδ − (1− α2)(1+ α)β(1+ δ)3�2)(φ − βcm)
2

β[16Cδ − β�2(1+ δ)2(1− α2)]2
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Proof See supplementary materials, Proof of Corollary 1.

Figure 2 indicates that the retail price in the R&TP mode is the lowest when δ < 2− α −
√
3− 4α + α2  . 

When 2− α −
√
3− 4α + α2 < δ , the retail price in the M&R mode is the lowest among the three collec-

tion modes. When (1− α2)
/

[4− α2(5− α2)] < δ , the retail price in the M&TP mode is the highest. When 
δ < (1− α2)

/

[4− α2(5− α2)] , the M&R mode has the highest retail price.

The collection transfer price. The unit transfer price reflects the unit collection price paid by the EV manufac-
turer to the EV retailer and the third-party collector to retrieve spent EV batteries. The optimal transfer prices of 
the EV manufacturer in the three collection modes are ordered as follows: bM&R∗ > bR&TP∗ > bM&TP∗.

Proof 

The findings indicate that regardless of what the intensity of competition and the third-party economies of scale 
are, the transfer price of the EV manufacturer in the M&R mode is the highest among the three collection modes. 
The competition between dual channels and the third-party economies of scale has no effect on the ranking of 
the EV manufacturer’s transfer  prices39.

The EV manufacturer’s profit. 

Corollary 2 The EV manufacturer dominates the supply chain and is profit-oriented. The EV manufacturer’s prof-
its in the three modes are ordered as follows:































pM&R∗ > pM&TP∗ > pR&TP∗ if 0 < δ <
1− α2

4− α2(5− α2)

pM&TP∗ > pM&R∗ > pR&TP∗ if
1− α2

4− α2(5− α2)
< δ < 2− α −

�

3− 4α + α2

pM&TP∗ > pR&TP∗ > pM&R∗ if 2− α −
�

3− 4α + α2 < δ < 1















bM&R∗ − bR&TP∗ =
(1− δ)�

2
> 0

bR&TP∗ − bM&TP∗ =
�

2

�

α

2+ α
+ δ

�

> 0

Figure 2.  The retail prices in the three collection modes.
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Proof See supplementary materials, Proof of Corollary 2.

Figure 3 shows that the ranking of the EV manufacturer’s profits in the three dual-channel collection modes 
varies with the competition intensity and the third-party economies of scale. The EV manufacturer’s profit in 
the M&R mode is highest when δ > 2− α −

√
(3− α)(1− α) , which means that the EV manufacturer and 

the EV retailer engaging in collection activities is suitable for the EV manufacturer in this scenario. Otherwise, 
when δ < 2− α −

√
(3− α)(1− α) , the R&TP mode has the greatest profit. Therefore, in this scenario, the EV 

manufacturer tends to outsource collection to the EV retailer and the third-party collector.

The collection mode choice. From the perspective of the total profit. The profit of the supply chain is re-
lated as follows: when the competition for collection is weak and the third-party economies of scale are low, the 
M&R mode has the highest profit. Otherwise, the R&TP mode has the highest profit. Since the profit function 
is a higher-order function with respect to α and δ , the formula for the critical line is too complicated. This paper 
uses Fig. 4 to show the above conclusion visually.

For the whole supply chain, when collection competition is intensified, the R&TP mode is beneficial only 
when the third-party economies of scale are high enough to compensate for the increase in the collection cost 
caused by competition. Otherwise, the M&R mode is more profitable.

Therefore, from the perspective of total profit, the R&TP mode is the optimal collection mode when the 
third-party economies of scale are high. The M&R mode is the optimal collection mode when the third-party 
economies of scale are low.

From the perspective of the total collection rate. 

Corollary 3 The environmental impact is reflected by the total collection rate. The total collection rates in the three 
modes are related as follows:

Proof See supplementary materials, Proof of Corollary 3.























πM&TP∗
m < πR&TP∗

m < πM&R∗
m if 2− α −

�

(3− α)(1− α) < δ < 1

πM&TP∗
m < πM&R∗

m < πR&TP∗
m if

1

4− α2
< δ < 2− α −

�

(3− α)(1− α)

πM&R∗
m < πM&TP∗

m < πR&TP∗
m if 0 < δ <

1

4− α2



































τM&R∗
T > τR&TP∗T > τM&TP∗

T if
120− α − α2 − 22

√
1− α − α2

118+ α + α2
< δ < 1

τR&TP∗T > τM&R∗
T > τM&TP∗

T if
118+ α + α2

240+ 118α − 3α2
< δ <

120− α − α2 − 9
√
1− α − α2

118+ α + α2

τR&TP∗T > τM&TP∗
T > τM&R∗

T if 0 < δ <
118+ α + α2

240+ 118α − 3α2

Figure 3.  The profits of the EV manufacturer in the three collection modes.
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Figure 5 vividly illustrates the above conclusion.
Figure 5 shows that the total collection rate in the M&R mode is gradually reduced as the competition between 

different collection channels intensifies. The total collection rates in the M&TP and R&TP modes increase 
efficiently and gradually outperform that of the M&R mode with the improvement in third-party economies of 
scale. In addition, the collection rate in the R&TP mode is always higher than that in the M&TP mode. When 
δ < (118+ α + α2)

/

(240+ 118α − 3α2) , the R&TP mode has the highest total collection rate and is superior 
to the other two modes; otherwise, the M&R mode is dominant.

In general, from the perspective of the total collection rate, when the third-party economies of scale are high, 
the R&TP mode is the optimal collection mode. When the third-party economies of scale are low, the M&R 
mode is the optimal collection mode.

Effect of the third‑party economies of scale. To explore the impact of the third-party economies of 
scale, the decisions in the M&TP mode and the R&TP mode are compared with the results in existing  research39 
that disregarded third-party economies of scale (see Table S1). The values with subscripts M&3P* and R&3P* 
represent the corresponding results in Liu et al.39.

Figure 4.  The total profits of the three collection modes.

Figure 5.  The total collection rates of the three collection modes.
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Impact on the M&TP mode. The price decisions. 

Corollary 4 The wholesale price, retail price, and transfer price in the two cases (with or without third-party econo-
mies of scale) are related as follows: wM&3P∗ > wM&TP∗ , pM&3P∗ > pM&TP∗ , bM&3P∗ = bM&TP∗.

Proof See supplementary materials, Proof of Corollary 4.

This indicates that the wholesale price and retail price decrease under the impact of third-party economies of 
scale. However, the transfer price remains unchanged.

The third-party economies of scale increase the total collection rate, resulting in a decline in the average pro-
duction cost, which in turn causes the EV manufacturer and the EV retailer to lower the wholesale price and the 
retail price. However, the third-party economies of scale do not affect the transfer price of the EV manufacturer.

The collection rate decisions. 

Corollary 5 The collection rates of the EV manufacturer, the third-party collector, and the supply chain are related 
as follows: τM&3P∗

m > τM&TP∗
m ,τM&3P∗

tp < τM&TP∗
tp  and τM&3P∗

T < τM&TP∗
T .

Proof See supplementary materials, Proof of Corollary 5.

This indicates that the total collection rate can be improved by third-party economies of scale. Specifically, 
economies of scale increase the collection rate of the third-party collector, and lower the collection rate of the EV 
manufacturer. Overall, the increase in the third-party collector’s collection rate can compensate for the decrease 
in the EV manufacturer’s collection rate.

The economies of scale result in a lower average collection cost of the third-party collector, leading to an 
advantage in the game with the EV manufacturer and resulting in a lower collection rate of the EV manufacturer. 
Moreover, the marginal cost of increasing the collection rate for the third-party collector is much lower than 
that of the EV manufacturer. Therefore, the total collection rate of the supply chain is still improved even when 
the collection rate of the EV manufacturer decreases.

The profits of each member and the supply chain. 

Corollary 6 The profits of the EV manufacturer, the EV retailer, the third-party collector, and the supply chain are 
ordered as follows: πM&3P∗

m < πM&TP∗
m  , πM&3P∗

r < πM&TP∗
r  , πM&3P∗

3p < πM&TP∗
TP  , πM&3P∗

T < πM&TP∗
T .

Proof See supplementary materials, Proof of Corollary 6.

Thus, third-party economies of scale can improve the profit of each member and the supply chain.
Third-party economies of scale raise the total collection rate, which reduces the average production cost. The 

EV manufacturer transfers the marginal profit in the reproduction process to the EV retailer by reducing the 
wholesale price. Furthermore, demand rises as the EV retailer decreases the retail price, resulting in an increase 
in the profit of the EV manufacturer. In addition, the EV retailer’s profit also improves as demand increases. For 
the third-party collector, the EV manufacturer’s transfer price remains unchanged, while the average collection 
cost decreases; therefore, the profit increases. Overall, third-party economies of scale improve the profit of all 
members and the supply chain.

There are situations in which the profit of the third-party collector is negative. This means that in the M&TP 
mode, excessively high collection competition between the EV manufacturer and the third-party collector will 
cause the third-party collector to quit collection work. Therefore, the supply chain evolves into a single-channel 
collection mode.

The third-party collector prefers to quit collection work when the profit is less than 0. From the profit function 
of the third-party collector, it can be derived that the third-party collector will opt out of the collection market 
when δ > 1/[α(2+ α)2].

When 1/[α(2+ α)2]=1 , the critical point can be derived, that is, α∗=1/3(−4+ (43/2− 3
√
177/2)1/3

+(43/2+3
√
177/2)1/3) . If α < α∗ , then 1/[α(2+ α)2] > 1 , and because δ < 1 , we can conclude that if the com-

petition is weak α < α∗ , the third-party collector will not choose to exit the collection market, which means that 
in this situation the supply chain has dual collection channels.

With the increasing intense competition between the EV manufacturer and the third-party collector 
α∗ < α < 1 , only if the parameter is small enough 0 < δ < 1/[α(2+ α)2] , will the third-party collector engage 
in collection activities. Otherwise, the third-party collector will quit collection. In this situation, the supply 
chain will evolve into a single-channel collection mode. The critical line of the third-party collector opting out 
of collection can be seen in Fig. 6.

Compared with the situation where third-party economies of scale are relatively low, stronger collection 
competition could force the third-party collector to withdraw from the collection market when the third-party 
economies of scale are higher. Third-party economies of scale can compensate for the increase in collection 
investment caused by collection competition. Hence, to some extent, economies of scale make the third-party 
collector more motivated to engage in collection activities.
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Impact on the R&TP mode. The price decisions. 

Corollary 7 The wholesale price, retail price, and transfer price in the two cases (with or without third-party econo-
mies of scale) are related as follows: wR&3P∗ > wR&TP∗ , pR&3P∗ > pR&TP∗ , bR&3P∗ > bR&TP∗.
Proof See supplementary materials, Proof of Corollary 7.

This shows the third-party economies of scale lead to a decrease in the retail price, wholesale price, and trans-
fer price. Third-party economies of scale increase the total collection rate, resulting in a decline in the average 
production cost, which in turn causes the EV manufacturer and the EV retailer to lower the wholesale price 
and the retail price. However, in the R&TP mode, third-party economies of scale result in a decrease in the EV 
manufacturer’s transfer price.

The collection rate decisions. 

Corollary 8 The collection rates of the retailer, the third-party collector, and the supply chain are related as follows: 
τR&3P∗r > τR&TP∗r  , τR&3P∗3p < τR&TP∗tp  , and τR&3P∗T < τR&TP∗T .

Proof See supplementary materials, Proof of Corollary 8.

This indicates that third-party economies of scale decrease the collection rate of the EV retailer while increasing 
that of the third-party collector. Overall, the total collection rate is improved.

Figure 6.  The third-party collector’s critical line with or without economies of scale.

Figure 7.  The profits of the retailer (a) and the third-party collector (b) with or without third-party economies 
of scale.
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Third-party economies of scale decrease the average collection cost, which makes the third-party collector 
superior in the game with the retailer, resulting in the EV retailer lowering the collection rate. Furthermore, the 
marginal cost of increasing the collection rate for the third-party collector is much lower than that of the EV 
retailer. Therefore, the overall collection rate of the supply chain still increases, even though the collection rate 
of the EV retailer declines.

The profits of each member and the supply chain. Third-party economies of scale lead to an increase in the 
profit of the EV manufacturer (Eq. (28)). When collection competition becomes weak or third-party economies 
of scale are high, the profit of the retailer shows a rising trend (Fig. 7a). From the perspective of the third-party 
collector, the third-party economies of scale always improve the profit (Fig. 7b). For the supply chain, third-party 
economies of scale always increase the profit (Fig. 8).

The impact of third-party economies of scale on the EV manufacturer’s profit is consistent with that of the 
M&TP mode. For the EV retailer, although the collection investment decreases along with the decrease in the 
collection rate, the reduction in collection expense cannot compensate for the profit loss due to the falling price; 
therefore, the EV retailer’s profit is reduced (Fig. 7a).

From the perspective of the third-party collector, although third-party economies of scale reduce the unit 
transfer price paid by the EV manufacturer, they increase the collection rate of the third-party collector, and the 
increase in the total transfer payment is enough to compensate for the increased collection cost generated by the 
increased collection rate. In general, the profit of the third-party collector is improved (Fig. 7b).

From Fig. 8, for the whole supply chain, the total profit can be improved by an increase in the EV manu-
facturer’s and the third-party collector’s profits, although the profits of the EV retailer may not be improved in 
some scenarios.

Conclusions
In this paper, three collection modes with dual competitive reverse channels were investigated. Competition 
and the different collection difficulties of the collectors are simultaneously introduced into the game models. 
The optimal pricing and collection effort decisions of different collection modes are obtained and compared. 
The collection mode choice strategy and the effects of third-party economies of scale are explored. Through the 
analysis, some interesting insights are derived as follows:

 i. Third-party economies of scale can efficiently improve the collection rate and profit of the supply chain.
 ii. No matter from the viewpoint of the collection rate or profit, the optimal collection mode depends on the 

competition intensity between different collection channels and third-party economies of scale.
 iii. The M&R collection mode outperforms the M&TP and R&TP modes when the competition intensity is 

weak and third-party economies of scale are low. The R&TP mode will be the optimal collection mode 
only if third-party economies of scale are high enough.

(28)πR&3P∗
m − πR&TP∗

m =−
C(1− α2)(1− δ)2�2(f − βcm)

2

(4C − (1− α2)β�2)(16Cδ − (1− α2)β(1+ δ)2�2)
< 0

Figure 8.  The total profits with or without third-party economies of scale.
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The results in this paper can provide the EV battery supply chain with a certain reference to choose the 
optimal collection mode. However, there are still some limitations in this paper. Further research pursues two 
directions: (i) Information asymmetry among supply chain members should be considered. (ii) Attention should 
be devoted to the cooperation between different collection channels.

Data availability
All data generated or analyzed during this study are included in this published article.
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