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Abstract: First a remanufacturing logistics network is con-
structed, in which the structure of both the forward logistics and
the reverse logistics are of two levels and all the logistics
facilities are capacitated. Both the remanufacturing products and
the new products can be used to meet the demands of customers.
Moreover, it is assumed that homogeneous facilities can be
designed together into integrated ones, based on which a mixed
integer nonlinear programming ( MINLP) facility location model
of the remanufacturing logistics network with six types of
facilities to be sited is built. Then an algorithm based on
enumeration for the model is given. The feasible combinations of
binary variables are searched by enumeration, and the remaining
sub-problems are solved by the LP solver. Finally, the validities
of the model and the algorithm are illustrated by means of an
example. The result of the sensitivity analysis of parameters
indicates that the integration of homogeneous facilities may
influence the optimal solution of the problem to a certain degree.
Key words: reverse logistics; remanufacturing logistics network;
facility location

acility location is an important issue in reverse logistics
F network design. A reasonable facility location can bring
down costs, raise recovery efficiency and improve the degree
of customer satisfaction, and even it is of great significance
in the whole reverse logistics system operation.

Based on the classification of return-objects proposed by
Fleischmann et al. " and the main recovery options catego-
rized by Thierry et al. "', four kinds of basic reverse logis-
tics networks can be identified: the directly reusable net-
work, the remanufacturing network, the repair service net-
work and the recycling network. In this paper, we focus on
the remanufacturing logistics network. The process of reman-
ufacturing usually includes several activities as follows: col-
lection, checking, sorting, disassembly, remanufacturing, dis-
posal and redistribution'*'.

Several works of literature researched the facility location
problem in the remanufacturing logistics network. Thierry"’
and Krikke et al. " built a linear programming (LP) model
and a mixed integer linear programming ( MILP) model to
design distribution and product recovery networks for copy-
ing machines, respectively. Jayaraman et al. '*' proposed an
MILP model to solve the problem of the location of remanu-
facturing/distribution facilities and to optimize the corre-
sponding flows of remanufactured products. Shih'” proposed
an MILP model to design a recycling network of electrical
appliances and computers. Min et al. ! researched the prob-
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lem of determining the number and location of centralized
return centers ( CRCs), based on which they proposed a
mixed integer nonlinear programming( MINLP) model and a
genetic algorithm to solve the model. But Shih' and Min et
al. """ did not consider the mutual interactions and the inte-
gration of the forward logistics and the reverse logistics. Mo-
reover, a review of the quantitative models of remanufactur-
ing reverse logistics can be found in Ref. [1].

Lu et al. "™ presented a two-level location problem with
three types of facilities to be located in a remanufacturing
logistics network. They proposed an MILP model, in which
they simultaneously considered forward and reverse flows
and their mutual interactions. Based on Lagrangian heuristics
they developed an algorithm to solve the model. But in their
model they did not consider some forward logistics facilities
such as distribution centers( DCs) . They also did not consid-
er the integration of some homogeneous facilities, which can
contribute to the reduction in the total costs. Moreover, they
assumed that all the logistics facilities were uncapacitated.
Aiming at the above deficiencies, we improve on their mod-
els in this paper by adding more logistics participants, and
restricting the capacity of various logistics facilities. Further-
more, we consider the integration of homogeneous facilities
and introduce the parameters of the saving rates of fixed
costs, which can make the objective function nonlinear, so
the original MILP model is converted to the one of an MIN-
LP.

1 Problem Definition

Consider such a remanufacturing logistics network as fol-
lows: the network includes several logistics participants, such
as customer zones, DCs, CRCs, producers, remanufacturing
factories and so on (see Fig.1). We assume that a producer
and a remanufacturing factory can be designed together into
an integrated factory; a DC and a CRC can be designed to-
gether into an integrated center as well.
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Fig.1 The structure of a remanufacturing logistics network

The entire operation process is as follows: First, used
products are recovered by CRCs (or integrated centers),
which are responsible for some essential activities, such as
cleaning, disassembly, checking and sorting. Secondly, the
repairable products are shipped back to the remanufacturing
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factories( or integrated factories) . Thirdly, the remanufactur-
ing factories accept the checked returns and are responsible
for the process of remanufacturing. In addition, as a member
of the forward channel, producers are in charge of making
new products. Finally the two parts of the products are trans-
ported to customer zones together by DCs( or integrated cen-
ters) .

2 Condition Assumptions

Prior to developing the model for reverse logistics net-
work design, we make the following underlying assumptions
and simplifications:

(D The model considers a remanufacturing logistics net-
work, which has only one kind of production during a single
period. The period begins with reverse logistics activities.

(2 The positions of customer zones are known and deter-
ministic, whereas the positions of other logistics facilities
will be chosen from their respective potential location sites.

(® The quantity of product demands and available returns
at the customer zones are known and deterministic.

@ Used products of poor quality are discarded at both
CRC(or integrated centers) and remanufacturing factories( or
integrated factories) .

(3 The product demands at the customer zones can be met
by both new products and remanufactured products. It
means that the remanufactured products from remanufactur-
ing factories are considered the same as the new products
from traditional producers in terms of satisfying the custom-
er zones.

(© Without loss of generality, for the case of a remanu-
facturing activity, we suppose that the total demand for prod-
ucts in the whole logistics system is greater than the quantity
of products that can be obtained by remanufacturing.

(D It is assumed that all the remanufactured products that
can be obtained in the system must be fully used to meet the
product demands of customer zones.

The distances and the freights between different types
of facilities are known and the transportation costs have sim-
ple linear relationships with the volumes.

@ All kinds of logistics facilities are capacitated.

It can be seen that the closed-loop remanufacturing logis-
tics system includes not only the forward logistics but also
the reverse logistics. In this location problem, the structure
of both the forward logistics and the reverse logistics are of
two levels and the number of locations of possible facilities
to be decided on is of six different types: producers, remanu-
facturing factories, integrated factories, DCs, CRCs and inte-
grated centers. Based on the above assumptions and analy-
sis, we develop an MINLP model.

3 Model

Objective function:
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where jeJ={1,2,...,M} and ke K={1,2, ..., P} denote

the index of potential location sites for factories ( producers,
remanufacturing factories and integrated factories) and the
index of potential location sites for intermediate facilities
(DCs, CRCs and integrated centers), respectively; i e I =
{1,2, ..., N} denotes the index of customer zones; F;' and
F" are the fixed costs of setting a producer and a remanu-
facturmg factory at site j, respectively; F' and F| are the
fixed costs of setting up a DC and a CRC at site k, respec-
tively; M and M;" are the maximum production capacity
and the maximum collection/remanufacturing capacity at
site j, respectively; M" and M are the maximum distribution
capacity and the maximum collection capacity at site k, re-
spectively; c;" is the unit production cost at producer j; ¢;" is
the unit remanufacturing cost at remanufacturing factory j;
¢} is the unit variable cost at DC k in forward logistics(in-
cluding packing, sorting and storage in general); c; is the u-
nit variable cost at CRC k in reverse logistics (including col-
lection, checking, storage, sorting and disassembly in gener-
al); c} is the unit discarded cost at CRC k or integrated cen-
ter k; cf is the unit disposal cost at remanufacturing factory j
or integrated factory j; d| is the product demand at customer
site i; d; is the available quantity of return-products ready
for recovery at customer site i; [,; is the distance from facto-
ry j to intermediate facility k; [, is the distance from interme-
diate facility k to customer site i; E, is the freight per de-
mand-distance for forward flows; E, is the freight per recov-
ery-distance for reverse flows; 8 is the percentage at which
the return-products will be discarded at CRC k or integrated
center k(B8 < 1); vy is the percentage at which the return-
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products will be discarded at remanufacturing factory j or in-
tegrated factory j(y <1); a; is the saving rate of the fixed
costs in building an integrated factory at site j(0 <o, <1);
«, 1s the saving rate of the fixed costs in building an inte-
grated center at site k(0 <, <1). o; and o, reflect the de-
gree of the integration of homogeneous facilities. The larger
«a; and o, are, the higher the degree of the integration is.

Y and Y;" are the binary variables for the potential site j.
Y]'.“ =1, if a producer is located at potential site j; ij =0,
otherwise. Y;’" =1, if a remanufacturing factory is located at
potential site J; Y/'.m =0, otherwise. If Yj‘." =1 and Y;.'“ =1,an
integrated factory is located at potential site j; Y® and Y| are
the binary variables for the potential site k. Y} =1, if a DC is
located at potential site k; Y, = 0, otherwise. Y'k1 =1,if a
CRC is located at potential site k; Y; =0, otherwise. If ¥} =
1 and Y} =1, an integrated center is located at potential site
k; kaj is the fraction of product demand at customer site i
which is met by producer j or remanufacturing factory j or
integrated factory j through DC k or integrated center k; X
is the fraction of the quantity of return-products at customer
site 7 that is taken back through CRC £ or integrated center k
to remanufacturing factory j or integrated factory j.

The above model is a capacitated facility location prob-
lem. Solving the problem allows us to decide the locations of
six types of logistics facilities while considering simultane-
ously the forward and reverse flows and to ascertain their
quantitative correlation.

The objective of the model (1) is to minimize the total
costs of the system, which includes the transportation costs,
the fixed costs and the variable costs.

Constraints (2) and (3) stipulate respectively that the de-
mands for products and return-items must be fully met.

Constraint (4) stipulates that no matter what kind of facto-
ry(including producer, remanufacturing factory and integrat-
ed factory)is located at potential site j(j e J), the amount of
the products to meet customer demand is greater than or
equal to the amount of remanufactured products from reverse
flows. Specifically speaking: (D) If a producer is located at
potential site j, the amount of the remanufactured products is
zero and the supply is equal to the amount of new products;
(@ If a remanufacturing factory is located at potential site j,
the amount of new products is zero and the supply is equal
to the amount of the remanufactured products; @ If an inte-
grated factory is located at potential site j, the supply is com-
posed of two parts: The amount of the remanufactured prod-
ucts (1 —y)(1 - B) Z 2 d; X;; and the amount of new

keK iel

> >d X, - (1 -y -

keK iel

products denoted as X/'.“(

B) z Z d; X3 ) , X" = 0. The above analysis means con-
keK iel
straint (4) is satisfied.

Constraints (5) to (8) link the location and allocation
variables, in which six types of logistics facilities are related
to different location variables and two flows are linked to
corresponding allocation variables. Specifically, the location
and numbers of producers are determined by the quantitative
relationship between the forward and reverse flows at poten-
tial site j by constraint(5). Constraint(5) also restricts that
no new products can be provided if no producer is set up at
potential site j and ensures that the amount of new products
does not exceed the maximum capacity of the producer at

potential site j. Constraint (6) provides the relationship be-
tween flow fraction X} and location variable Y;". Constraint
(7) provides the relationship between flow fraction kaj and
location variable Y;. Constraint (8) provides the relationship
between flow fraction X}, and location variable Y.

Constraint (9) restricts that if a DC is located at potential
site k, the amount of products transported to site k does not
exceed its maximum capacity. Constraint ( 10) restricts that
if a CRC is located at potential site k, the amount of return-
products shipped back to site k does not exceed its maximum
capacity. Constraint ( 11) restricts that if a remanufacturing
factory is located at potential site j, the amount of remanu-
facturing products does not exceed its maximum capacity.

Constraint ( 12) assures the binary integrality of decision
variables Y;", Y;"’, Y; and Y',: Constraint( 13) is a non-nega-
tive constraint. Formulae (14) and (15) incorporate the co-
efficients of various cost terms related respectively to varia-
bles ka, and X into their corresponding unified coefficients
cy; and ¢, in the objective function of the model.

4 Algorithm

This is an MINLP model. As the number of various logis-
tics facilities increases, the complexity of the problem in-
creases exponentially. So it belongs to a class of the typical
NP-hard problem. Generally speaking, it is difficult to find
the optimal solution of the NP-hard problem in a limited
time by using conventional methods (such as the simplex
method, the branch and bound method or the cutting plane
method) . In this paper we propose an algorithm based on
enumeration.

Because of the particularity of the model, it can be con-
verted into sub-problem f which belongs to LP after binary
variables (Y;", Y;'", Y,, YL‘) are established because the non-
linearity of the model is generated by binary variables, and
not by continuous variables. Moreover, sub-problem f' can
be solved by the LP solver(such as Lingo 8. 0 and Matlab)
in polynomial time. So we can obtain the optimal solution of
overall problem f. The procedure is as follows:

1) Generate all the combinations by enumeration which
consist of the values of four kinds of binary variables ( Y;",
Y'Y, Y!) representing decision variables related to pro-
ducers, remanufacturing factories, DCs and CRCs, respec-
tively. The number of different combinations is C(M, P) =
2" x2M x 2" x 2" =22M*P

2) After four kinds of binary variables ( Y/'.", Y;m, Y;, Y:) are
established, the feasibilities of all the sub-problems are ana-
lyzed by checking whether they satisfy the capacity con-
straints or not. A feasible sub-problem must satisfy the fol-
lowing four constraints:

(D The total capacities of all the producers plus the quan-
tity of remanufactured products are no less than the total de-
mands of customers:

> 24X,

jeJ kek

S Sax,

keK iel

< SV M+ -yl -p

(2 The total capacities of all the remanufacturing factories
are no less than the total returns from CRCs.

Z 2 Z (1 =pdiX,; < 2 v M

jel keK iel jed

@ The total capacities of all the DCs are no less than the
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total demands of customers.

X Xdx, < Y

jed kek el kek v

3

YoM
=1

@ The total capacities of all the CRCs are no less than
the total returns of customers.
3

TS Yax, <Y Y rM
jelJ keK iel keK v=1
Use the LP solver to solve every feasible sub-problem f.
3) Compare the objective values of all the feasible sub-prob-
lems and obtain the optimal solution of overall problem f.

5 Model Experiment

Construct a remanufacturing( such as copying machines)
logistics network. There are three potential sites for facto-
ries, three potential sites for intermediate facilities and three
customer zones. The parameters and the data of the model
are noted in Tab. 1 to Tab.5.

Tab.1 The related data of customer zones / 10°
i

Parameters
1 2 3
d: 6 13 9
dt 20 30 28

Tab.2 The related data of potential sites for factories J 10

Parameters J
1 2 3
FP 1200 750 1250
Fm 600 400 650
M 80 45 85
M 25 15 27
Tab.3 The related data of potential sites
for intermediate facility K 10°
k
Parameters
1 2 3
F? 300 250 280
i 600 450 500
M 40 45 35
Mt 18 20 12

Tab.4 The distance between customer zones [/
and potential sites for intermediate facility K

i

k

1 2 3
1 10 15 18
2 12 11 16
3 18 16 13

Tab.5 The distance between potential sites for factories J
and potential sites for intermediate facility K

_ X

J 1 2 3
1 12 10 15
2 18 15 12
3 21 17 14

The other parameters are as follows:

E =1,E,=0.8,8=0.2,y=0.3,c0=3,cl =4,¢c{ =1, o,
=0.1(keK), c;' =30, c;" =12, c;] =1.5,a;=0.1(jeJ).

Input the above data into the facility model and find the

optimal solution with the above algorithm. The optimal solu-
tion is shown in Tabs. 6 and 7.

Tab.6 The optimal solution of non-zero binary variables
ry ne n 7 v ¢

1 1 1 1 1 1

Tab.7 The optimal solution of non-zero allocation variables

f f f f T T T T
X]ll X221 X}]l X321 Xl]l X221 X}]l X321

1 1 0.464 0.536 1 1 0.222 0.778

It can be seen from Tab. 6 that the first potential site for
factories is chosen as an integrated factory and the first and
the second potential sites for intermediate facilities are cho-
sen as integrated centers. The logistics flows are allocated
according to Tab. 7. The total cost is 7 917.24 x 10°. Fig. 2
gives a sensitivity analysis of parameters «; and .

10, 8972.64
- 7917.24
= 6 557.24
S 8 087.24 P
z
S 4
|
S 2
0

0 0.05 0.10
Saving proportions
Fig.2 Sensitivity to changes in parameters o; and oy (o; =)

0.20 0.50

It can be seen from Fig.2 that as the saving rates «; and
«, increase, the total costs decrease. In other words, the high-
er the degree of the integration of homogeneous facilities,
the more total costs are saved. Furthermore, the optimal so-
lution is likely to change as the saving proportions vary. For
example, when Q= = 0, the first potential site for facto-
ries is chosen as a producer and the third as a remanufactur-
ing factory, the second potential site for an intermediate fa-
cility is chosen as an integrated center, the first as a DC and
the third as a CRC. The network has only one integrated fa-
cility. When «; = o, =0. 05, the obtained optimal solutions
are equal to the above one, which has three integrated facili-
ties. The results indicate that the integration of homogeneous
facilities may influence the optimal solution of the problem
to a certain degree.

6 Conclusion

First, we construct a remanufacturing logistics network, in
which it is assumed that the remanufactured products can be
used together with new products by producers to meet the
product demands of customers and all the logistics facilities
are capacitated. Then we develop an MINLP facility location
model of the remanufacturing logistics network with six
types of facilities to be sited, in which forward and reverse
logistics are simultaneously considered. Finally, we propose
an algorithm to find the optimal solution of small-scale ex-
amples and give a sensitivity analysis of the saving rates.

Because the number of potential sites of various facilities
in this experiment is small, we can find the optimal solution
in a very short time. However, as the scale of the problem
expands and the number of potential sites increases, the al-
gorithm in this paper is not likely to solve the problem with-
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in a few minutes. So it is significant to develop other effec-
tive and rapid algorithms to solve large-scale examples of
the model.

Moreover, uncertainty is an important characteristic of the
reverse logistics. In our model, we assume that all the factors
in the network are known and deterministic, which does not
accord with reality. It is necessary to improve on the model
by adding some indeterministic factors.
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