
Journal of Manufacturing Systems 37 (2015) 703–714

Contents lists available at ScienceDirect

Journal  of  Manufacturing  Systems

j ourna l h omepage: www.elsev ier .com/ locate / jmansys

Technical  Paper

Optimal  production  scheduling  for  hybrid
manufacturing–remanufacturing  systems  with  setups

Vladimir  Polotskia,∗, Jean-Pierre  Kennea,  Ali  Gharbib

a Mechanical Engineering Department, Ecole de Technologie Superieure, 1100 Notre Dame West, Montreal, Quebec H3C 1K3, Canada
b Automated Production Engineering Department, Ecole de Technologie Superieure, 1100 Notre Dame West, Montreal, Quebec H3C 1K3, Canada

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 31 March 2014
Received in revised form 29 January 2015
Accepted 5 February 2015
Available online 11 March 2015

Keywords:
Manufacturing
Remanufacturing
Reverse logistics
Production planning
Setup
Optimal scheduling

a  b  s  t  r  a  c  t

Hybrid  systems  that use  both  raw  materials  (manufacturing  mode)  and  returned  products  (remanufactur-
ing  mode)  in  their  production  process  are  considered.  The  system  consists  of  one facility  and  necessitates
setup  for switching  from  one  production  mode  to another.  Since  the  flow  rate  of returned  products
is  limited  (fixed  percentage  of  the  demand  rate  is  considered),  switching  from  one  mode  to  another  is
unavoidable,  and so  production  and  setup  scheduling  becomes  critical  for  meeting  customer  demand  and
manufacturing  cost optimization.  Analytical  solutions  for  production  and  setup  strategies  are  obtained,
feasibility  conditions  are derived,  and  the sensitivity  of  obtained  results  over  system  parameters  is inves-
tigated.  It is demonstrated  that there  exist  two  types  of  systems:  mainly  manufacturing  systems  with  a
relatively  low  rate  of  return,  and  mainly  remanufacturing  systems  with  a relatively  low  use of  raw  mate-
rials.  Quantitative  criteria  distinguishing  these  two  types  of  systems  are  developed,  and  it  is  shown  that
systems  of different  types  obey  different  feasibility  conditions  and  exhibit  different  optimal  behavior.
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1. Introduction

The integration of reverse logistics into the production envi-
ronment has been attracting increasing interest among the
researchers over the last two decades. In [1], the authors identified
specific activities (such as distribution planning, inventory man-
agement and production planning) inherent to remanufacturing
and recycling, and proposed quantitative approaches to problems
that may  arise. A state of the art survey focused on the production
planning and control methods for remanufacturing systems devel-
oped in the nineties was presented in [2]. Several industrial case
studies in reverse logistics and remanufacturing were described
and compared in the survey [3]. Optimization models for supply
chains with returned products recovery systems have been studied
extensively with particular attention paid to production planning
and inventory management. In most works covering reverse logis-
tics, the production environment is modeled using discrete time.
For example, in [4], the authors extended the results of [5] and
presented an effective approach to determine the optimal control
policy (in discrete time) for a recovery system. In their model, the
recovered product can be remanufactured, disposed of, or held in
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stock for later use. Also less frequently used, a continuous time
model can be found in [6], where optimization is performed in a
deterministic dynamic environment, taking into account produc-
tion, remanufacturing and disposal; customer demand is known
and the return of recovered products is a percentage of this demand.
Recently, [7] and [8] proposed a stochastic optimization model
(in discrete time) to address various uncertainties that arise in
hybrid manufacturing–remanufacturing systems, and [9] devel-
oped a stochastic dynamic control model (in continuous time) to
optimize the global performances of the closed-loop manufacturing
system that consists of two  machines working in manufactur-
ing and remanufacturing modes, respectively. Production planning
problems specific for steel industrial enterprises employing closed-
loop supply chains with both manufacturing and remanufacturing
“branches”, were addressed in [10].

Various important factors respecting reverse logistics, and the
coordination of manufacturing and remanufacturing in particular,
are addressed in the recent book by [11]. The coordination of differ-
ent operations is considered in [12] as an essential part of efficient
decision making in hybrid manufacturing–remanufacturing sys-
tems. While using the same facility for both manufacturing and
remanufacturing may  seem attractive as it enhances system flexi-
bility, it may  nevertheless increase the coordination complexity. An
example of a concrete industrial system that uses the same produc-
tion line for both manufacturing and remanufacturing operations

http://dx.doi.org/10.1016/j.jmsy.2015.02.001
0278-6125/© 2015 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

dx.doi.org/10.1016/j.jmsy.2015.02.001
http://www.sciencedirect.com/science/journal/02786125
http://www.elsevier.com/locate/jmansys
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmsy.2015.02.001&domain=pdf
mailto:vladimir.polotski@etsmtl.ca
dx.doi.org/10.1016/j.jmsy.2015.02.001


704 V. Polotski et al. / Journal of Manufacturing Systems 37 (2015) 703–714

is described in [13]. A case study was performed, with a company
producing car parts, and an analysis was carried out specifically
for a water pump production line by extending the economic lot
scheduling technique to the case of return. In the scheduling policy
implemented in the case study company, the setup times and costs
were not considered, and the authors proposed an optimal solu-
tion which accounts for both setup times costs, and uses a mixed
integer-linear programming technique. In a recent paper by Flapper
et al. [14], the optimal scheduling problem for hybrid manufac-
turing remanufacturing systems is considered, using a stochastic
steady state approach: random exponential lead time, demand and
return. The production schedule that minimizes the average dis-
counted long-term cost was determined, but no system dynamics
or setup times and costs were taken into account. Classical results
on son optimal scheduling for a single machine can be found in [15].
Multi-objective optimization of supply chains with returned prod-
ucts and related decision making problems are addressed in [16]
and [17]. This brief overview shows that systems switching from
manufacturing to remanufacturing mode and undergoing setups
have rarely been considered in the literature, and none of those
considered (to the best of our knowledge) has taken the production
dynamics into account.

Manufacturing systems which can be viewed as machines oper-
ating in two possible production modes, namely manufacturing (1)
and remanufacturing (2), are studied. In both modes, the system
produces the same product, and the production is therefore driven
by the same demand. However, the production source is different
in two modes, namely: in mode 1 (manufacturing), a raw material
is used, but in mode 2 (remanufacturing), the products returned
from the market at the end of their life are used instead. The return
level is assumed to be proportional to the demand level. Manu-
facturing/remanufacturing systems that consist of two machines
respectively devoted to manufacturing and remanufacturing have
recently gained substantial interest due to their importance for
industry in the context of environmental constraints and green
manufacturing (see[9] citeGupta and references therein). In this
paper, we consider the situation when both production modes
reside on the same facility (machine), but are separated in time,
and develop an optimal scheduling policy for such systems. In this
sense our paper is in line with [13] and [14].

Manufacturing systems consisting of a machine producing two
part types and necessitating setup for switching between these two
production modes received substantial attention from the research
community in the 90s ([18,19]), and several related studies have
been completed since then. Both setup cost and time were usu-
ally taken into account ([20,21]), although some interesting results
were obtained when one of these factors was omitted [22].

Systems with setups often exhibit periodic behaviors with the
typical production cycle (production run) consisting of the fol-
lowing phases: manufacturing for product 1, setup for product 2,
manufacturing for product 2, and setup for product 1; this pattern is
then repeated continuously. The conditions for switching between
producing two products are often called corridor policies since they
are defined with the barriers delimiting the area (corridor) in the
product inventory space. Within the corridor, the maximum pro-
duction rate is usually considered [19,23]. We  show that for the

system under consideration, it is sometimes advantageous to use
the production rate below its upper limit, that is, to produce at
the demand rate during a certain period of time while the sys-
tem is in the main production mode. We first explore the simplest
situation, where only the instantaneous setup cost is taken into
account, the setup time is neglected, and the production process
is deterministic (no machine failures are considered). We  compute
the cyclic production run and show that there are two possible
structures of cyclic behaviors, corresponding to two alternative
classes of systems: mainly manufacturing systems (MMS), with the
remanufacturing mode playing an auxiliary role, and mainly reman-
ufacturing systems (MRS), with the manufacturing mode playing an
auxiliary role. We  develop the feasibility conditions for each class of
systems and express them as an upper bound (lower) on the return
level for MMS  (MRS) respectively. The production run contains an
on-demand production period in manufacturing (remanufactur-
ing) mode for MMS  (MRS), respectively. Finally, we generalize the
results obtained, taking into account the setup times, and also ana-
lyze the behavior of the system in the vicinity of the limit cycle in
order to understand how the system converges to the limit cycle
from the states that do not belong to it due to initial settings or as
a result of a perturbation.

2. Problem formulation

We  consider a hybrid manufacturing/remanufacturing system
consisting of one machine capable of working in two modes:
manufacturing mode (1) and remanufacturing mode (2). A compre-
hensive analysis of manufacturing/remanufacturing systems was
presented in [9], where the model of the system similar to a model
used below was  proposed.

Let x1 be the serviceable inventory, x2 – the return inventory,
u1 and U1 – the production rate and maximal production rate in
manufacturing mode, u2 and U2 – the production rate and maxi-
mal  production rate in remanufacturing mode, D – the customer
demand rate, i – the production mode index (i = 1 for manufactur-
ing and i = 2 for remanufacturing), Tij and Sij – are respectively the
setup time and setup cost while switching from mode i to mode
j(i /= j). The schematic of the system is shown in Fig. 1.

The evolution of the system can be described by the following
equations:

ẋ1(t) = u1(t) + u2(t) − D

ẋ2(t) = −u2(t) + ˛D
(1)

The production rates satisfy the constraints 0 ≤ ui(t) ≤ Ui�ii(t),
where �(t) = (�ij(t)) is the setup indicator function defined below

�11 =
{

1 the system is in manufacturing mode 1

0 otherwise

�12 =
{

1 the system is being setup from mode 1 to mode 2

0 otherwise

�21 =
{

1 the system is being setup from mode 2 to mode 1

0 otherwise

�22 =
{

1 the system is in remanufacturing mode 2

0 otherwise

(2)

Fig. 1. System structure.
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