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Abstract. In order to improve the collaborative operation performance of a
closed-loop supply chain system under the uncertain environment of waste
product recycling volume, a multi-objective robust optimization method based
on scenario analysis was developed for a third-party recycling-type closed-loop
supply chain system consisting of suppliers, manufacturers and third-party re-
cycling-type closed-loop supply chain system composed of suppliers, manufac-
turers and recycling processing centers, a multi-objective robust optimization
model is established using a robust optimization method based on scenario
analysis. . The model takes into full consideration the overall coordination of the
system operation and also meets the profit maximization goal of each enterprise.
The example analysis shows that through the robust optimization analysis shows
that through the robust optimization control, the overall profit of the system and
the profit of each enterprise can be stabilized within a certain range under the
fluctuation of the recycling volume of waste products. When the recycling rate is
increased, the overall profit of each enterprise and the system can be increased
significantly.
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1 Introduction

The accelerated rate of product replacement leads to more and more significant waste
of resources, and recycling and remanufacturing of used and end-of-life products can
reduce the environmental The recycling and remanufacturing of used products can
reduce environmental pressure, reduce energy consumption, reduce production costs
and many other advantages!!l.Therefore, product recycling and remanufacturing is
beginning to be emphasized by more and more enterprises, there are manufacturers
engaged in recycling and remanufacturing, such as Huawei and Xiaomi; there are also
third-party remanufacturers engaged in recycling and remanufacturing, such as GEM.
The product recycling and remanufacturing process has been emphasized by more and
more enterprises. In the process of product recycling and remanufacturing, it is not
possible to simply separate suppliers, manufacturers, retailers and recycling centers. In
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the process of product recycling and remanufacturing, suppliers, manufacturers, re-
tailers, and recycling centers cannot be simply separated, so how to better improve the
collaborative operation of enterprises in the supply chain and enhance their overall
performance has attracted the attention of scholars.

The research on product recycling and remanufacturing in the existing literature was
initially based on reverse logistics collaborative operations, and the closed-loop supply
chain research started late in China and was developed on the basis of reverse supply
chain because of the advantages of saving resources and reduce environmental pollu-
tion and other advantages, it has now become the main way to realize circular economy
in many developed countries®?!.Since uncertainty factors such as market demand, re-
cycling volume of used products, recycling utilization rate, and recycled product
quality have a greater impact on the closed-loop supply chain and the volatility of
enterprise profit, therefore, under the uncertainty conditions, the study of how the
closed-loop supply chain system operates has become the focus of scholars. Therefore,
the study of how closed-loop supply chain system operates under uncertain conditions
has become the focus of scholars' research. For example, Navid Zarbakhshnia et al.
developed a mixed-integer linear programming model under product demand uncer-
tainty to determine the reverse goods transportation strategies for reverse flows™.Yu
Hao et al. developed a fuzzy stochastic multi-objective mathematical model for sus-
tainable closed-loop supply chain network design for balancing cost-effectiveness and
environmental performance under different types of uncertainties*!; Baptista et al. used
a two-stage multi-period stochastic hybrid 0+1 bilinear optimization model to max-
imize the net present value of the total profit over a certain period of time in closed-loop
supply chain operations®!. Xu J W et al. constructed an operational model of a
closed-loop supply chain using robust optimization in an environment of demand
uncertainty®l. Hadi et al.used an improved genetic algorithm to construct an environ-
mental hazard model for the closed-loop supply chain of the melting industry in an
uncertain environment to optimize the overall profit!”,

At present, domestic and foreign scholars' research methods on supply chain net-
work under uncertainty conditions mainly include stochastic planning, fuzzy planning
and robust optimization methods. The advantage of the robust optimization method is
that it can consider the variation of the objective function value under the interference
of uncertainty factors and increase the robustness of the system at the same time, in-
stead of only focusing on the mathematical expectation value of the objective function.
Therefore, based on the existing literature, this paper establishes a robust optimization
model for the operation of the third-party recycling-type closed-loop supply chain
system under the uncertainty environment, taking into account the uncertainty of the
recycling volume of the third-party recycling-type closed-loop supply chain and the
optimal cost of the closed-loop supply chain system operation, and aiming at the overall
coordination of the operation of the closed-loop supply chain system and the maxi-
mization of the profit of the members, and analyzes and illustrates the model through
the calculation examples. The model is also analyzed through examples to illustrate the
application of the model in enterprise operation, which provides new ideas for the
design and operation of the third-party recycling-type closed-loop supply chain system.
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2 Description of the Problem

In this paper, through a multi-tier, multi-product, third-party recycling-based
closed-loop supply chain system. the forward logistics consists of suppliers, manu-
facturers and customers, where suppliers buy raw materials from the raw material
market to process them into materials, and manufacturers buy materials from suppliers
to process and manufacture them into new products and then sell them directly to the
customer points; and the reverse network consists of customers, recycling centers,
manufacturers, and suppliers, where Among them, the recycling center recovers the
consumed products from the customers and inspects them to divide them into four
categories:

(1) Parts suitable for repair, which are shipped to manufacturers for repair and
re-sale; (2) Parts suitable for dismantling, which are dismantled into components and
shipped to suppliers for disposal; (3) Parts that are suitable for complete disassembly
into raw materials will be disassembled into raw materials and shipped to the raw
material market for disposal. (4) Parts that cannot be reused are directly discarded and
transported to the garbage disposal station for disposal.

The main task in the optimization of a third-party recycling-based closed-loop sup-
ply chain system under uncertainty in the amount of used and end-of-life products to be
recycled is to determine the manufacturer's sales and profit, the producer's production
and profit, the recycling center's actual recycling volume and profit, and the overall
profit of the closed-loop supply chain system for a given closed-loop supply chain
system operating cycle as well as the closed-loop supply and demand for the products
in the closed-loop supply chain system, the product price, the price of the raw materials,
the recycling costs, the disposal costs of the products, and the other operational costs of
the closed-loop supply chain system.

In establishing the closed-loop supply chain model under the uncertainty of the re-
cycling volume of waste products, the following four objective functions are to be
considered comprehensively: (1) Coordination of the overall operation of the supply
chain, i.e., the manufacturer orders the same amount of material and the supplier de-
livers the same amount of material. (2) Manufacturers to maximize profits. (3) Sup-
pliers maximize profits. (4) Recycling processing center to maximize profits. The
specific parameter settings and variable descriptions are shown in Table 1.

Table 1. Model Parameters and Variables Explained

Parameter Parameter definition Parameter Parameter definition
. Materials of the manufacturer ) Manufacturer's unit inventory cost for
u’ y
i ) ; -
(i=1,2,...,]) ! material i
. final product(=1,....J) Ul Supplier's unit inventory cost for
. inal product(j=1,..., i L
J P ! material i

The unit inventory cost of the
t stage(t=1,2,...,T) u; third-party recycling center for the
waste product j
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b Raw materials of 0 Unit Material i Occupies Supplier's
suppliers(h=1,2,...,H) / Inventory
. r I .
a Sales volume of product j at stage t X0 Initial inventory of final product j
X . .. r Manufacturer's initial inventory of
Jt Production of product j in stage t Yo . Y
material 1
L r Supplier's initial inventory of
X Inventory of product j in stage t Z; L
J yorp J & 70 material i
y L The manufacturer's inventory of gL‘ The initial inventory of waste product
it material i in stage t Jo j by the third-party recycling center
The manufacturer's order quantity of L Total inventory capacity of the
Vi o X P ,
material i in stage t manufacturer 's products
/ Supplier's delivery of material i in y L Ttotal inventory capacity of
. stage t manufacturer 's materials
z Supplier's productive output of 7 I Total inventory capacity of supplier
. material i in stage t raw materials
ZL The supplier 's inventory of material i G Lo Third-party recycling center total
it in stage t inventory capacity
f The actual recovery amount of & Bill of materials coefficient of
I product j in stage t st product j to material i
The inventory of waste product j b . . .
L . Y . P J_ Y x Bill of materials coefficient of
8t the third-party recycling center in Sin . .
material i to raw materials
stage t
.. The supply of raw material h in stage
d Jjt The demand for product j in stage t Snt PP ) g
. .. k Consumption rate per unit production
P Price of product j in stage t H; . .
capacity of product j
. . Consumption rate per unit production
q Price of material i in stage t ,U,-e P . P .p .
capacity of material i
. . . Manufacturer's maximum production
Ty Price of raw material h in stage t Kma . P
capacity
/3 ) The recovery cost of waste product j pmax Supplier maximum production
I in stage t capacity
Variabl facturi ‘ it The maximum waste disposal
x ariable manufacturing cost per uni . . .
c; of prod g P Fmax capacity of the third-party recycling
product )
center
oz Supplier's unit variable cost of 7/1_ Maintenance cost of recycling waste
! producing material i I product j in stage t
x .. . 2 Disassembly cost of waste product j
u; The unit inventory cost of product j Vit Y . P ]
n stage t
7/3 Decomposition cost of waste product 91 Maintenance rate of waste product j
Jt Jt

jinstaget

in stage t




Robust Optimization of Closed-Loop Supply Chain Operations 43

92 Disassembly rate of waste product j 93 Decomposition rate of waste product
I in stage t I jinstaget
| The cost of recovering the repairable ) The cost of materials purchased by
aj waste product j by the manufacturer aj the supplier from the third-party
in stage t recycling center in the stage t
Raw material market cost of . ..
3 ) . e Supplier's shortage of product j in
aj purchasing raw materials from Jjt stage t
third-party recycling centers in stage t g
c Remaining supply of raw material h c Recovery rate of waste product j in
. jt
ht 1n stage t I stage t
‘ul The unit processing capacity 0" Unit product j Occupies the inventory
J consumption rate of waste product j J of third-party recycling centers
n Transportation cost of waste product j k The recovery amount of waste
jt . jt ..
I n stage t / product j in stage t

The following assumptions are made when building the model:

Assumption 1: The third-party recycling and processing center recycles and pro-
cesses used products, and sells repairable used products directly to the main manu-
facturer, assuming that there is no quality difference between the repaired product and
the newly manufactured product.

Assumption 2: It indicates the delayed recycling of used products, i.e., products sold
to customers at stage t can only be recycled after a period of time.

Assumption 3: When disassembling, the disassembled materials of the unit of waste
products can be completely recycled and reused, and there is no quality difference;
when disassembling, all the raw materials of the waste products can be completely
recycled and reused, and there is no quality difference.

Assumption 4: The maximum use time of product is N;.

3 Closed-Loop Supply Chain Robust Optimization Model

3.1 Specific Operational Objectives the Above 4 Objectives are Modeled as
Follows

Objective 1: Overall supply chain coordination:

Objective 2: Manufacturer profit maximization:

T J 1
R b L L
maxc = Z[Z(pjtaﬂ —C;th —M;xﬁ _leejt)_z(qitvit +uiyyit )]

=1 j=1 i=1

T J -7
_Z ps[ZZ(ajt + 7jt)ijs,k6}t]
k=1

seQ) t=1 j=1
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Objective 3: Supplier profit maximization:

max c” _Zz(qn it — Z _” Z Zttzrhtstt) ZZ(WZhght)

t=1 i=1 t=1 h=

T J
+Z ps[ZZ(th _ajzt)z(fjsk )ZZ(Sjt Sth

seQ t=1 j=1 k=1 i=1 h=1

Objective 4: Maximize the profit of the recycling and processing center:

1=

T J T t—1
maxc” = ZpS[ZZ(a tz j,ﬁjlt +a; ijké?z +a; Zfﬁﬁft)
k k=1

seQ) t=1 j=1 =
t-m J J T J t-1m 5 3 3
—ZZﬁﬂfj ZZM“’gu ZP ZZ 7’jtf1§<9ﬂ +75f % 05)
k=1 j=1 j=lt=1 seQ  j=lk=1
t-m J
_zgzps;Zlnjtﬂi(l_g}t _sz't _613';)
s€ =l j=

3.2  Description of the Basic Model

In this paper, the above four specific objectives are to be considered comprehensively
when constructing the basic model of closed-loop supply chain operation. However, the
realization of multiple objectives is contradictory to each other, so this model realizes
the coordination between different objectives by adding different priority levels. Since
the overall coordination of supply chain is the first condition for supply chain operation
and satisfying customer demand, the overall coordination of supply chain is set as the
maximum priority level, while the other three objectives have the same priority level.
Assume that MR is the manufacturer's desired profit, MZ is the supplier's desired profit,
MN is the third-party recycling and processing center's desired profit, d; is the man-
ufacturer's desired profit unrealized, dj is the supplier's desired profit unrealized,dy is
the third-party recycling and processing center's unrealized, d;; and dj denote the
surplus and shortage values of the material i delivered by the supplier and the material i
ordered by the manufacturer at stage, respectively. The multi-objective model of
closed-loop supply chain operation under the uncertainty of recycling quantity of used
products can be obtained by setting different priority factors and considering multiple
operational objectives.

T 1
mink, = py Y > (di +d;)+ prdytp,dy + pydy

t=1 i=1

3.3 Constraints

(1) Transform objective 1 into objective constraints
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v, =L, +d; —d; =0 Vit
(2) Transform objective 2 into objective constraints

R vdy—dy =M~

TJ I
R X x_L v, L
c = Z[Z(pjtajt TC Xy U X, _leejt)_z(qitvit +u; yi)]

t=1 j=l1 i=1
SNV HACTE MZ S0
seQ) t=1 j=1

(3) Transform objective 3 into objective constraints
ctvd; —d =M*

1
Z qlt it Zttzrht It) ZZ(WZhght)

i=1 t=1 h=

T J —,
ZZ (7 = ajz't )Z (/; )Z Z (555)]

t=1 j=1 k=1 i=l h=

DM T M’ﬂ

(4) Transform objective 4 into objective constraints

N vdy —diy =MV

T J - t—m
V< pS[ZZ(a}tk [0} +at; ijkez +a kakaft)
seQ t=1 j=1 =1 =1
t— J ‘ J T L J t—-1
_k lzlﬁjtfjsk _lelu'git]_zgp ZAZ 7jtfjk +71tfjk )
=1 j= j=lt= NS =1k=1
t—-m J
_Zglzps;znjtfjk (1 ejzt _Q;t)
se J

(5) Manufacturer's production capacity

J
Z X < g max
(6) Manufacturer's final product inventory constraints

-
L L s pl .
Xj = x5 X+ D [0 —ay, Vits
k=1
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Lo Ly s
Xjo =X Vi

Z XL ox < XLmax
(7) Manufacturer's material inventory constraint

J
L _ L X .
Yit = Vi1 +Vy _Zsjtxjt Vj,t,s
J=1

Yio = ¥ig Vi
)i
> yiol <YH™ vy
(8) Manufacturer's product sales volume
a,+e, =d; Vjt
(9) Supplier material absolute constraint

Zit tt1+Ztl+ijtk VZ ],t,S

L Ly
Zig = Zg Vi

Zznol < ZEm g
(10) Supplier's production capacity absolute constraint
)i
> uiz, SE™ vt
i=1
(11) Raw material supply absolute constraint

1 J
z
Zsih[zit _ZS jt
i=1

t—1
j=l k=

f,t 971<=58,, Yhts
1

(12) Absolute constraints on the processing capacity of third-party recycling and
processing centers

Z,uj % SFT ks
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(13) Absolute constraints on inventory of used products at third-party recycling and
processing centers

-
€5 =&+ [ = 2 [0, +05,+0,) Yj.t,s
k=1
gjL'o = gij) vj
J
Zgjt GLmax Vi
j:

(14) Actual recycling constraints of the third-party recycling processing center
f;st X gjst <= kjst vssj;t
(15) Non-negative constraints

L + + + + Z N
ajt’xjt’xjtﬁyjt’ I[’lll’ it> tt’fjt’gjt’dtt’dzt’d d d d d d C €€ 20

3.4  Robust Optimization Model

In this paper, the coordination of the supply chain system operation and the uncertainty
of the recycling volume of used products are considered together, and different sce-
narios are analyzed to describe the uncertainty of the recycling volume of used prod-
ucts. In order to ensure that the model is feasible and optimal in any possible scenario,
this paper establishes a closed-loop supply chain system design model that considers
both solution robustness and model robustness based on the robust optimization
method proposed by Mulvey et al'®],

H J T
222 Pyt en)

=1 j=1 =1

an

min Zpstcé AZpS (Zp K. —K)+2v]]-o

s=1 s

I
=

4 Conclusion

This paper investigates the optimization design problem of a third-party recycling-type
closed-loop supply chain system, with the purpose of exploring how to keep the oper-
ation of the system robust under the influence of uncertainty while maximizing the
profit of the enterprise. Using the robust optimization method based on scenario anal-
ysis, a robust optimization model is established under the uncertainty of the recycling
volume of used products, and the model is proved to be both solution-robust and
model-robust through simulation analysis. The optimization design of the supply chain
system model can maintain the continuity of the third-party recycling closed-loop
supply chain system operation under the fluctuation of the recycling volume of used
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products and obtain the optimal enterprise operation strategy, which can provide cor-
responding suggestions for the decision makers.
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