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Abstract: This paper proposes the optimal operation of a two-period
closed-loop supply chain (CLSC) considering quality of used batteries, their
secondary use and recycling into materials, and government subsidy for:
1) secondary use (model I); 2) collection and dismantling of used batteries
(model II); 3) makes social welfare (SW) evaluation for the optimal operation
in CLSC (model III). First period involves production and sales of new EV
battery. Second period does secondary use and recycling of used batteries with
quality classifications: high, medium and low. CLSC consists of a battery
manufacturer (Stackelberg leader), a third party, a power grid company, and a
vehicle manufacturer. Numerical analysis compares the optimal operation and
SW for each model. Sensitivity analysis clarifies how collection rate, quality
classification and recycling rate of used batteries and each government subsidy

affect the optimal operation and SW in CLSC.
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This paper is a revised and expanded version of a paper entitled ‘Optimal
operation and social evaluation in a closed-loop supply chain considering
quality and reuse of used electric vehicle batteries under government subsidy’
presented at 2023 Asia Pacific Industrial Engineering and Management
Systems Conferences, Kuaka Lumpur, Malaysia, 24 October 2023.

1 Introduction

Since the industrial revolution, the increase in greenhouse gas emissions has caused
climate change, with serious consequences worldwide (Krass et al., 2013; Hong and Guo,
2019; Ding et al., 2020; Gong et al., 2020; Gu et al., 2021). Pollutants contaminate the
water and air environment, and the unplanned consumption of mineral and energy
resources not only destroys the environment but also sometimes causes conflicts due to
competition. In order to cope with resource depletion and disposal problems, companies
need to collect used products, recycle them into parts, etc. and reuse them in product
manufacturing, etc. (He at al., 2019; Wang et al., 2019; Gu et al., 2021).

In addition, carbon neutrality is a global issue (Krass et al., 2013; Xiong et al., 2016;
Yi and Li, 2018). The electrification of automobiles is considered essential for reducing
CO; emissions in the transportation sector (Ding et al., 2020; Gong et al., 2020; Gu et al.,
2021). In recent years, with the spread of electric vehicles, it has become necessary to
make effective use of used batteries, and secondary use (Gu et al., 2021) of used batteries
and use of recycled resources (Ding et al., 2020; Gong et al., 2020). Currently, 4R Energy
Corporation (https://www.4r-energy.com/) is one of the companies in Japan that
disassembles used EV batteries for secondary use. Used EV batteries can be
disassembled, inspected, and classified by quality for secondary use, as they have the
capacity to store 60-80% of the power of a new battery (Gu et al., 2021). They are
classified into three types according to quality: electric vehicle batteries, storage batteries,
and materials (Gu et al., 2021). VOLTA Corporation (https://www.env-volta.jp/) is one
of the companies in Japan that is currently recycling used lithium-ion batteries, such as
those used in electric vehicles. Although used batteries are often incinerated, the
company collects cobalt, nickel, and lithium from used batteries and sells them.

Based on the above research background, this paper discusses the optimal operation
of a two-period closed-loop supply chain (CLSC) consisting of first period to produce
and sell new batteries for electric vehicles and second period to make secondary use and
recycling of used batteries. When considering the optimal operation of such a two-period
CLSC, the following questions may be raised by planners and researchers for the
construction and the decision-making of the optimal operation of a two-period CLSC:
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RQ1 How are used batteries classified in terms of quality?

RQ2 When used batteries are classified as high-quality, medium-quality and
low-quality, how do these classifications affect the quantity of secondary use of
medium-quality batteries and the quantity recycled into materials?

RQ3 How does the classification of used batteries into high-quality, medium-quality
and low-quality affect the profits of a battery manufacturer, a third party, a power
grid company and a vehicle manufacturer and social welfare (SW)?

RQ4 How do government subsidies for the sale of reusable batteries, the purchase of
reusable batteries, and the collection and dismantling of used batteries affect the
optimal decision for the secondary use rate, the profit of each member, and SW in
a CLSC?

In order to solve the above problems from RQ1 to RQ4, this paper presents the optimal
operation of a two-period CLSC consisting of first period to produce and sell new
batteries for electric vehicles and second period to reuse used batteries, considering the
quality classification of used batteries, recovery of batteries from the government,
disassembly, and government subsidies for the purchase and sale. This paper considers
the following three government subsidy models. This paper considers the following three
subsidy models by the government. Model I where the government gives a subsidy # only
to a power grid company who purchases secondary use batteries. Model II where the
government gives subsidies (d., da, #1:4) to a third party who collects, dismantles, and sells
secondary use of used batteries. Model III where the government gives a subsidy # to a
power grid company who purchases secondary use batteries, and subsidies #, d¢, dd, #m to
a third party who collects dismantles used batteries, and sells secondary use batteries.

In the two-period CLSC, this paper also classifies the quality of used batteries and
consider a two-period CLSC where high-quality batteries are sold as electric vehicle
batteries, medium-quality batteries are sold as batteries for power storage, and
low-quality batteries are sold as recycled materials.

In this paper, based on Gu et al. (2021), in models I-III in the second period, a battery
manufacturer pays the environmental pollution cost to the government for the batteries
quantity manufactured using new materials, and this cost is the government revenue.

As the optimal operation of the two-period CLSC, in the first period, the battery
manufacturer determines the optimal price p; of the battery in the first period. In the
second period, a third party is the Stackelberg leader and a battery manufacturer is the
Stackelberg follower. As to Models I-III, the third party determines the optimal
secondary use rate y of medium-quality batteries, and the battery manufacturer
determines the optimal battery price p» in the second period using the backward induction
method which is the decision method in Stackelberg game model (Yi and Li, 2018). This
paper evaluates the optimal operation of CLSC only in the second period using SW
(Krass et al., 2013; Nielsen et al., 2019; Xue et al., 2019; Hong and Guo, 2019; He et al.,
2019; Wang et al., 2019; Liu and Xiao, 2020) as social evaluation. The evaluation of SW
in the second period includes the total profit of CLSC as the sum of the profits of a
battery manufacturer, a third party, a power grid company and a vehicle manufacturer,
consumers surplus and the environmental impact (EI) in the period.
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Numerical analysis first compares the optimal operations, profit and SW in models I, 1T
and III, giving numerical examples. The optimal operations in each model are the battery
price pi in the first period, the battery price p, and the secondary use rate of
medium-quality batteries in the second period. Next, how the collection rate 6, the quality
classification and recycling rate of used batteries and government subsidies for collection,
dismantling and secondary use affect the optimal operation of the two-period CLSC,
profits of each member and CLSC, consumer surplus (CS), EI and SW.

The rest of this paper is organised as follows. Section 2 shows literature review.
Section 3 defines notation used in mathematical expressions of this paper. Section 4
provides model descriptions, model assumptions, and formulates the profits of a battery
manufacturer, a third party, a power grid company and a vehicle manufacturer in a
two-period CLSC, and finally describes social welfare to evaluate the optimal operation
in two period addressed in this paper. Section 5 describes the decision procedures for the
optimal operations in two-period CLSC. Section 6 conducts numerical analyses, shows
the comparison of the optimal operation in models I, II and III and the results of
sensitivity analysis. Section 7 provides conclusions including research finding and
managerial insights in this paper.

2 Literature review

In the academic researches, the previous papers address the government subsidy policy to
promote the collection (Ding et al., 2020; Gu et al., 2021), disassembly (Ding et al., 2020;
Gu et al., 2021), and secondary use (Gu et al., 2021) of used products.

In a previous study that introduced collection and dismantling subsidies in a CLSC
including battery remanufacturing, Ding et al. (2020) studied a CLSC with a battery
manufacturer, a vehicle manufacturer and a third party. A vehicle manufacturer and a
third party determine whether to collect used batteries, and the third party dismantle the
used batteries. The government determines whether to provide collection and dismantling
subsidies of the used batteries, considering SW including the profits of all CLSC
members, CS and EI in CLSC. Both collection and dismantling subsidies increases the
profits of a vehicle manufacturer and a third party in most cases. This previous paper
showed that both these subsidies promoted the collection of used batteries and improved
the EI and SW evaluation.

In a previous study that introduced purchase and dismantling subsidies in a CLSC
with remanufacturing, Gong et al. (2020) studied whether subsidies increased the effort
level on remanufacturing of each member in a CLSC with a manufacturer and a
dismantler, and how dismantling subsidies affected the profit of each member. This
previous paper considered that a single dismantler collected and dismantled used
products, the government provided dismantling subsidies of used given to a manufacturer
and a dismantler and purchasing subsidies of remanufacturing products to consumers.
This previous paper showed that only purchase subsidy could not improve collection and
disassembly efforts, and only disassembly subsidy could not to improve disassembly
efforts.

In a previous study on the reuse of used EV batteries, Gu et al. (2021) presented a
two-period CLSC in which made secondary used as storage batteries considering the
quality of used batteries before the used batteries were remanufacturing or recycling as
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materials. This previous paper addressed a two-period CLSC with a battery manufacturer,
a third party and a power grid company. In this previous paper, the battery manufacturer
payed the government an environmental pollution fee for the quantity of batteries
manufactured using new materials, and the environmental pollution fee was as income
for the government. The government subsidy was provided to only the power grid
company based on the quality of the secondary use batteries and the remanufacturing
rate. The used batteries were classified into two types, high-quality and low-quality, and
the high-quality batteries were sold to a power grid company as storage batteries, and the
low-quality batteries were sold to a battery manufacturer as materials. This previous
study clarified the effect of government subsidies and the CLSC for the secondary use of
used batteries. This previous paper showed that the government subsidy resulted in
higher quality batteries for secondary use, but a smaller sum of profits of the power grid
company and the battery manufacturer. Thus, the government subsidies were not working
effectively in terms of profit of each member in CLSC in this previous paper.

In summary, the previous studies (Ding et al., 2020; Gong et al., 2020; Gu et al.,
2021) did not considered the following issues:

e The government provided the collection and dismantling subsidies, but did not
provide subsidies to the seller of secondary use batteries, subsidies to the buyer of
secondary use batteries, and subsidies for collection and dismantling of used
batteries.

e The government provided the dismantling subsidy of used batteries to a dismantler
and the purchase subsidy of the remanufactured batteries to consumers, but those
subsidies could not improve efforts of collection and dismantling of used batteries.
The optimal operation in a CLSC is not evaluated by using SW including the profits
of all members, CS and EI in CLSC.

e The qualities of used batteries were classified as high-quality and low-quality, and
secondary use batteries. The government provided only subsidy only to a power grid
company for purchase of secondary use batteries. The secondary use batteries as
batteries for electric vehicles were not considered. The government subsidy to a third
party to sell the secondary use batteries was not considered. The optimal operation in
a CLSC is not evaluated by using SW including the profits of all members, CS and
Elin CLSC.

Table 1 shows the comparison of the contributions of this paper with those of previous
papers.

This paper is expected to make a significant contribution to policy makers and
researchers to show a managerial guideline for the establishment, the optimal operation
and the SW evaluation of a CLSC with a battery manufacturer, a third party, a power grid
company, a vehicle manufacturer, consumers and the government under government
subsidies to a third party to collect and dismantle used batteries and sell secondary use
batteries, a power grid company to purchase secondary use batteries.

3 Notation

The model symbols used in this paper are defined below.
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cnr 18 the unit cost of new materials in batteries production (cu, > 0).
Cmany 18 the unit production cost of batteries (cingnu > 0).
a is the potential demand for EV battery (a > 0).

[ s the sensitivity of demand of EV battery in the unit sales price of EV battery
(B> 0).

Opg is the quantity of batteries required by a power grid company in the first and
second periods, respectively (Qrg > 0).

gevi 18 the demand of EV battery (gen1 > 0).
Pic 1s the unit purchase price of batteries by consumers (pi. > 0).

ey 1s the ratio of EV battery sales price to the unit purchase price of EV battery for a
vehicle manufacturer (7., > 0).

Rengy 1s the unit operating revenue of batteries of a power grid company (Rengy > 0).
7p1 s the profit of a power grid company (zp1 > 0).

7 1s the profit of a battery manufacturer (7 > 0).

7w 1s the profit of a vehicle manufacturer (za1 > 0).

n is the percentage of government subsidy for the purchase cost of secondary use
batteries (0 <7y <1).

. 1s the degree of government subsidy for the collection cost of used batteries
(0<0.<1).

da 1s the percentage of government subsidy for the cost of dismantling used batteries
(64> 0).

na 1s the degree of government subsidy to a third party for sales quantity of
secondary use batteries (7, > 0).

Goidor2 18 the quantity of EV batteries collected from consumers (gosior2 > 0).
Peoliec2 18 the unit purchase price of used batteries (peoiiec2 > 0).

e. 1s the unit collection efforts cost of a third party (e. > 0).

k is the parameter for collection effort of used batteries by a third party (k> 0).

6 is the collection rate of used batteries by a third party (6 > 0).

cd is the unit dismantling and inspection cost of collected used batteries (cd > 0).

[ is the percentage of high-quality batteries among collected used batteries
O<p<1).

/% is the percentage of medium-quality batteries among collected used batteries
O<p<).

[ is the percentage of low-quality batteries among those collected used batteries

O<B<).
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Dasc2: the unit purchase price of batteries that a third party buys from a power grid
company (pasc2 > 0).

dc: discount rate of secondary use batteries to new batteries (0< dc <1).

Cenvir 1S the unit environmental pollution cost of batteries from new materials
(Cenv[r > 0)

o 1s the ratio of the capacity of the highest quality batteries collected by a third party
to new batteries (0 < o5, < 1).

o 1s the ratio of the capacity of the lowest quality batteries collected by a third party
to new batteries (0 < ¢ < 1).

0y s the smallest capacity of batteries in the high-quality batteries for secondary use
O<ap<l).

o 1s the largest capacity of batteries among the medium-quality batteries used for
secondary use (0 < g1 < 1).

O 1s the smallest capacity of batteries among the medium-quality batteries for
secondary use (0 < g2 < 1).

qn2 1s the quantity of high-quality batteries among the collected used batteries
(gn2>0).

Pgi2 1s the unit sales price of high-quality batteries for secondary use in the second
period (pgr2 > 0).

O 18 the discounted rate for high-quality batteries for secondary use as to quality
(0 < Omyu < 1).

gm2 1s the quantity of medium-quality batteries within the collected used batteries in
the second period (gm2 > 0).

@m2 1s the quantity of medium-quality batteries within the collected used batteries
(gmp2 > 0).

Oy 18 the discount rate for medium-quality batteries to be used secondarily based
on quality (0 < Quyu < 1).

Pqm2 1s the unit sales price of medium-quality batteries for secondary use (pgm2 > 0).
gn 1s the quantity of low-quality batteries in the collected used batteries (0 < g > 0).

oy 1s the largest capacity of batteries in the high-quality batteries for secondary use
O<au<l).

/. is the remanufacturing rate of used batteries into materials (0 <1 <1).
qoia2 1s the quantity of recycled material in the second period (g2 > 0).

Grepe2 18 the batteries quantity purchased by a power grid company from a battery
manufacturer (¢repg2 > 0).

gew2 18 the EV battery demand in the second period (ge.2 > 0).
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® g 1s the batteries quantity purchased by a vehicle manufacturer from a battery
manufacturer (greev2 > 0).

e ¢ is the batteries quantity produced by a battery manufacturer (¢» > 0).

® a2 1s the unit price of the battery material in the second period.

e  N,is the residual value of used batteries to new batteries (N;> 0).

® g is the battery quantity produced by a battery manufacturer using new materials
(gn2>0).

® ). is the unit sales price of batteries purchased by consumers (p2. > 0).

® mp is the profit of a battery manufacturer in the second period (myp > 0).

e 7p, is the profit of a third party in the second period (71 > 0).

e 1y is the profit of a vehicle manufacturer in the second period (zx2 > 0).

e 7p is the profit of a power grid company in the second period (zp; > 0).

e (S is the CS in the second period (CS: > 0).

e SW,is the SW in the second period (SW > 0).

e ¢, is the unit EI of new batteries quantity g2 in the second period produced from new
materials (e, < 0).

e ¢, is the unit EI of recycled materials quantity g in the second period produced
from used batteries (ey. < 0).

e ¢, is the unit EI of new batteries in the second period produced from recycled
materials (e, < 0).

e ED is the EI in the second period (EL < 0).

e Decision variables in CLSC are defined below.

e  p; is the unit battery prices in the first period (a battery manufacturer) (p; > 0).

e  pis the unit battery price in the second period (a battery manufacturer) (p, > 0).

e  yis the secondary use rate of medium-quality batteries (a third party) (0 <y <1).

4 Model descriptions

This paper considers a two-period CLSC with first period for the production and sale of
new batteries for electric vehicles and second period for the reuse of used batteries,
including secondary use and recycling of used batteries. Figure 1 shows the operation
flow of CLSC in the first period with production and sales a single type of new EV
battery considered in this paper. The operational flow of CLSC in the first period in
Figure 1 is described below. The numbers in Figure 1 correspond to the numbers in the
following system operation flow of CLSC in the first period.
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1 A battery manufacturer purchases new battery material at a unit cost ¢, and
manufactures batteries at a unit production cost ¢uem. A battery manufacturer
produces a single type of batteries and sells the batteries quantity O, to a power grid
company at the unit sales price p;. The battery manufacturer determines optimally
the unit price p; of the battery in the first period.

Figure 1 Operational flow of CLSC in the first period (see online version for colours)

[ Battery manufacturer (M) ]

OR! @) 3
[Power grid company (P)] [Vehicle manufacturer (N)]—P[ Consumer ]

Figure 2 Operational flow of CLSC in the second period (see online version for colours)
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: : (12)
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(2) 2) Medium quality battery
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1 l Power grid
) Recycled material \\ company (Tpl)
: l A' s ®) \ 9)  (10)
| Low quality battery }: ®) = I I I
: [ Battery manufacturer (M) ]

2 The battery manufacturer produces the same single type of batteries and sells the
batteries quantity g1 to a vehicle manufacturer at the unit sales price p.

3 The vehicle manufacturer sells the batteries to consumers at the unit sales price pi..

Next, this paper discusses provides the following three government subsidy models:
model I where the government gives a subsidy # only to a power grid company who
purchases secondary use batteries. Model II where the government gives subsidies (., da,
1) to a third party who collects, dismantles, and sells secondary use of used batteries.
Model III where the government gives a subsidy 1 to a power grid company who
purchases secondary use batteries, and subsidies #, dc, da, 741 to a third party who collects
dismantles used batteries, and sells secondary use batteries.

Figure 2 shows the operation flow of CLSC in the second period with reuse of a
single type of used EV batteries considered in this paper. The operation flow of CLSC in
the second period in Figure 2 is described below. The numbers in Figure 2 correspond to
the numbers in the following system operation flow of CLSC in the second period.
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A third party collects a single type of used EV batteries from consumers and
purchases the used EV battery quantity g, at the unit sales price peosecr-

The third party dismantles and inspects the used EV batteries and classifies them as
high-quality ones, medium-quality ones, or low-quality ones with ratio of i, >, and
[3 at the unit cost ¢4 (the answer of RQ1).

The third party buys the quantity of used batteries Q,, from a power grid company at
the unit sales price pasc2, and classifies all of them as low-quality batteries.

The third party sells the high-quality used batteries quantity gx» to a vehicle
manufacturer at the unit sales price py..

The third party sells the quantity of medium-quality used batteries g2 to a power
grid company at the unit sales price pym for the secondary use at the ratio y (0 <y <
1). The third party determines optimally the secondary use at the ratio y in the second
period in the following range of y: 0 <y < 1.

The third party recycles the medium-quality used batteries that has no secondary use
into materials at the recycling rate A (0 <A< 1).

The third party recycles the quantity of low-quality used batteries ¢, into material at
the recyclingrate A (0 <A <1).

The third party sells the quantity of material go» recycled in steps 6 and 7 to the
battery manufacturer at the unit sales price ¢y

The battery manufacturer produces the battery quantity ¢, using both the materials
purchased from the third party and new materials. gy e.v> is the battery quantity sold to
the vehicle manufacturer at the unit sales price p; and 0, is the battery quantity sold
to the power grid company at the unit sales price p,. The battery manufacturer
determines optimally the unit price p, of the battery in the second period.

The battery manufacturer pays the government environmental pollution cost Cepyi for
the quantity of new materials ¢,» used in the production of EV battery.

The vehicle manufacturer sells the battery quantity g..» to consumers at the unit sales
price pae.

In models I and III, the government provides the power grid company the subsidy
ratio # for the secondary use of EV battery.

In models II and III, the government provides the subsidy ratio d., d, for the
collection and dismantling of used EV batteries and the subsidy ratio 7, for the sales
quantity of secondary use of EV batteries to the third party.

Model assumptions of a two-period CLSC are described below.

1

In the first and second periods, a power grid company purchases batteries from a
battery manufacturer, and operates these batteries as storage batteries. The battery
manufacturer earns the unit revenue R.,g, of sales quantity of batteries.

In the first period, the demand of EV battery for the unit sales price p; is modelled as
gevt = a— B x p1. a is the potential demand and fis the price sensitivity for p;.
Similarly, in the second period, the demand for EV battery for the unit sales price p»
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is modelled as ge,» = a — B x ps. a is the potential demand and s the price
sensitivity for p>. The quantity of battery required by the power grid company in the
first and second periods is same and is denoted by Opg. The total battery demand in
the first period is the sum of g.,1 and Opg as ¢1 = gev1 + Opc. The total battery
demand in the second period is the sum of g..» and Op¢ as g2 = g2 + Opg. The order
quantity of batteries by a vehicle manufacturer g.,i is equal to the sales quantity of
batteries by a vehicle manufacturer to consumers g..» are equal to the quantity of
batteries demanded.

3 The unit battery price pi. that consumers purchase from the vehicle manufacturer in
the first period is calculated as pi. = p1 X neyp, considering the sales profit rate 7.,

).

4 Assume that the collection effort cost e. is incurred when a third party collects a used
battery, and that the cost is calculated using the parameter £ for the third party’s
collection effort as e, = (k/2) x 2.

Figure 3 Capacity distribution of used batteries (see online version for colours)

P, : 5, . B,

5 A third party collects the quantity of used batteries gouor2 (= €¢ev1) at collection rate
0. The collection effort cost e. for collection rate 6 is e. = (k/2) x 6. k is a cost
parameter for the third party’s collection effort.

6  Batteries used by the power grid company in the first phase shall be collected by the
third party and all shall be classified as low-quality batteries.

7 A third party collects a single type of used batteries Opc from a power grid company
in the first period, and all used batteries are classified as low-quality used batteries.

8  The used batteries quantity with high-quality gx2 is gi2 = B % qoidor2. That with
medium-quality gm2 1S gm2 = [ X Goudor2- That with low-quality g is gn = 5 X Qoldor
+ Opg. The secondary use quantity in medium-quality used batteries g is
G2 = G2 (7) =7 % B X Qotdora-

Figure 3 shows the capacity distribution of used batteries. In this paper, when
collected used batteries are used as secondary use, the unit price of the secondary use
batteries is determined using a standard value 1 of capacity of the unit new battery.
The unit capacity of the collected used batteries follows the uniform distribution in
the range [the minimum value ¢, the maximum value ;] and ¢; and ¢ are between
0 and 1. The quality of used batteries is based on the capacity of used batteries. This
paper assumes that a high-quality used battery has a high capacity, while a
low-quality used battery has a low capacity. ¢ is the smallest capacity of batteries
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among the high-quality batteries for secondary use (0 < o < 1). 4,1 is the largest
capacity of batteries among the medium-quality batteries used for secondary use

(0 < &1 < 1). o4z 1s the smallest capacity of batteries among the medium-quality
batteries for secondary use (0 < a2 < 1). From Figure 3, the ratio of capacities of
used batteries to capacities of new batteries is obtained as to the quality of the used
batteries. From Figure 3, first, the ratios of the high-quality, medium-quality and
low-quality in used batteries are investigated as i, £ and ;. This paper assumes
that o5, is equal to &,1. The distribution of S is between ¢, and & = 1. The
distribution of /3 is between o4 = 041 and o4». The distribution of s is between 4,
and ¢. The ratio of f; is obtained as the area of o = ¢, from oy in the distribution
of Bi. Similarly, the ratios of £ and /3 are obtained. From the ratios of 4, £ and
in Figure 3, the largest battery capacity ¢, and the smallest battery capacity ¢, of
the medium-quality batteries for secondary are calculated as

0!112=ah—(ah—a/)xﬁ=%—(%—al)xﬂl (1
amz=0!h—(0!h—0!/)><%=05h—(05h—al)x(ﬂﬁﬂz) (2)

The calculation procedure of the smallest battery capacity 3 of the medium-quality
used batteries for secondary use are shown below. In this paper, the unit price of the
medium-quality used batteries for secondary use is obtained as to the secondary use
rate y of the medium-quality used battery. From Figure 3, fist the ratio of secondary
use y and the ratio of non-secondary use 1 —y among medium-quality used batteries
are obtained. The distribution of y is between a2 = &, and = ¢,3. The distribution
of (1 —y) is between &2 and ¢,3. The ratio of y is obtained as the area of ¢,3 from
i = Oy in the distribution of y. Similarly, the ratio of (1 — y) is obtained. Therefore,
from Figure 3, the smallest battery capacity a3 of the medium-quality used batteries
for secondary use can be obtained as

Oz = O3 (y) =02 +(ah2 —Om2 )X(l_y)

3
— (1 -+ (e - )x (1= B))x 2 =7) + (a1 + (et — o1 ) B )y @

In this paper, the discount rate Quy. for a high-quality used batteries for secondary
use is calculated as Qnyu = (0 + 042)/2)? % de, by multiplying the square of the
average value of the largest capacity o, and the smallest capacity o, of the
high-quality used batteries by the discount rate dc of the secondary use battery for
new batteries. The unit price of high-quality used batteries for secondary use py» is
obtained as pgi2 = p1 X Onsu, using the unit battery price p; in the first period and the
discount rate Oy, for high-quality used batteries for used secondarily.

The discount rate Q. for a medium-quality used battery for secondary use is
affected by the secondary use rate y (0 <y < 1) of the medium-quality used batteries.
Therefore, the discount rate Q.. varies as to model k(€ I, 11, II]). In this paper, Qs
is calculated as Quyu = Qmyu () (G + ci3)/2)* x dc, by multiplying the square of
the average value of the largest capacity a,,; and the smallest capacity o2 of the
medium-quality used batteries by the discount rate dc of the secondary use battery
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for new batteries. The unit price of medium-quality used batteries for secondary use
Pgm2 1s obtained as pgmr = pgm2 (7) = p1 X Omasu, using the unit battery price p; in the
first period and the discount rate Q.. for medium-quality used batteries for used
secondarily.

11 The quantity of batteries recycled by the third party as material g, for the
secondary use rate y of medium-quality used batteries in the second period and the
recycling rate 1 (0 <1 < 1) is obtained as qoi2 = Goiz (7)) =4 % (g + (1 =) X qma2).

12 The unit price of the battery material pg.> in the second period is obtained as
Pasc2 = p1/Ng, considering the residual value N, of the material of the used batteries to
the unit price of the new battery p;.

13 The purchase quantity of batteries in the second period ge..2 by a vehicle
manufacturer from a battery manufacturer is obtained as greev2 = gev2 — gn2 by
subtracting the purchase quantity of high-quality used batteries from the demand of
EV battery in the second period.

14 The purchase quantity of batteries in the second period by a power grid company
from a battery manufacturer for the secondary use rate y of medium-quality used
batteries grepg2 1S obtained as Greper = Grepg2 () = Orc — gmy2, by subtracting the
quantity of medium-quality used batteries ¢, in collected used batteries from the
required quantity QOpg of batteries of the power grid company.

15 The production quantity of batteries by a battery manufacturer ¢, in the second
period for the secondary use rate of medium-quality used batteries y is obtained as
2= q2 (¥) = qree2 + OpG — gmy2 by subtracting the quantity of medium-quality used
batteries in collected used batteries gy,» from the sum of the purchase quantity of
batteries of a vehicle manufacturer from a battery manufacturer gye..» and the
required quantity of batteries of a power grid company QOpg.

16 The production quantity of batteries using new materials by a battery manufacturer
gn2 in the second period for the secondary use rate y of medium-quality used batteries
is obtained as g2 = g2 (¥) = g2 — qoia2 by subtracting the production quantity of
batteries using recycled materials g2 from the production quantity of batteries in
the second period g». In this case, the production quantity of batteries using new
materials by the battery manufacturer is g,». The battery manufacturer pays the
environmental pollution cost to the government g, X Cenyir-

17 The unit battery price p». that consumers purchase from the vehicle manufacturer in
the second period is calculated as ps. = ps X neyp, With the sales profit rate ne,, (>1).

18 The EI e, (<0) is generated per unit of new battery ¢,» manufactured from new
materials. The EI e, (<0) is generated per g2 unit of recycled material produced
from used batteries. The EI ¢, (<0) is generated by the use of the unit battery.

Based on the system operational flow of CLSC in Subsection 3.1 shown in Figure 1, the
profits of a battery manufacturer, a power grid company and a vehicle manufacturer in
CLSC in the first period are formulated below.

The profit of a battery manufacturer in the first period is formulated from the unit
sales price pi, the unit cost of new battery material ¢, and the unit cost of battery
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production cyuan for the production quantity of EV battery (gevi + Opg) in the first period
below.

Ty = (p1 —Cntr — Cianu )><(c]ev1 +QPG) @)

The profit of a power grid company in the first period is formulated from the unit
operational revenue of EV battery R..g and the unit purchasing cost of EV battery p; for
EV battery quantity Opg below.

Tp1 =pger (1) = (Rengy = P1 )% Opc (5)

The profit of a vehicle manufacturer (V) in the first period is formulated from the unit
sales price of EV battery pi. and the unit purchasing cost of EV battery p; for the quantity
of EV battery g.,1 below.

TNl = TN (pl):(plc _pl)xqevl (6)

Based on the system operation flow of CLSC in Subsection 3.1 shown in Figure 2 and the
model assumptions in Subsection 3.2, the profits of a third party, a battery manufacturer,
a power grid company and a vehicle manufacturer are formulated, as to models I, II and
III.

The profit of a third party in model i (e {/, II, Ill}), w},, in the second period is

obtained from sales of EV battery as secondary use of in high-quality and
medium-quality batteries, sales of recycled materials, the effort cost of collection of used
EV battery at unit cost e, the collection subsidy from G to T in models II and III at
subsidy ratio J., the purchasing cost of the quantity of used EV battery gouor at unit cost
Peoliect2, the disassembly and inspection costs of used EV batteries at the unit cost ¢, the
disassembly subsidy from G to T in models II and III at subsidy ratio d,; and the subsidy
for sales quantity of EV battery as secondary use at subsidy ratio #,. The profit of a third
party in the second period in model i (€ {/, II, II}), =\.,, for the unit sales price p, and

the ratio of secondary use in medium-quality EV battery y is

Ty =71y (P2, 7) = Paia Xqn2 + Pgm2 X Greera

(7
FCpyr X Gold2 — € — (pcolleetZ +cq )X Goldor2
nfy =nfy =ty (P2, 7) =715 (P2, 7)
= Pgi2 Xqn2 t Pam2 X Greev2 t Cutr XGola2 — €c X (1 -0, ) (3

- (pcolleth +cq =04 )X Goldor2 + (Clmythz +qn2 )X Mt »

where Gree2 = ez — qi2, Q2 = Biqoidzor2, Goidorr = Oqevt, qotr = Mqn + (1 = p)qm2),
qmy2 = yﬁlqoldoﬂ-

The profit of a battery manufacturer in model i (e {/, II, III}), =',,, in the second
period is obtained from sales profit of EV battery (sales price of battery at p, in the
second period-production cost of battery at unit cost ¢uam) for the total quantity of the
purchasing quantity of new EV battery ¢r.o by a vehicle manufacturer and the
purchasing quantity new EV battery g..,e» by a power grid company, the new material
cost cuy for the production quantity of EV battery using materials, environmental
pollution cost cewir paid to the government for the quantity of new material used and
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purchasing cost of recycled material from a third party below. The profit of a battery
manufacturer in the second period in model i (€ {/, I, III}), =',,, for the unit sales price

p2 and the ratio of secondary use in medium-quality EV battery y is

Ty =Typy = Thiy = Tigs (Pz» V) =Tips (Pza V) =it (pz, V)

= (pg ~ Crmanu )Xf]é‘ - (cntr + Cenvir )X 9n2 — Cutr XGold2 (9)

= (Pz — Cmanu )X (qreeVZ + qreng ) - (Cntr + Cenvir )

X(QreeVZ + Qreng ~Yold2 ) = Cutr Xqold2»

where q2 = greevz + OPG — G2, Grepg2 = QPG — Gmy2> Gn2 = q2 — qold2.

The profit of a power grid company in model i (€ {/, I, Ill}), r’,, in the second
period is formulated from the unit operation revenue of EV battery R, sales of used EV
battery from the third party at the unit sales price pusc, the purchasing cost of new
batteries, the purchasing cost of battery as secondary use for the purchasing quantity of
battery Opc and subsidy from the government for the sales quantity of battery as
secondary use below. The profit of a power grid company in the second period in model i
(e{l, I, III}), =,, for the unit sales price p, and the ratio of secondary use in

medium-quality EV battery y is

771[32 = 77% = (Reng + Pdse2 )Xng — P2 ><(QPG —Ymy2 ) — Pgm2 X(l - ﬂ)XmeZ (10)

71:}1)12 = (Reng’ + Pdsc2 )Xng - P2 ><(QPG —qmy2 )_pqu quyZ (1 1)

The profit of a vehicle manufacturer in model i, 7%;,, in the second period is formulated

from sales of EV battery, the purchasing cost of battery as secondary use and the
purchasing cost of new battery in the second period below. The profit of a vehicle
manufacturer in the second period in model i (e {Z, II, IIl}), x\,, for the unit sales price

p2 and the ratio of secondary use in medium-quality EV battery y is

TNy =TTN2 (Pz, V) = P2e Xqev2 = Pgh2 Xqn2 — P2 XGreev2

= nevpp2 quv2 - thz thZ - P2 ereev2

(12)

The profit of CLSC in the second period in model i (€ {/, II, IIT}), x%,, for the unit sales

price p» and the ratio of secondary use in medium-quality EV battery y is calculated as the
sum of the profits of a third party, a battery manufacturer, a power grid company and a
vehicle manufacturer in the second period, %, =}, + 7}, +7h, +7h,.

In previous studies on CLSC, the evaluation of the optimal operation of CLSCs has
been mostly on the profit sides for the CLSC members and the whole CLSC. However,
when operating a two-phase CLSC, which is the subject of this paper, it is necessary to
consider consumers, governments, and the environment in addition to a battery
manufacturers, a third party, a power grid company, and a vehicle manufacturer.
Therefore, the evaluation of the optimal operation from this paper takes into account the
aspects of the economy, the consumer satisfaction, and environment impact, that is, the
aspects of the profits of CLSC members, the consumer satisfaction with the product
price, and EI from production of EV batteries. This evaluation method has been used in
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recent studies to evaluate the optimal operation of CLSC (Krass et al., 2013; Nielsen
et al., 2019; Xue et al., 2019; Hong and Guo, 2019; He et al., 2019; Wang et al., 2019;
Liu and Xiao, 2020).

To make social evaluation for the optimal operation in CLSC in the second period,
this paper adopts the SW evaluation with the profit of CLSC, CS, and EI in the second
period. SW for model i (e {I, II, IIT}), =’ ,, in the second period is calculated as

sw2 o
Ty (i€ LI I} ) =7y + CS" — EI' =mhy + 1y, +7hy + 7y, + CS' —EI' (13)

This paper adopts CS CS; (i € {I, II, III}) in the second period to represent consumer

satisfaction with the unit sales price p» in the second period. CS} is calculated as

C . Po
CSi(ie {I,IILII}) = | Guadp=prx(a—gqu-)/2, (14)

P2

using the demand of EV battery in the second period ge (= & — fp2), po (the unit sales
price where g.,» is zero) and the unit sales price p; in the second period actually paid by
consumers.

This paper adopts the EI in the second period in each model EI} (i € {I, II, III})

calculating as sum of EI of

1 Ele, and EI e, from use of EV battery for the production quantity of new EV
battery g,» from new materials.

2 El e, from production using recycled materials and EI e, from the use of EV battery
for the production quantity of EV battery g using recycled materials below.

EIé =& (en +eue)an2 +52 (er+eue)><qold2 (15)

&1 and ¢, are parameters that convert Els of 1 and 2 into monetary values.

5 Decision procedure of optimal operation in CLSC

As the optimal operation of the two-period CLSC, firstly, in the first period, the battery
manufacturer determines the optimal price p; of the battery in the first period.

In the first period, the battery manufacturer determines the optimal battery price p; to
maximize the own profit my1. 7 is concave for p; due to 92my, /dp? =-2/. Using

software Mathematica, the battery manufacturer determines the optimal value p; by

solving the first order condition dmy/ dp, =0 in terms of pi. pi is obtained as

PT =(a+Qpg + (Conanu + Cuir )ﬁ)/zﬂ

Secondly, in the second period, a third party is the Stackelberg leader and a battery
manufacturer is the Stackelberg follower. In the second period, a third party who is the
Stackelberg leader determines optimally the secondary use rate y of the medium-quality
used batteries in model i (€ {7, II, III}) as y' to maximize the own profit z.,. A battery
manufacturer who is the Stackelberg follower determines optimally the battery price p in
the second period in model i (e {/, II, IIT}) as p'> to maximize the own profit zi,,. Using
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the backward induction method (Yi and Li, 2018) in solution approach of Stackelberg
game, the decision procedure is below.

1 In the second period, the battery manufacturer as the Stackelberg follower
determines the tentative value of battery price p» in the second period in model i as
! pb to maximize the own profit 7},,. m is concave for p; due to
%> / dp3 =-2f. Using software Mathematica, the battery manufacturer

determines the tentative value of battery price p, in the second period in model i as
! pi by solving the first order condition dry»/dp, =0 in terms of p,. * pi in model

i is obtained as

o
i = —(pol + poll
P 4/3(p2 poII)

le =2a+ 2QPG + 2cenvirﬂ + 2Cmanuﬂ + 2cntrﬂ - aﬂle + QPGﬂlg
pll = c,,,,,,,,,ﬂﬁlﬁ + cntrﬁﬁle - dﬂzj}g + QPGﬂZyH + Cimanu ﬂﬂz)’e + CntrﬁﬂZVH

2 Substituting ! p} into the profit of the third party as the Stackelberg leader in model
i, wh,, the tentative profit of the third party is calculated as ‘z%,. The third party
optimally determines y in model i to maximize the own profit 'z}, in model i. ‘7.,

in model 7 is concave for y if the following same condition in models I, I and IIT
derived by using software Mathematica is satisfied:

20
aa;zT = _ﬁdc(ah -0y ) (—a + QPG + (Cmamt + Cnir )ﬂ)
X(a+ Qri + (o +cur) B) B7 (o, (<445 +38) —en (45 +3:7))0 (16)
<0,

Note that equation (16) is the condition where ‘), in model 7 is concave for y, and
this paper assumes this condition.

Using software Mathematica, the third party determines the optimal value ' in model
i by solving the first order condition 9z}, /dy =0 in terms of y satisfying

equation (15).

yl in model I is obtained as
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I — | Y SN T R ey e e e )
3(an —051) B

Y ==2(a,—an)(on (14 B) - ) o
1
dC(a+QPG +(cmanu +Cntr)ﬂ)
yIIII = dc(ah 2] )2 (CI+QPG +(Cmanu +Cntr)/8)
Y IV =a-de(oy —on b+ B)
y[V = dc(QPG +(cmanu +Cm,~ )ﬁ)
VI =t —ou B+ )
y[]V: 6ﬂc,,,r/1.

Y I =

(16)

y in model II is obtained as
H:; Hy_ o gr. [y, R2 (il 1y o HIyT oIl
y 2y 1=y Iy I - B2 (Y IV 41V -y VT =y VIT)
3(ay —CVI) B
Y=y 1 ==2(0s—ar)(on (-1+ B) -1 3) B
1
dC(a'l'QPG +(Cmanu +cntr)ﬂ)
yUIIT = y! IIT =y 1T = de(ay, — )’ (a+ Opg +(Conans + Cnr ) B) {17
YV =y 1V =a-de(or - B+ )’
y”VZV[V:dC(QPG +(cmanu+cntr)ﬂ)
YV =yVI = (04— B + 01 B, )’
y”IV=6,6'(77,;, —c,,,r/l).
y™ in model I1I is obtained as
1
ylll :V” = 2(]7”[_]7”[[\/]7”111ﬁ22 ’(]/”IV‘F}/”V'V”V]—y”V]]))
(ah_al) B
Y1 =yl =y'1 =24 —0n)(en (-1+ ) - 3) o
1
dC(a+QPG +(cmanu +Cntr )ﬂ)
yHI]H:y”[[[Zj}IH]:yIIHZdC(Oth _0(1)2 (CH'QPG +(Cmanu +Cntr)ﬂ) (18)
YTV =yl TV =y IV = a-de(og — o +n 3)°
YV =y =9V = de(Op6 +(Conana + 6 ) )
YV =y"VI =y'VI =(o - n 3+ 3)°
YLV =y 1V =68 (1 — ).

YT =y Il =

Y[ =y I =TI =
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3 Substituting the optimal value y* of the third party, who is the decision leader, into
the battery manufacturer’s provisional value ’ p}, the battery manufacturer as the

decision follower can finally determine the optimal value pj.

6 Numerical analysis

Numerical analysis first compares the optimal operations, profit and SW in models I, 1T
and III, giving numerical examples. The optimal operations in each model are the battery
price p; in the first period, the battery price p, and the secondary use rate of
medium-quality batteries in the second period.

The following numerical examples are used as cq» = 0.9, Cmame = 0.5, =40, f= 4,
Ope =20, Bevp = 2, Rengy = 15, i = 0.15, 6. = 0.4, 6= 5, 1 =0.15, peoitecr = 0.5, k = 100,
0=0.5,¢c4=02,6=02,4=04,5=04,dc=02, conir=3, 4=0.8, =0.3,1=0.8,
N;=02,e,=04, e, =04, e, = 0.2. The values of numerical examples were chosen
based on the assumptions of conditions regarding the optimal decisions for decision
variables, pi1, p» and y in model i (e {/, II, III}) in this paper, the reasonable relationship
between the parameters and previous similar research works.

Table 2 Optimal operations of CLSC in first and second periods in each model

Model (i) ol P 4 Tin Ty T Ty Tir2 Ty T
I 8.2 9.58 0.19 136.0 185.0 59.0 1.5 161.5 9309 6.9
II 8.2 9.51 0.54 136.0 185.0 59.0 247 157.6 936.6 6.8
I 8.2 9.51 0.54 136.0 185.0 59.0 247 157.6  936.7 6.8

Table 3 The profits, CS, EI and SW in the second period of each model

Model (i) ks CS} EL Tl

| 1,100.7 183.4 -12.9 1,271.1
II 1,125.7 181.0 -12.8 1,293.9
111 1,125.8 181.0 -12.8 1,294.0

Next, the following parameters:

1 collection rate of used EV batteries 6

2 percentage of quality classification of used batteries (51, 5, )
3 recycling rate of low-quality batteries A
4

percentage of government subsidy to a third party for secondary use batteries sales
Nih

percentage of government subsidy of used battery collection cost J.

(W)}

6 percentage of government subsidy for used battery dismantling d4

7  percentage of government subsidy for the purchase of secondary use batteries 7.
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Affect the optimal operation of the two-period CLSC, profits of each member and CLSC,
CS, El and SW.

6.1 Comparison of optimal operation and SW in each model

Table 2 shows the comparison of the optimal operation and the profit of each member in
model i (€ {/, II, III}). Table 3 shows the comparison the profit of CLSC CS, EI and the
SW in model i. The results are summarized below.

The optimal value of the battery price p> in the second period in model II, p¥, is

equal to p# in model III. p# and pi are lower p! in model I. The optimal value of

the secondary use rate y of the medium-quality used batteries in model II, 7, is equal to
y™ in model I1I. " and y" are higher than y’ in model 1.
Note that the profit of a power grid company in the second period in model I, #%,, is

different from z in model II because the optimal values p! and y’ are different from

11

2
optimized. The profit of CLSC in the second period in model I, =4, is highest among

and 9, although zl, and z/ are same profit function before p, and y are

other models. The CS in the second period in model II, CSY, is equal to CSI in model
III. CS¥ and CSi" are lower than CS% in model I. The EI in the second period in model

I, EIY, is equal to EIX" in model III. EI¥ and EI are lower than EI in model 1.

Vi
sw2

As a result, the SW in the second period in model I, zZ ,, is equal to z#, in model III.

sw2

Vi 1 ; Vi
rll, and «l, are higher than «

sw2

in model L.

6.2 Percentage of quality classification of used batteries (B, [, )

When S increases and f» decreases in models I, II and III, Tables 4al-I, 4al-II and
4al-IIl show the effect on optimal decision values and profit of each member in the
second period, and Table 4b1-1, 4b1-II and 4b1-III show the effect on the profit of CLSC,
CS and EI and SW in the second period.

When S increases and S decreases in models I, II and III, Tables 4a2-1, 4a2-1I and
4a2-111 show the effect on optimal decision values and profit of each member in the
second period and Tables 4b2-I, 4b2-II and 4b2-III show the effect on the profit of
CLSC, CS and EI and SW in the second period.

The standard values of the combination of (£, B, ) in each table were chosen as
B, B, B5) = (0.2, 0.4, 0.4) and the values of each combination of £, f and [ were
varied in increments of 0.04, based on the assumptions of conditions regarding the
optimal decisions for decision variables, p> and y, in model i (e {Z, 11, III}) in this paper.

Each combination of (8, 5, ) shows the answer of RQ1. The optimal value of y for
each model as to the combination of (8, [/, /) shows the answer of RQ2. The profits of
each member, and CLSC for each model as to the combination of (8, f, ) shows the
answer of RQ3.

From Tables 4al-1, 4al-1I and 4al-III, 4a2-I, 4a2-1I and 4a2-III, it can be seen that
the optimal value of p’; in model i does not almost change for the changes of the values of
B, B, 5. Thatis, pj is almost robust for changes of the values of i, /, 5.
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From Tables 4al-I, 4al-II and 4al-III, 4a2-1, 4a2-I1 and 4a2-III, it can be seen below.
The optimal value of ' in model i tends to decrease when £ increases and /% decreases in
models i and when £ increases and [ decreases in model i. This is because for both
pattern changes, the quantity of batteries g, purchased by a power grid company in the
medium quality batteries decreased, but the optimal value of y in model i was changed by
a third party to be exactly the same value. As a result, the profits of a third party, a battery
manufacturer and a power grid company in model i decrease under the situation, while
the profit of a vehicle manufacturer increases.

Y. Yoneda and E. Kusukawa

Table 4a1-I  The effect on optimal decision values and profit of each member in the second
period when i increases and / decreases in model I
B P B P2 Y 7 i Th Tho
0.00 0.60 0.40 9.58 0.45 2.1 161.6 936.9 0.0
0.04 0.56 0.40 9.58 0.41 2.0 161.6 935.8 1.4
0.08 0.52 0.40 9.58 0.37 1.8 161.5 934.6 2.8
0.12 0.48 0.40 9.58 0.32 1.7 161.5 933.3 4.1
0.16 0.44 0.40 9.58 0.26 1.6 161.5 932.1 5.5
0.20 0.40 0.40 9.58 0.19 1.5 161.5 930.9 6.9
0.24 0.36 0.40 9.58 0.10 1.4 161.4 929.6 8.3

Table 4al-11

The effect on optimal decision values and profit of each member in the second
period when i increases and /5 decreases in model I1

yii B yis Py v Tt Tir 5 ™,
0.00 0.60 0.40 9.52 0.67 25.3 157.9 942.3 0.0
0.04 0.56 0.40 9.52 0.65 25.2 157.9 941.2 1.4
0.08 0.52 0.40 9.52 0.63 25.0 157.8 940.1 2.7
0.12 0.48 0.40 9.51 0.61 24.9 157.7 938.9 4.1
0.16 0.44 0.40 9.51 0.58 24.8 157.7 937.8 5.5
0.20 0.40 0.40 9.51 0.54 24.7 157.6 936.6 6.8
0.24 0.36 0.40 9.51 0.49 24.5 157.6 935.4 8.2

Table 4al-II1 The effect on optimal decision values and profit of each member in the second
period when i increases and / decreases in model I1I

e

1

g

i

B B B )z e r2 Ty2 Tp2 N2
0.00 0.60 0.40 9.52 0.67 253 157.9 942.5 0.0
0.04 0.56 0.40 9.52 0.65 25.2 157.9 941.4 1.4
0.08 0.52 0.40 9.52 0.63 25.0 157.8 940.2 2.7
0.12 0.48 0.40 9.51 0.61 24.9 157.7 939.1 4.1
0.16 0.44 0.40 9.51 0.58 24.8 157.7 937.9 5.5
0.20 0.40 0.40 9.51 0.54 24.7 157.6 936.7 6.8
0.24 0.36 0.40 9.51 0.49 24.5 157.6 935.5 8.2
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Table 4a2-1  The effect on optimal decision values and profit of each member in the second
period when f1 increases and /3 decreases in Model I
B 2 B )2 d Ty Tir Thy T
0.00 0.40 0.60 9.58 0.67 2.1 161.6 936.9 0.0
0.04 0.40 0.56 9.58 0.57 2.0 161.6 935.8 1.4
0.08 0.40 0.52 9.58 0.48 1.8 161.5 934.6 2.8
0.12 0.40 0.48 9.58 0.38 1.7 161.5 933.3 4.1
0.16 0.40 0.44 9.58 0.28 1.6 161.5 932.1 5.5
0.20 0.40 0.40 9.58 0.19 1.5 161.5 930.9 6.9
0.24 0.40 0.36 9.58 0.09 1.4 161.4 929.6 8.3
Table 4a2-I1  The effect on optimal decision values and profit of each member in the second
period when /i increases and /3 decreases in model 11
A i i Py " i i T T
0.00 0.40 0.60 9.52 1.00 253 157.9 9423 0.0
0.04 0.40 0.56 9.52 0.92 25.2 157.9 941.2 1.4
0.08 0.40 0.52 9.52 0.82 25.0 157.8 940.1 2.7
0.12 0.40 0.48 9.51 0.73 24.9 157.7 938.9 4.1
0.16 0.40 0.44 9.51 0.64 24.8 157.7 937.8 5.5
0.20 0.40 0.40 9.51 0.54 24.7 157.6 936.6 6.8
0.24 0.40 0.36 9.51 0.44 24.5 157.6 935.4 8.2
Table 4a2-I11 The effect on optimal decision values and profit of each member in the second
period when i increases and s decreases in model I1I
N N Y, . T T
0.00 0.40 0.60 9.52 1.01 25.3 157.9 942.5 0.0
0.04 0.40 0.56 9.52 0.92 25.2 157.9 941.4 1.4
0.08 0.40 0.52 9.52 0.82 25.0 157.8 940.2 2.7
0.12 0.40 0.48 9.51 0.73 24.9 157.7 939.1 4.1
0.16 0.40 0.44 9.51 0.64 24.8 157.7 937.9 5.5
0.20 0.40 0.40 9.51 0.54 24.7 157.6 936.7 6.8
0.24 0.40 0.36 9.51 0.44 24.5 157.6 935.5 8.2
Table 4b1-1  The effect on the profit of CLSC, CS and EI and SW in the second period when S
increases and /% decreases in model I
B P B 5 cs; El i
0.00 0.60 0.40 1,100.7 183.5 -13.0 1,271.3
0.04 0.56 0.40 1,100.7 183.5 -13.0 1,271.2
0.08 0.52 0.40 1,100.7 183.5 -12.9 1,271.2
0.12 0.48 0.40 1,100.7 183.5 -12.9 1,271.2
0.16 0.44 0.40 1,100.7 183.4 -12.9 1,271.2
0.20 0.40 0.40 1,100.7 183.4 -12.9 1,271.1
0.24 0.36 0.40 1,100.7 183.4 -12.9 1,271.1
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Table 4b1-IT1  The effect on the profit of CLSC, CS and EI and SW in the second period when S
increases and /% decreases in model 1T

B P Ji 5 csy EL o2

0.00 0.60 0.40 1,125.6 181.2 -12.8 1,293.9
0.04 0.56 0.40 1,125.6 181.1 -12.8 1,293.9
0.08 0.52 0.40 1,125.6 181.1 -12.8 1,293.9
0.12 0.48 0.40 1,125.7 181.1 -12.8 1,293.9
0.16 0.44 0.40 1,125.7 181.0 -12.8 1,293.9
0.20 0.40 0.40 1,125.7 181.0 -12.8 1,293.9
0.24 0.36 0.40 1,125.7 181.0 -12.8 1,293.9

Table 4b1-III The effect on the profit of CLSC, CS and EI and SW in the second period when S
increases and / decreases in model 11

p p p i csy ey il

0.00 0.60 0.40 1,125.7 181.2 -12.8 1,294.1
0.04 0.56 0.40 1,125.7 181.1 -12.8 1,294.1
0.08 0.52 0.40 1,125.8 181.1 -12.8 1,294.0
0.12 0.48 0.40 1,125.8 181.1 -12.8 1,294.0
0.16 0.44 0.40 1,125.8 181.0 -12.8 1,294.0
0.20 0.40 0.40 1,125.8 181.0 -12.8 1,294.0
0.24 0.36 0.40 1,125.8 181.0 -12.8 1,293.9

Table 4b2-1  The effect on the profit of CLSC, CS and EI and SW in the second period when S

increases and S decreases in model |

B )i B T sy EL i

0.00 0.40 0.60 1,100.7 183.5 -13.0 1,271.3
0.04 0.40 0.56 1,100.7 183.5 ~13.0 1,271.2
0.08 0.40 0.52 1,100.7 183.5 ~12.9 1,271.2
0.12 0.40 0.48 1,100.7 183.5 ~12.9 1,271.2
0.16 0.40 0.44 1,100.7 183.4 ~12.9 1,271.2
0.20 0.40 0.40 1,100.7 183.4 ~12.9 1,271.1
0.24 0.40 0.36 1,100.7 183.4 ~12.9 1,271.1

Table 4b2-I1  The effect on the profit of CLSC, CS and EI and SW in the second period when i
increases and /% decreases in model I1

B P B 5 csy £y T2

0.00 0.40 0.60 1,125.6 181.2 -12.8 1,293.9
0.04 0.40 0.56 1,125.6 181.1 -12.8 1,293.9
0.08 0.40 0.52 1,125.6 181.1 -12.8 1,293.9
0.12 0.40 0.48 1,125.7 181.1 -12.8 1,293.9
0.16 0.40 0.44 1,125.7 181.0 -12.8 1,293.9
0.20 0.40 0.40 1,125.7 181.0 -12.8 1,293.9

0.24 0.40 0.36 1,125.7 181.0 -12.8 1,293.9
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Table 4b2-III The effect on the profit of CLSC, CS and EI and SW in the second period when S
increases and /s decreases in model 111

B P B zs! csy" EL" i

0.00 0.40 0.60 1,125.7 181.2 -12.8 1,294.1
0.04 0.40 0.56 1,125.7 181.1 -12.8 1,294.1
0.08 0.40 0.52 1,125.8 181.1 -12.8 1,294.0
0.12 0.40 0.48 1,125.8 181.1 -12.8 1,294.0
0.16 0.40 0.44 1,125.8 181.0 -12.8 1,294.0
0.20 0.40 0.40 1,125.8 181.0 -12.8 1,294.0
0.24 0.40 0.36 1,125.8 181.0 -12.8 1,293.9

Table Sa  Effect of collection rate § on the optimal operation and SW in model I

1

0 V%3
030  9.63 0.19 96 161.0 9289 42 1,103.7 1853 133 11,2758
035 9.61 0.19 80 161.1 9294 48 11,1033 1848 -132 1,275.0
040 9.60 0.19 6.1 1612 9299 55 1,102.7 1844 -13.1 1,274.0
045 959 019 39 1613 9304 62 1,101.8 1839 -13.0 1,272.7
0.50 9.58 0.19 1.5 1615 9309 69 1,100.7 1834 -129 1,271.1

I I 1 I 1 1 I I 1
Y r) T2 Ttpy T2 sy Cs, EL Tsw2

Table Sb  Effect of collection rate 8 on the optimal operation and SW in model 11

0 )z e nfs T 5 s ) Csy El} i,

030 959 054 224 158.7 932.4 4.1 1,117.6  183.8 -13.2 1,288.2
035 957 054 232 158.4 9335 4.8 1,119.8  183.1 -13.1 1,289.9
040 9.55 0.54 238 158.1 9345 5.5 1,121.9 1824 -13.0 1,291.4
045 953 054 243 1579 935.6 6.2 1,123.9 181.7 -12.9 1,292.7

0.50 951 054 247 1576 936.6 6.8 1,125.7 181.0 -12.8 1,293.9

Table 5¢  Effect of collection rate § on the optimal operation and SW in model IIT

1 111 111 1 1 1l 1 1 11 1
0 P> Y ra ave) Tp) TN 52 CS; EqL T

030 959 054 224 1587 9324 4.1 1,117.6  183.8 —-13.2 11,2883
035 957 054 232 1584 9335 4.8 1,1199 183.1 -13.1  1,289.9
040 955 054 238 1581 934.6 5.5 1,122.0 1824 -13.0 1,2914
045 953 054 243 1579 935.6 6.2 1,124.0 181.7 129 1,292.8
0.50 951 054 247 1576 936.7 6.8 1,125.8 181.0 -12.8 1,294.0

From Tables 4b1-1, 4b1-II and 4b1-III; 4b2-I, 4b2-1I and 4b2-III; and 4b3-1, 4b3-II and
4b3-1I11, it can be seen below. The SW z! , in model i (e {/, II, III}) in CLSC in the
second period is unaffected by changes in the percentage of quality classification of used
batteries (81, B, (). That is, p’, is almost robust for changes of the values of 3, 5, 5.
This is because the profit of CLSC which the sum of the profits of all members in CLSC,
the CS and EIs were almost unaffected by all pattern changes of 5, f and /.
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6.3 Effect of collection rate 6 on optimal operation and SW in each model

Tables Sa, 5b and 5c shows the effect of the collection rate € on the optimal operation,
the profits, CS and EI and SW in the second period in models I, IT and III. Based on the
assumptions of conditions regarding the optimal decisions for decision variables, p, and
y, in model i (e {/, II, III}) in this paper, the standard value of 8 in each table was chosen
as 0.5 and the value of # was varied in increments of 0.05, based on the assumptions of
conditions regarding the optimal decisions for decision variables, p, and y, in model i
(e {1, II, II1}) in this paper. The results from Tables 5a, 5b and 5c are summarized below.
As 6 increases, the optimal value of the battery price p; in the second period in

model i decreases. The optimal value of the battery price p; in the second period in model
I, p¥, and pi in model III are lower than p; in model I. This is because the collection

rate 0 increases, resulting in the increase in the quantity of high-quality batteries g;» and
medium-quality batteries ¢.» and the decrease in the quantity of new batteries ¢»>. The
optimal value of the secondary use rate y* in model i is not affected even if the collection
rate 6 changes. In model I, as 6 increases, the profit of the third party in the second period
only decreases, while the profits of other members increase under this situation. As a
result, the profit of CLSC in the second period, x{,, the CS; and the EI} in model I

decrease as 6 increases, and then the SW in the second period in model I, #/,, decreases
as 0 increases.
Table 6a  Effect of recycling rate /1 on the optimal operation and SW in model I

A P d 1y Tirs Th T Ty Cs; EL; T

076 956  0.27 0.7 1579 9322 69 1,097.6 1829 -13.1 1,267.4
0.80  9.58 0.19 1.5 1615 9309 69 1,100.7 1834 129 1,271.1
0.84  9.59 0.10 23 1651 9295 69 1,103.8 184.0 -12.8 1,275.0
0.88 9.61 0.03 3.1 168.7 9282 69 1,1069 1845 -12.6 12788

Table 6b  Effect of recycling rate /4 on the optimal operation and SW in model II

I big 1 11 1 1 1 1 I I
A P2 Y T ) Tpy TN LX) Cs, ELL 43

sw2

0.76  9.50 0.63 239 1540 938.1 6.8 1,122.8 1804 -13.0 1,290.2
0.80 9.51 054 247 1576 936.6 6.8 1,125.7 181.0 -12.8 11,2939
0.84 953 045 254 1612 9352 6.9 1,128.7 181.6 -12.7 1,297.6
0.88 9.54 037 263 1649 9338 6.9 1,131.8 1822 -12.5 1,301.4

Table 6¢c  Effect of recycling rate 1 on the optimal operation and SW in model III

N
076 950 063 239 1540 9382 68 1,1229 1804 -13.0 1,290.3
080 951 054 247 1576 9366 68 1,1258 181.0 —-12.8 1,294.0
084 953 045 254 1612 9352 69 11,1288 181.6 -12.7 1,297.7

0.88 954 037 263 1649 9338 69 1,131.8 1822 -12.5 1,301.5

In models II and III, as @ increases, the profits of a third party and a battery manufacturer
in the second period decrease, while the profits of a power grid company and a vehicle



Optimal operation and social evaluation in a closed-loop supply chain 211

manufacturer increase under this situation. As a result, the profit of CLSC in the second
period in models II and III, z% and =¥, increases, the CSy and CSy’ in models I and
IIT decrease and the EIy and EI in models II and III are improved, as 6 increases, and
then the SW in the second period in models II and III, =%, and =/

sw2 sw2>

increase as 0
increases.

6.4 Effect of recycling rate A on optimal operation and SW in each model

Tables 6a, 6b and 6¢ show the effect of the recycling rate 4 on the optimal operation, the
profits, CS and EI and SW in the second period in models I, II and III. Based on the
assumptions of conditions regarding the optimal decisions for decision variables, p> and
y, in model i (€ {/, 11, III}) in this paper, the standard value of 1 in each table was chosen
as 0.8 and the value of 4 was varied in increments of 0.04, based on the assumptions of
conditions regarding the optimal decisions for decision variables, p» and y, in model i
(e {L, 11, II1}) in this paper. The results from Tables 6a, 6b and 6¢ are summarized below.

Table 7a  The effect of percentage of government subsidy to a third party for secondary use
batteries sales 74 on the optimal operation and SW in model 11

11
sw2

0.07 955 035 245 1597 9335 6.9 1,124.6 1823 -129 1,294.0
0.11 953 044 246 1587 935.0 6.9 1,125.1 1817 -129 1,2939
0.15 951 054 247 157.6 936.6 6.8 1,1257 181.0 -12.8 1,293.9
0.19 949 064 247 1565 9382 6.8 1,126.3 1803 —-12.8  1,293.8
023 948 074 248 1554 9399 6.8 1,126.9 179.6 -12.8 1,293.8

I 1 1 1 1 1 1 I I
Nth P> Y r) g Tpy TN sy CS; ElL T

Table 7b  The effect of percentage of government subsidy to a third party for secondary use
batteries sales 7 on the optimal operation and SW in model III

w PP Al af alh al CoSp EP b
0.07 955 035 245 1597 9335 6.9 1,1246 1823 129 1,294.0
0.11 9.53 044 246 158.7 935.1 69 1,1252 1817 129 1,294.0
0.15 951 054 247 1576 9367 6.8 1,1258 181.0 —-12.8 1,294.0
0.19 949 0.64 247 1565 9383 6.8 1,1264 1803 -12.8 1,2939

023 948 0.74 248 1554 940.0 6.8 1,127.0 179.6 -12.8 1,293.9

As 1 increases, the optimal value of the battery price pi in the second period in model i
increases. The optimal value of the battery price p, in the second period, pj, increases in
model II, p¥, and pi in model III are lower than p! in model 1. This is due to the
increase in the recycling rate A for low-quality batteries increases the quantity of recycled
material g,2 and decreases the quantity of new batteries g,». As 4 increases, the optimal
value of the secondary use rate y’ in model i is decreases. This is due to the increase in the
recycling rate A of low-quality batteries improves the profit of a third party by recycling
the batteries into materials rather than secondary use of medium-quality batteries. As 4
increases, only the profit of a power grid company in the second period only in model 7,
nh,, decreases, but the profits of other members in model i, #i,,, =},, =},, increase. As
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a result, the profit of CLSC in the second period, z},, and the CSj increases, and the EI;

in model 7 is improved as 4 increases, and then the SW in the second period in model 7,
ni,,, increases as 6 increases.

These results showed that the increase in the recycling rate 4 of used batteries enables
a favourable decision making in CLSC from the viewpoint of social evaluation.

6.5 Effect of percentage of government subsidy to a third party for secondary
use batteries sales n;, on optimal operation and SW

Tables 7a and 7b show the effect of the percentage of government subsidy to a third party
for secondary use batteries sales 7, on the optimal operation, the profits, CS and EI and
SW in the second period in models II and III. Based on the assumptions of conditions
regarding the optimal decisions for decision variables, p, and y, in model i (€ {/, II, III})
in this paper, the standard value of 7, in each table was chosen as 0.15 and the value of
ns was varied in increments of 0.04, based on the assumptions of conditions regarding
the optimal decisions for decision variables, p, and y, in model i (e {/, II, III}) in this
paper. The results are summarized below.

The optimal value of the battery price p; in the second period in model II, p¥, and

p¥ in model I1I are same for the change of #,.. As 4 increases, pi and pi’ decrease.

Table 8a  The effect of percentage of subsidy of used battery collection cost d. on the optimal
operation and SW in model 11

1

Oc )23
0.2 951 054 222 1576 9366 6.8 11,1232 181.0 -12.8 1,291.4
0.4 9.51 054 247 157.6  936.6 6.8 1,125.7 181.0 -12.8 1,293.9
0.6 951 054 272 1576 9366 6.8 11,1282 181.0 -12.8 1,296.4
0.8 951 054 297 1576 9366 6.8 1,130.7 181.0 -12.8 11,2989

11 1 1 I 1 I I I I
Y ry Lave) Ttpy TN sy CS; ELL w2

Table 8b  The effect of percentage of subsidy of used battery collection cost d. on the optimal
operation and SW in model III

)i I )i 1 1 1l 1l )iig )i 1
e )2) a r) Lavp) Tp) 3% LX) Cs, ElL Tsw2

0.2 951 054 222 1576 936.7 6.8 1,123.3  181.0 -12.8 11,2915
0.4 951 054 247 1576 936.7 6.8 1,125.8 181.0 -12.8 1,294.0
0.6 951 054 272 1576 936.7 6.8 1,128.3 181.0 -12.8 1,296.5
0.8 951 0.54 297 157.6 936.7 6.8 1,130.8 181.0 -12.8  1,299.0

The optimal value of the secondary use rate in model II, y7, and y in model III are same
for the change of #,. As 54 increases, y! and Y increase. As 7, increases, the profits of a
third party and a power grid company increase, while the profits of a battery
manufacturer and a vehicle manufacture decrease. As a result, the profit of CLSC
increases, as 7 increases. This is because the increment of the profits of a third party and
a power grid company is higher than reduction of the profits of a battery manufacturer
and a vehicle manufacture. As 7y increases, in models II and II1, the profit of CLSC, =%,

and z%, increases and the EI, E/J and EI{, is improved, while the CS, CS¥ and CSi”

decreases. As a result, the SW in model II, z”,, and z/7, in model III decreases, as #x
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increases. This is because the reduction of the CS, CS¥ and CSJ is higher than the
improvements of the profit of CLSC, =/, and z¥, and the EI, EI{ and EI, as ns
increases. The above results are the first answer of RQ4.

6.6 Effect of percentage of government subsidy of used battery collection cost o,
on optimal operation and SW in each model

Tables 8a and 8b show the effect of the percentage of government subsidy of used battery
collection cost J. on the optimal operation, the profits, CS and EI and SW in the second
period in models II and III. Based on the assumptions of conditions regarding the optimal
decisions for decision variables, p» and y, in model i (e {/, II, III}) in this paper, the
standard value of J. in each table was chosen as 0.4 and the value of 5, was varied in
increments of 0.2, based on the assumptions of conditions regarding the optimal decisions
for decision variables, p, and y, in model i (€ {/, II, IIl}) in this paper. The results are
summarized below.

The optimal value of the battery price p; in the second period in model II, p#, and
p¥" in model IIT are unchanged even if the effect of J. increases. The optimal value of
the secondary use rate in model II, ", and »" in model III are unchanged even if the
effect of J. increases. As J. increases, the profit of a third party only increases, while the
profits of a battery manufacturer, a power grid company and a vehicle manufacture are
unchanged. As J. increases, in models II and 111, the profit of CLSC, #%,, and =%, only
increases, while the EI, EI and EI), and the CS, CSy and CS¥ are unchanged. As a
result, the SW in model I, zZ,, and z/Z

sw2 sw2

in model III increases, as J. increases.

Table 9a  The effect of percentage of subsidy for used battery dismantling cost ds on the optimal
operation and SW in model 11

I 1 1 I 1 1 Y] I I I
dd P2 e ry Ty Tpy TN 52 CS; ELL T

1 9.51 0.54 103 157.6  936.6 6.8 1,111.3  181.0 —-12.8 1,279.5
3 9.51 0.54 17.5  157.6  936.6 6.8 1,1185 181.0 -12.8 1,286.7
5 9.51 0.54 247  157.6  936.6 6.8 1,125.7 181.0 -12.8 11,2939
7 9.51 0.54 319 157.6  936.6 6.8 1,132.9 181.0 -12.8 1,301.1

Table 9b  The effect of percentage of subsidy for used battery dismantling cost ds on the optimal
operation and SW in model III

11 11 111 11 11 1 1 11 1 1
dd P> Y r) Ty Tps N2 52 CS;3 ELL w2

1 9.51 0.54 103 157.6  936.7 6.8 1,111.4  181.0 -12.8  1,279.6
3 9.51 0.54 175 157.6  936.7 6.8 1,1186 181.0 -12.8 1,286.8
5 9.51 0.54 247 157.6  936.7 6.8 1,125.8 181.0 -12.8  1,294.0
7 9.51 0.54 319 157.6 936.7 6.8 1,133.0 181.0 -12.8 1,301.2

These results showed that the increase in the percentage of subsidy of used battery
collection cost J. to a third party enables a favourable decision making in the collection
activity of used batteries in CLSC from the viewpoint of social evaluation. The above
results are the second answer of RQ4.
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6.7 Effect of percentage of government subsidy for used battery dismantling
cost dq4 on optimal operation and SW in each model

Tables 9a and 9b show the effect of the percentage of government subsidy for used
battery dismantling cost d; on the optimal operation, the profits, CS and EI and SW in the
second period in models II and III. Based on the assumptions of conditions regarding the
optimal decisions for decision variables, p» and y, in model i (€ {/, II, III}) in this paper,
the standard value of d, in each table was chosen as 5 and the value of d, was varied in
increments of 2, based on the assumptions of conditions regarding the optimal decisions
for decision variables, p> and y, in model i (€ {/, II, III}) in this paper. The results are
summarized below.

The optimal value of the battery price p in the second period in model 11, p#, and
p¥ in model IIT are unchanged even if d, increases. The optimal value of the secondary
use rate in model II, yZ, and ! in model III are unchanged even if J, increases. As d4
increases, the profit of a third party only increases, while the profits of a battery
manufacturer, a power grid company and a vehicle manufacture are unchanged. As dq
increases, in models II and III, the profit of CLSC, z¥,, and z%, only increases, while
the EI, EIY and EI)", and the CS, CS¥ and CSi" are unchanged. As a result, the SW in
model II, z7,, and =/, in model III increases, as d, increases.

sw2

Table 10a  The effect of percentage of subsidy for the purchase of secondary use batteries # on
the optimal operation and SW in model I

n 2 v Tty Tir Th T Ty Cs; EI] T2

0.00 958 0.19 15 1615 930.8 6.9 1,100.6 183.4 -12.9 1,271.1
0.05 958 0.19 15 1615 930.8 6.9 1,100.7 183.4 -12.9 1,271.1
0.10 958 0.19 15 161.5 930.8 6.9 1,100.7 183.4 -12.9 1,271.1
0.15 958 0.19 15 1615 9309 6.9 1,100.7 183.4 -12.9 1,271.1
020 958 0.19 15 1615 9309 6.9 1,100.7 183.4 -12.9 1,271.2
025 958 0.19 15 161.5 9309 6.9 1,100.7 183.4 -12.9 1,271.2
030 958 0.19 15 1615 9309 6.9 1,100.7 183.4 -12.9 1,271.2

Table 10b  The effect of percentage of subsidy for the purchase of secondary use batteries # on
the optimal operation and SW in model 11T

1 11 i 1l 1l 11l 1 1 1l
n P b4 r) Wyvp) Tp X3! Cs; El; Tsw2

0.00 951 054 247 157.6 936.6 6.8 1,125.7 181.0 -12.8 11,2939
0.05 951 054 247 157.6 936.6 6.8 1,125.7 181.0 -12.8 11,2939
0.10 951 054 247 157.6 936.7 6.8 1,125.8 181.0 -12.8 1,293.9
0.15 951 054 247 157.6  936.7 6.8 1,125.8  181.0 -12.8 1,294.0
020 9.51 054 247 157.6  936.7 6.8 1,125.8  181.0 -12.8 1,294.0
025 951 054 247 157.6  936.7 6.8 1,125.8 181.0 -12.8 1,294.0
030 951 054 247 1576 9368 6.8 1,125.9  181.0 -12.8 1,294.0

1l
N2

These results showed that the percentage of government subsidy for used battery
dismantling J; to a third party enables a favourable decision making in dismantling
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activity of used batteries in CLSC from the viewpoint of social evaluation. The above
results are the third answer of RQ4.

6.8 Effect of percentage of government subsidy for the purchase of secondary
use batteries n on optimal operation and SW in each model

Tables 10a and 10b show the effect of the percentage of government subsidy for the
purchase of secondary use batteries # on the optimal operation, the profits, CS and EI and
SW in the second period in models I and III. Based on the assumptions of conditions
regarding the optimal decisions for decision variables, p, and y, in model i (€ {/, II, III})
in this paper, the standard value of # in each table was chosen as 0.15 and the value of #
was varied in increments of 0.05, based on the assumptions of conditions regarding the
optimal decisions for decision variables, p> and y, in model i (€ {/, II, III}) in this paper.
The results are summarized below.

The optimal value of the battery price p, in the second period in model II, p¥, and

p¥" in model IIT are unchanged even if d, increases. The optimal value of the secondary

use rate in model II, y7, and » in model III are unchanged even if J, increases.

As 7 increases, the profit of a power grid company only increases, while the profits of
a third party, a battery manufacturer and a vehicle manufacture are unchanged. As #
increases, in models I and 111, the profit of CLSC, z%,, and =¥, only increases, while the
El, EIl and EIJ, and the CS, CS; and CS# are unchanged. As a result, the SW in
model II, #.,, and =%

L s I, in model III increases, as # increases.

These results showed that the increase in the percentage of subsidy for secondary use
batteries purchase batteries # to a power grid company enables a favourable decision
making in purchase of secondary use batteries in CLSC from the viewpoint of social

evaluation. The above results are the fourth answer of RQ4.

7 Conclusions

This paper proposed the optimal operation of a two-period CLSC considering quality of
used batteries, their secondary use and recycling into materials, and government subsidy
programs for the secondary use of batteries, and made SW evaluation for the optimal
operation in CLSC. The CLSC consisted a battery manufacturer, a third party, a power
grid company, and a vehicle manufacturer. This paper considered model I where the
government gives a subsidy # only to a power grid company who purchases secondary
use batteries, model II where the government gives subsidies (Jc, da, #4) to a third party
who collects, dismantles, and sells secondary use of used batteries and model III where
the government gives a subsidy 1 to a power grid company who purchases secondary use
batteries, and subsidies #, d., da, ns to a third party who collects dismantles used batteries,
and sells secondary use batteries.

Numerical analysis first compared the optimal operation, profit and SW of models I,
II and III, giving numerical examples. Next, sensitivity analysis clarified how the
collection rate 6, the quality classification and recycling rate of used batteries and
government subsidies for collection, dismantling and secondary use affected the optimal
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operation of the two-period CLSC and the SW. The results of the SW were summarized
below.

The SW in second period was equal for models II and III and higher than for model 1.

The SW in government subsidy model for collection, dismantling and secondary use
in CLSC in the second period was unaffected by changes in the percentage of quality
classifications: high quality, medium quality and low quality of used batteries.

As the collection rate of used EV batteries 6 increased, the SW in CLSC in second
period decreased in model I and increased in models II and III.

The SW in the second period in CLSC increased for all models as 4 increased. These
results showed that the increase in the recycling rate A of used batteries enables a
favourable decision making in CLSC from the viewpoint of social evaluation.

As the percentage of government subsidy to a third party for secondary use batteries
sales 7, increased, the SW in second period in models II and III decreased.

As the percentage of subsidy of used battery collection cost d. increased, the SW in
second period in models II and III increased. The increase in the percentage of subsidy of
used battery collection cost J. to a third party enabled a favourable decision making in the
collection activity of used batteries in CLSC from the viewpoint of social evaluation.

As the percentage of government subsidy for used battery dismantling J, increased,
the values of SW in models II and III increased. The increase in the percentage of
government subsidy for used battery dismantling d, to a third party enabled a favourable
decision making in dismantling activity of used batteries in CLSC from the viewpoint of
social evaluation.

As the percentage of subsidy for secondary use batteries purchase batteries #
increased, the values of SW in models II and III increased. The increase in the percentage
of subsidy for secondary use batteries purchase batteries # to a power grid company
enabled a favourable decision making in purchase of secondary use batteries in CLSC
from the viewpoint of social evaluation.

Without public subsidies from the government The two-period CLSC model in this
study would be able to promote the secondary use and recycling of used EV batteries by
sharing the revenues and costs generated by the secondary use and recycling of used EV
batteries among all relevant companies involved in the CLSC in the second period.

The two-period CLSC model in this study mainly targets the automotive industry that
handles EV batteries. However, it is possible to replace EV batteries with general
products such as home appliances, PCs, and semiconductors. In this case, we believe that
the modelling and optimal operation decision methods for secondary use and recycling of
used products in the two-period CLSC model proposed in this study can be applied to
used products handled by general manufacturing industries.

As future research, it is necessary to incorporate

1 the collection rate of used batteries
2 the warranty periods of new batteries, secondary use batteries and recycled materials

3 government subsidies for activities of collection, dismantling and secondary use into
the optimal operation of two-period CLSC.
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