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Abstract: This paper considers a hybrid remanufacturing and manufacturing system on a closed-loop supply chain.
The system manufactures a set of new products characterized by a multi-level structure through multi-stage
assembly operations. The required raw or basic parts can be acquired new from suppliers or provided as new

by a de-manufacturing facility which performs a remanufacturing process from acquired old products returned

by customers. The quality of returned products has impact on the quantity of recovered basic parts which can
be assumed as good as new, and on the duration of the remanufacturing process. The considered problem
is to determine the production lots for the system machines as well as the quantity of new basic parts and
retuned products to be acquired in order to satisfy a deterministic demand in the time buckets of the planning

period. The performance criterion to be minimized includes the acquisition costs for the new and returned

items, inventory and production costs, recovering and disposal costs, and tardiness costs. A mixed-integer

programming model is proposed and its effectiveness is demonstrated by experiments on a case study.

1 INTRODUCTION used for new product fabrication (Zhang et al., 2004).
In this paper, a remanufacturing and manufac-
In the recent years, both academic and practitionerturing system is considered. The system produces
interest has been focused on closed loop or reverseseveral kinds of finished products from the assem-
logistic supply chain management (Guide Jr. and bly of new or recovered basic parts, which can be
Van Wassenhove, 2009), due to the increasing atten-made available from a disassembly process. Specif-
tion given to environmental issues, in particular rel- ically, the planning of manufacturing and remanufac-
evant to the depletion of natural resources, as well turing activities must be determined in order to sat-
as the new environmental legislations and economic isfy the demand of finished products over a specified
concerns. In this connection, the increasing aware- planning horizon. The production is performed by
ness of customers for environmental sustainable prod-a set of machines or production lines that are dedi-
ucts also drives industries to adapt their resource con-cated to the execution of the different phases of the
sumption and supply strategies. production cycle of products, whereas a single de-
For these reasons, product recovery became a rel-nanufacturing facility is assumed through which the
evant factor that must be appropriately managed in returned products are disassembled into raw or basic
closed loop supply chains, both at planning and op- parts that are restored to as-new state. Usable raw
erational level (Guide Jr., 2000). In general, product parts provided by the disassembly process are stored
recovery consists in several alternative options aim- in inventory together with new parts that are acquired,
ing at exploiting end-life finished products returned whereas not usable ones are sent to disposal. Re-
from customers, so drastically reducing the flow of turned products can be acquired at a cost depending
such items to land-fill or incineration (Thierry et al., on their quality level; this latter, in turn, influences
1995). In particular, returned products can be repairedthe number of obtainable recovered raw/basic parts
or refurbished to be reintroduced in the market, as but not their quality that is assumed equivalent to that
well as remanufactured (several example can be foundof new parts (Lund, 1985). The planningis performed
in (Fleischmann et al., 1997)). With remanufactur- at an aggregate level on daily or weekly time buckets,
ing, old products are disassembled in order to recoverso that only production capacity restrictions are taken
reusable components and materials so that they can bénto account, whereas setups for the machines are not
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Figure 1: The system model.

explicitly considered. The demand of finished prod- them to as-new state. The system model is schema-
ucts in the time buckets of the planning horizon is as- tized in Figure 1. The finished products are bought
sumed known and an upper bound on the number ofand used by consumers, and, after some time, some of
the available returned products is considered. Plansthem are returned for remanufacturing. The remanu-
should minimize costs due to the inventory of basic facturing system collects returned products, if avail-
parts, semi-finished and finished products, as well asable, on the basis of its needs, and starts its reman-
costs for basic parts and returned products acquisi-ufacturing operations to recover basic parts. It is as-
tion, for disassembly and production, and for late sat- sumed that each operation which recovers parts lasts
isfaction of the demand with respectto the due dates. a variable amount of time, depending on the quality
The problem faced in this paper then consists in of the returned product. Once recovered, the basic
determining the size of the production lots on the con- parts are as new and are inserted into the inventory
sidered machines, together with the quantities of new of basic parts of the manufacturing system. The sys-
basic parts and returned products to be acquired in thetem produces finished products in accordance with an
various time buckets. Dynamic lot sizing problems external demand to be satisfied.
without considering product returns have been widely In this work it is assumed that all the values char-
considered in literature. Recently, in (Teunter et al., acterizing the dynamics of the system are determinis-
2006) the dynamic lot sizing problem with returns has tic. The external demand, which varies over the time,
been introduced. The problem considered here is ais known and deterministic, as well as the maximum
multi-item, multi-stage lot sizing problem where se- number of products which are returned in the various
tups are assumed negligible or included in the pro- periods of time. Moreover, it is assumed that an un-
cessing times (similar assumptions with no returns limited number of new basic parts can be bought in
are made in (Chen and Ji, 2007) or in (Tonelli et al., order to satisfy the production requirements. Never-
2013)). On the other hand, this problem can be also theless, the demand could be not promptly satisfied
considered as a flexible assembly scheduling problemdue to the finite capacity of resources.
with component availability constraints (Kolisch and
Hess, 2000), where in general more than a single ma-2.1  Planning of Activities
chine can be used to perform an operation. In ad-
dition, as the planning decisions that must be taken The objective of this paper is to define a mathematical
include also the quantity of returned products to ac- model for integrated planning of manufacturing and
quire, this problem is similar to the one in (Shi et al., remanufacturing activities. In this respect, a discrete-
2011), where the authors aim at determining the price time dynamics is taken into account. Lebe the
for the returns considering an uncertain demand. generic time bucket (or, simply, bucket) where manu-
facturing and remanufacturing operations are accom-
plished (usually, day or week, depending on the kind
2 THE SYSTEM MODEL (r)]f production);t = _1,...,T, be_ingT the_ pla_nning
orizon. The planning of activities consists in deter-
mining, for each bucket, the following quantities:

e amount of components and finished products to be
manufactured,

In the considered class of production systems, manu-
facturing activities transform basic parts into finished
products through the execution of transformation or
assembly operations, and remanufacturing activities ® quantity of new basic parts to be bought,
recover basic parts from returned products and restore
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Activities
e amount of basic parts to be recovered from re- Ap =0 means thap is available in the same inter-
turned products, val in which the production op starts;
e quantity of returned products to be acquired e ipo is the quantity of partp € BUCUF in the

so that a performance criterion, which basically takes ~ "Ventory atthe beginning (initial inventory level).
into account production, tardiness, and inventory  The manufacturing operations are carried out by
costs for the manufacturing part and purchasing, re- machines or production lines with eligibility con-
covery, and disposal costs for the remanufacturing straints, i.e., a part (both intermediate components
part, is minimized. Such an integrated planning prob- and finished products) can be produced by using one
lem is modelled as a mixed-integer mathematical pro- of a set of compatible machines. Then, the following
gramming problem. sets, parameters and variables are defined:

e M is the set of machines (or production lines);

e Mp is the set of machines compatible with the

_ i i production of component or produpte CUF;
The structure of the manufacturing operations is de- Mp C M;

fined by the bill of materials (BOM), as the one illus- _

trated in Figure 2 in which 3 types of finished prod- *® P is the set of components a.nd products. that can
ucts are carried out starting from a set of 8 kinds of be produced on machime€ M; P C CUF;

basic parts. o ®n is the total production capacity of machine
me My in time bucket € {1,...,T}.

The unitary costs to produce components and
products, to store parts, and to buy new basic parts
are the following:

° U;P),m‘t is the cost to produce a unit of product
p € CUF on machinem € My in time bucket
te{l,....,T}

ul ¢ is the cost due to a late production of a unit
oF’p’roductp € F, when it is due at time bucket
t e {1,...,T} but it is produced in time bucket
he{t+1,...,T +1};inthe proposed model it is
assumed:

2.2 Manufacturing Operations

Uppe = U - (h—1)P (1)
where

- UIE) is the cost paid when a unit of prodyzt F
which is required in a certain bucket is pro-
duced in the subsequent bucket (it is the unitary
tardiness cost);

Figure 2: Bill of materials, with lead times and required — Bis a given parameter;

parts (example). e uy is the cost for not producing a unit of product
. n p € F in the planning horizon;
The following sets and values characterizing the P . o .
e Up; is the inventory cost which is paid for storing

manufacturing system are defl.ned: ) a unit of partp € BUCUF in time buckett €
e F, C, and B are, respectively, the set of fin- {1,....T};

ished products, the set of intermediate compo-
nents manufactured at various level of the BOM,
and the set of basic parts;

e Dy is the (external) demand of prodyet F in
time bucket € {1,...,T};

¢ Vq.p is the quantity of partg) € BUC which are
needed to produce one unit of pare CUF;

° u'g,t is the cost for acquiring a unit of new basic
partp € Bin time bucket € {1,....T}.
Finally, the variables which characterize the man-
ufacturing system are the following:

e Xpmy (integer variable) is the quantity of compo-
nents or productp € CUF produced oim e M
in the interval from time buckete {1,...,T} to

e Ay is the lead time for the production of compo- buckett + Ap, (i.e., the quantity of components or
nent or producp € CUF; Ap={0,1,...}, where products available at the end of bucketAp);
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zpt (integer variable) is the quantity of fin-
ished productsp € F produced before bucket
t e {1,...,T} (thus available in the inventory) or
completed int used for (partially) satisfy the de-
mand ofp in buckett;

Ipnt (integer variable) is the quantity of products
p € F which are produced in a buckbte {t +
1,...,T+1} (subsequentto bucket {1,...,T})
and used to (partially) satisfy the demand pf
in buckett (backorder); the demand produced in
bucketT + 1 corresponds to not satisfied demand,;

a';,"t (integer variable) is the quantity of new basic
partsp € Bacquired in time buckete {1,...,T};

ipt (integer variable) is the quantity of pansc
BUCUF in the inventory at the end of bucket
tef{1,....T}.

2.3 Remanufacturing Operations

The remanufacturing operations are defined by speci-
fying, for each of the products that can be returned,
the list of basic parts that can be retrieved. Thus,

int

remanufacturing system. A remanufacturing process
for the system characterized by the BOM in Figure 2

his work, an inverse BOM is not defined for the

can be that illustrated in Figure 3 in which the re-

turned products of type 1 and 2 are disassembled to

pro

Figure 3: Remanufacturing process, with retrieved quanti-

ties
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The duration of a remanufacturing operation is
unction of the quality of the returned product.

The quality is defined through an integer lewet
{1,...,V}, beingV the number of different quality

quality of a returned product also affects the success-
fulness of the remanufacturing activities: it is here
assumed that the worst is the quality level of the re-
turned product, the higher is the probability of ob-
taining basic parts that cannot be restored to as-new
state (in the current deterministic model, this aspect
is modelled through given percentages of parts that
can be recovered).

The following sets and values characterizing the

remanufacturing system are defined:

Ris set of finished products that can be returned;
RCF;

Ry is the set of returnable finished products from
which the basic parmp € B can be recovered; ¢
IC,RpCR

B, is the set of basic parts that can be obtained by
productr € Rthrough a remanufacturing process;
Br CB;

BRis the set of initial components that can be ob-
tained through a remanufacturing proceB8;=
{peB:3reR:ipeB};

Gy, is the maximum amount of finished products
r € Rwith qualityv e {1,...,V} that are returned
in time bucket € {1,...,T};

&, p is the quantity of basic pag € By that can be
recovered from one unit of product R;

Prp is the percentage of componepte B, that
can be recovered “as new” from a returned prod-
uct of familyr € Rwith qualityv e {1,...,V};

7, is the lead time for recovering basic part
p € B; from finished product € R with quality
ve{l,... V} {,={01,...}, wherel{, =0
means thap is available in the same interval in
which the remanufacturing process recovermg
fromr starts.

if(")v is the quantity of returned produats Rwith
qualityv e {1,...,V} in the inventory at the be-
ginning (initial inventory level).

As regards remanufacturing activities, it is as-

sumed the presence of a single dedicated machine
(i.e., not used for manufacturing operations) charac-
terized by:

Y, the total capacity of the remanufacturing ma-
chine in time bucket € {1,...,T}.

The unitary costs to purchase returned product, to

recover basic parts, and to disposal bad parts are the
following:

levels that are considered. The best (respectively, the

worst) quality corresponds to level 1 (resg), The
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° u'rt is the inventory cost which is paid for storing a
unit of product € Rintime bucket € {1,...,T};

_ P

e U, is the cost for recovering a unit of basic Cp= pgul: me% t;up’mvt Xpmt (3
partp € B, from a unit of returned producte R .
with quallty ve {1,...,V} in time buckett €

total cost of production:

total cost for late satisfaction of demand:

{1,..
. . : Cr= =
° ur,,",,t is the cost for recovering and disposal parts T p%: ;h_t 11 phtipht
for a unit of basic parp € B, from a unit of re- (4)
turned product € R with qualityv e {1,...,V} — uk (h—1t)P
L p p;ht
in time bucket € {1,...,T}; p;: Zlh k]

Finally, the variables which characterize the re- - total cost for demand not satisfied within the plan-
manufacturing system are the following: ning period:

° a%t (integer variable) is the quantity of recovered T
LAl . . U
basic partg € B, Vr € Rthat become available in Cu= Z: Zup R EEE: )
time bucket € {1,....T}; pek =

° aﬁ{" (integer variable) is the quantity of returned —° fotal inventory cost

productsr € R with quality v e {1,...,V} ac- T

ired in time bucket € {1,...,T}; G= ( Utipt+ S U I.’V) (6)
quired in time bucket € {1,...,T} Zl peBECUF pt!p, ER rt rt

e g (integer variable) is the quantity of returned
productsr € R with quality v e {1,...,V} that
start the remanufacturing process in time bucket

T
te{l,....,T}; N = UN,'[ aNlt (7)
{ } prt; pt ap,

° iff{" (integer variable) is the quantity of returned
productsr € Rwith qualityv e {1,...,V} in the

total cost for the acquisition of new parts:

total cost for purchasing returned products:

inventory at the end of buckee {1,...,T}. T AV _A
Ch= u varny (8)
3 THE MATHEMATICAL MODEL e total cost for recovery parts from returned prod-
ucts:
TV
The integrated planning of manufacturing and reman- Cr= ( N ) v 9
ufacturing activities is modelled as a mixed-integer R ERZVZ EEB, rptPrpOp JSe ()

mathematical programming (MIP) problem and it is
solved through standard methodologies. In the fol-
lowing, the objective function to be minimized and
the constraints of the problem are reported.

e total disposal cost for returned products that can-
not be recovered:

= ;ZZ( EEBrUrpt (1- prp)ar,P)S\r/,t

3.1 The Mathematical Programming (10)
Problem . .
3.1.2 Dynamics of Inventories
Let wp, wr, Wy, Wi, WN, Wa, WR, andwp be the ¢ ypep:a,>0vt=1,... 4y
weights for the objective function components.
t—1
3.1.1 Objective Function Ipt-1=Zpt+ hzllp,t,h +ipt (11)
e VpeF,Vt=Ap+1,...,T:
min- wpCp+Wr Cr+Wy Cu+W G+ @) _ t—1 _
+WN CN +Wa Ca +WRCR+Wp (b % Xpmt-ap +1pt-1=Zpt+ hzll pth T Ipt
meMp =
being (12)
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VpeF,Vt=1....T:

T+1
Zpt+ Y lpnt=Dpy (13)
h=t+1
VpeC:Ap>0,Vt=1,...,Ap:
Yp.gXgmt + [ pit (14)

ipt-1= Z
geCUF meMq

VpeC VvVt=Ap+1,...,T:

% Xp,m,thp—f—ip,tfl: g Yp.aXamt +ipt
meMp qeCUF meMgq

(15)
VpeB,vt=1,...,T:
ip,tfl‘f'a';)l,t'i‘a%’t = Z Vp,qxq,m,t-i-ip,t

qeCUF mEMg

(16)

VpeBR vt=1,...T:

\%
a%t = Z < p:—/,p 6r7p S}/atr\rl‘p> (17)
reRipeBy \v=1

VpeB, p¢gBR vt=1,... T:

ab; =0 (18)
VreRVt=1,...,T,Vv=1...,V:
i Fany =+ (19)
YreRvVt=1...,T,Vv=1,...,V:
A,
ai’ <Gy (20)
3.1.3 Capacity constraints
Vme M, vVt=1,...,T:
Bp
Z Z}Xp,m,t—h < Ot (21)
pEPmh=
Vi=1,...,T:
v Tp

S5 (53 etebesin)<u @)
reRpeBr \v=1h=1

4 EXAMPLE

The MIP problem described in the previous section
has been implemented in a C# procedure and solved
by the Cplex 12.5 MIP solver. To test the correct-
ness of the proposed approach, an example which is
reported in the following has been defined.

Consider an integrated  manufacturing-
remanufacturing system, whose bill of materials
and remanufacturing process are those reported in
Figures 2 and 3, respectively. The system produces
three types of finished products. Two out of three
types of products can be returned (1 and 2) and the
remanufacturing process can provide five out of eight
types of basic parts (11, 16, 19, 20, and 21; part 16
can be recovered from both products of type 1 and
products of type 2). Four machines are in the system:
machine 1 can produce parts (finished products
and intermediate component) 3, 4, 6, 8, 9, 12, 15;
machine 2 can produce parts 6, 8, 9, 12, 15; machine
3 can produce parts 1, 2, 5, 7; machine 4 can produce
parts 5, 7, 10, 14; the capacity of each machine
varies with time, in the rang@00,400 parts/day.

A fifth machine, whose capacity is 100 parts/day,
is dedicated to the remanufacturing activities. The
system must satisfy an external demand over a period
of T = 12 days; the values of such a demand are
reported in Table 1. All inventories are null at the
beginning, even those in which acquired returned
products are stored before they are disassembled.

Table 1: Example — Demand of products.
(t-[[1[2[3[4]5]6]

Dyt [[21]26]31]33[ 28] 37
Dot || 27 | 21| 16| 19| 17 | 19
D3t || 251 30| 18| 25| 19| 25
[t—= [ 7]8]9J]10]11]12]
D1t || 3540 | 31| 26| 22| 32

Dot || 221 23| 22] 29| 23| 30
D3t || 26| 16| 19| 18 | 25| 28

It is assumed that the quality of the returned prod-
ucts can be discretized in 3 leve\s £ 3), being 1 the
better level and 3 the worst one. The lead times for
recovering components are 1, 1, and 2 (respectively
for quality 1, 2, and 3) for products of type 1, and 0,
1, and 1 for products of type 2. Moreover, the per-

This problem, in which all the involved quantities  centage of components that can be retrieved “as new”
are restricted to integer values, is NP-hard as it gener-js set to 0.8, 0.6, and 0.4 for products of type 1, and
alizes the deterministic capacitated planning problem tg 1. 0.75, and 0.5 for products of type 2. The number

with no setup costs which is NP-hard itself, as proved of returned products that can be acquired varies with
in (Florian et al., 1980).
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lack of space; it is only mentioned that the cost for
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not producing a (demanded) unit of product is signif- Basic part type 11
icantly larger than the other unitary costs, in order to 1000 T
discourage the non-fulfilment of the external demand. 800

Besides, in the last part of the example, an analysis
of the sensitiveness of the solution with respect of the
unitary costs will be carried out. Finally, all weights
for the objective function components are unitary.

y
1 0.4 05 06 0.7 0.8 15

4.1 Solution of the Problem Basic part type 16

1000

The instance of the problem briefly described in the soor

previous section has been solved by the Cplex 12.5 eoor

MIP solver. During the experimental analysis the MIP a00r
model was solved with a 120 seconds time limit, gen- 2001
erating solutions with a 0.3-0.4% of optimality gap on o 0’4 ST 05 05 0a T
a standard laptop with Intel's Core i7 processor and 8 ' S Bésic' par't ype 19 '
Gb RAM. 1000

Tables 2-7 report an example of the obtained so- koAl

lutions, showing in particular the values for the deci-

sion variablesp mt anda';)‘,t (relevant to the manufac- ool
A

turing operations) and;", &/, anda$, (relevant to 00l N ]
the remanufacturing process). In all solutions the de- -

600 [

mand for the products was satisfied within the plan- 01 0.4 0506 07 08 15
ning horizon with a quite limited tardiness: in partic- Basic part type 20

ular, the initial demands for products 1 and 3 were 1000 A

not satisfied on time due to the lead times involved 800 | o e — - _
in their production processes, having assumed no ini- 600 -

tial inventory for basic parts and intermediate compo- 400t

nents; in addition, only 7 units of product 3 due on 200}

bucket 5 and 1 unit of product 2 due on bucket 9 were

delivered with tardiness. 04 0506 0708 s

oo
&

Basic part type 21
1000 —

4.2 Sensitivity of the Solution

800

A first analysis of the sensitiveness of the solution o0or

with respect of the unitary costs has been carried
out. The solution of the problem has been deter- 2001

mined as a function of the ratgs /vy, Vp € BR, be- o1 07 050607 08 s

ing Yp = l—lp(u';;l,t) andvp = Vp(Uﬁt’vaUIr?vUEB/,taUEb\,/t) Figure 4: Overall number of basic parts acquired new

two values adopted to estimate the cost to buy and the(straight line) and recovered (dash line) as function of the
cost to recover, respectively, a unit of a basic part of rateip/vp ranging from 01 to 15.
type p. The quantitiegt, andv, are computed as:

400

The analysis has been carried out by considering

T i i :
_1 N 23 a fixedvp and a variableu,. In particular, for any
Hp up,t ( ) R . e
T& p € BT, yp has been set in accordance within or-
v T der to obtain, for the ratgy/v,, the values in the in-
1 1 1 A i i
Vp= —— % [ (_ z uy+ terval [0.1,1.5], with step size @25 from 04 to 0.8
IRp| (& L3pOrp\VT Vzltzl ' and step size.Q elsewhere in the interval. The results
T vV T of such analysis are in Figure 4, which shows patterns
+ 1 U'rff) + 1 z p\r{purFfB{tJr (24) that.are coherent vyith the cor]sidered class o_f system.
TS " LI=T= ’ Besides, such a first analysis can be considered as
1 VT a basic validation of the integration of manufactur-
+\F Z (1 p‘r’p) uerVt] ing and_re_manufactu_ring activities. In this connec-
v=1t= tion, unlimited capacity of the resources (both of the
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Table 2: Example — Solution variabig mt (production plan on the four machines).
[t—= [ T [ 2 [3J4]5]6]7]8[]9]J10]11]12)

Xair || 73 | 25 |12 32|42 0 | 19| 18| 25] 28] 0 | O
a1y || O | 111| 28 |37 | 35|40 | 31 | 26| 25|29 0 | O
X61r || 100 | 46 | 28 | 51 | 59| 19 | 43 | 41 | 44| 58 | 43 | 10
Xe1t || 0 | 0 | 035 0] 0] 0] 0] 0]0]0]0
Xo1t || 0 | 0 | 0 [37] 0 |40] 0 [26] 0 |29] 0 | O
1211 || 73 | 25 |12 0| 0 | 0 |19 18] 0 | 28] 0 | O
X514 || 0 | 222|56] 0 |70 0 |62 0 | 0| 0] 0] 0
[T [ 1 [ 2 [3[4[5[6[7[8]9[10[11]12]
Xe2t ] 0 ] 0 O] 0] O0]O]O]0]0O]O]0]O0
Xeoy || 11| 49 | 16| 0 |40 53| 4 [25|29] 0 | 0 | O
ooy || 0 |111| 28| 0| 35| 0|31 0 |25] 0] 0] 0
Xi22¢ ] 0 | 0 | 0 |B32]42] 0| 0025/ 0] 00
Xis2t ] O | O | O |74 0 80| 0 [52[50[58] 00
[T= [ 1[2[3] 4 [5[6[7[8][910[11]12)]
Xiat || 0 | O | O |111| 28| 37| 35|40 31| 26| 25] 29
Xo3y | 27 | 21| 16 | 19 | 17 | 19 | 22 | 23| 21 | 30 | 23 | 30
Xost | 27 | 21| 0 | 0 |0 | 0|0 |23] 0 |30]23]30
X731 || 73| 25| 0 | 32 42| 0 19| 18] 0 |28 0 | O
[T= [ L [ 2 [3[4][5[6[7[8[9[10[11][17]
Xous || 0 | O | 16] 19| 17]19]22] 0 [21] 0] 0 |0
X4t || 0 | 0 |12] 0] 0] 0] 0] 0[25]0]0]0
X104 || 100 | 157 | 56 | 88 | 94 | 59 | 74 | 67 | 69 | 87 | 43 | 10
X144: || 11| 49 | 16 | 35|40 53| 4 [25] 29| 0 | 0 | O

Table 3: Example — Solution variabig; (demand satisfied on time).
[t=[1]2]3[4]5]6[7]8]9J10]J11]12]
71t 0 0 0 [ 33]|28(37|35(40|31|26]| 22| 32

Zt || 2712111619 |17]|19|22|23|21]|29|23| 30
Z3t 0| 0 [18|25]12|25]|26| 16| 19| 18| 25| 28

Table 4: Example — Solution variab%{t (acquisition plan of new basic parts).
[t= 1T [ 23] 456 [7]8]9]J10]11]12]
a 68 6 0 0 0 0 o|lo0|0O0|O0O]O0]|O
a%t 333 | 147 | 48| 105 | 120|171 | 0 | 75|87 | O
aTﬁyt 68 | 68 | O | 21 | 40 9 | 26]10| 0 | 23
Ay 146 50 | 24| 64 | 84 | 0 | 38|36 50|56
ag, || 146 | 50 | 24| 64 | 84 0O | 38|36 |50]| 56
%, 111 0 [0 | 19 |33 [ 30| 0|0 4]0
ayo_'t 0O |124| O | 66 | 56 | 34 | 36| 20| O | 46
aglét 0O | 124 O | 66 | 56 | 34 | 36| 20| O | 46

O| O|O| OOl oo
O| O|O| OOl oo

Table 5: Example — Solution variabsbéf" (acquisition plan of returned products for remanufacirin
[t 1[]2][3]4]5]6]7]8]9J10J11]12]
dioloJolo[o|l2]o]lo]o]o|[o0]oO

i |22 ofo|s5[15/3]8|12]0[0|0]0O
ayl13]w]olofloflol2][3]of[o|o]o
& |15 3]15|15| 6 [15] 10 ololo]o
| 7]o]l1]lofo|lo]o|lo]4a]13]8]0
|10 10|11 7|6 ] 1|15]20[15]0]0
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Table 6: Example — Solution variab##, (remanufacturing process).

[t=[1[2]3]4]5]6

[7[8[9[10[11]12]

S, f0J]0|]O0]O0|]O0]2]0]0]0]O0]O0]O
g 20|05 |15]3|8|12] 00|00
S, |[13/10]0[0]0]0]2|3|0|0]0]o0
S, [[15]0|16]17| 5[6|20] 0] 00|00
g 7|0 1]0[0[0]0]0]|4[13][8]0
S, |[10]0|11[11]| 7 [6] 0 |16| 20| 15| 0 | O

Table 7: Example — Solution variabﬁt (basic parts recovered in the remanufacturing process).

[t= 1] 2[]3[4]5]6

[7[8]9[10]11]12]

aP, [ 32] 40| 28] 63| 47 ] 27 | 35| 41| 44| 58 | 43| 10
aB, |32 89| 56| 67| 54| 50|48 |57 |69]64]|43]| 10
a8, 0|49 28| 4| 7 | 23|13 16|25 6 | 0|0
a, |0 | 98|56 8 | 14|46 | 26| 3250 12| 0 | O
@B, 0| 98|56| 8 | 14|46 | 26| 32|50 | 12| 0 | O

manufacturing part and of the remanufacturing one)
and unlimited availability of returned products have

logistics: A review.European Journal of Operational
Rcsearch103:1-17.

been assumed in this analysis, in order to make theFlorian, M., Lenstra, J., and Rinnooy Kan, A. (1980). De-

sensitiveness independent from the availability of ma-

chines and of products to be disassembled in order 0 uid

recover basic parts.

5 CONCLUSIONS

This work proposes a MIP model for planning man-
ufacturing activities in a multi-product, multi-stage
production plant which includes a remanufacturing
facility. The considered model assumes a simplified
aggregate production characterized by deterministic
information on demand and availability of returned

products. The presented experimental analysis points

out the applicability of the model at least for small-
medium size instances (the problem in the consid-

ered example has about 1150 variables and 560 con-

straints), as well as the coherence of the model be-
haviour with respect to the variations of part acquisi-

tion costs. In any case, more extensive testing with
larger instances is on its way. Besides, future im-

provements of this model will focus on the consider-

ation of explicit setups and on the relaxation of some
of the deterministic assumptions.
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