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We address an extension of the classical multi-period facility location problem in which customers are
sensitive to delivery lead times. Accordingly, two customer segments are considered. The first segment
comprises customers that require timely demand satisfaction, whereas customers accepting delayed de-
liveries make up the second segment. Each customer belonging to the latter segment specifies a maxi-

Keywords: mum delivery time. A tardiness penalty is incurred to each unit of demand that is not satisfied on time.
Location In the problem that we study, a network is already in place with a number of facilities being operated
Multi-period at fixed locations. The network can be expanded by establishing new facilities at a finite set of potential

Capacity choice
Delivery lateness
MILP models

sites and selecting their capacity levels from a set of available discrete sizes. In addition, existing facilities
may be closed over the time horizon. Two mixed-integer linear programming formulations are proposed
to re-design the network at minimum cost and a theoretical comparison of their linear relaxations is pro-
vided. We also extend the mathematical models to the case in which each customer accepting delayed
demand satisfaction requires late shipments to occur at most once over the delivery lead time. To gain
insight into how challenging these problems are to solve, a computational study is performed with ran-
domly generated instances and using a general-purpose solver. Useful insights are derived from analyzing

the impact of different delivery lead time restrictions on the network structure and cost.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In this paper, we consider a company that operates a set of fa-
cilities at fixed locations to fulfil customer demand requirements
for a given product. Customers are classified on the basis of their
sensitivity to delivery lead times. In particular, two customer seg-
ments are considered. The first segment comprises customers re-
quiring timely demand satisfaction, whereas customers accepting
delayed deliveries make up the second segment. Each customer be-
longing to the latter segment specifies a desired maximum deliv-
ery lead time. Changing market and business conditions, frequently
in conjunction with increased cost pressure and service require-
ments, compel the company to restructure its network of facilities.
To this end, the network configuration can gradually change over
a multi-period horizon through opening new facilities and closing
initially existing facilities. Locations for new facilities are chosen
from a finite set of candidate sites. Moreover, at each potential
site, different capacity levels are also available for selection. The
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objective is to determine the optimal network configuration over
the planning horizon so as to minimize the sum of fixed and vari-
able costs. The former are associated with strategic decisions and
comprise fixed costs for facility siting and operation, for capacity
acquisition and for closing existing facilities. Variable costs for pro-
cessing and distributing the product to the customers along with
tardiness penalty costs for delayed demand satisfaction are also in-
curred. These costs are associated with tactical decisions.

The problem that we study is motivated by the online re-
tail and manufacturing industries (e.g. computer and mobile tele-
phone manufacturers) who often adopt different pricing policies
for their products, thereby offering price incentives to customers
in exchange for longer order lead times (Agatz, Fleischmann, & van
Nunen, 2008). Multiple customer segments that are differentiated
on the basis of delivery lead times and price options can also be
encountered in other business environments (see e.g. Hung, Chew,
Lee, & Liu, 2012). For example, Wang, Cohen, and Zheng (2002) re-
port the case of a semiconductor equipment manufacturer that
provides a two-class service policy. Customers with emergency de-
mand for repairable service parts form the first class. These cus-
tomers pay a premium price to have their returned defective parts
repaired immediately. Non-emergency service is provided to the
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second class of customers who pay a lower price for a longer repair
time. Cheong, Bhatnagar, and Graves (2005) describe a similar case
in the textile dye industry where textile mills with small capacities
favor shorter delivery lead times from their suppliers as opposed
to large textile mills that can keep higher stock levels and, there-
fore, can cope with longer order fulfilment lead times. Wu and Wu
(2015) describe this type of strategy as “demand postponement”
because the company decides upon the actual delivery time for or-
ders committed by customers who are less sensitive to lead times.

On the one hand, lower unit prices may result in decreased to-
tal revenue for the company but, on the other hand, the company
will have to invest in increasing capacity to guarantee a shorter de-
livery time to those customers who are willing to pay a premium
price. Hence, one of the main research objectives of our work is to
investigate the interplay between location and capacity investment
(or disinvestment) decisions and delivery time decisions in a fa-
cility system operated by a company. The coordination of location,
capacity acquisition, distribution and demand fulfilment decisions
has the potential to improve system efficiencies. In particular, re-
tail and manufacturing environments can benefit from the insights
provided by our research work.

As will be shown in Section 2, our study is the first to em-
bed customer segments having distinct sensitivity to delivery lead
times in a multi-period facility location setting. This new feature is
combined with different time scales for strategic and tactical deci-
sions. This means that tactical decisions regarding the commodity
flow from operating facilities to customers may take place in any
time period, whereas strategic location decisions can only be made
over a subset of the time periods of the planning horizon. Further-
more, the decision space is extended with strategic facility sizing
decisions, an aspect that is not often encountered in the literature.
In fact, most facility location models consider capacity as an exoge-
nous factor. However, from an application point of view, capacity
is often purchased in the form of equipment which is only avail-
able at a few discrete sizes. Capacity choices incur specific fixed
installation costs that are subject to economies of scale. Hence, a
further research objective of this study is to add three new dimen-
sions (customer segments with distinct service requirements, dif-
ferent decision time scales and multiple capacity choices) to the
classical multi-period facility location problem which is known to
be an NP-hard problem. From a computational standpoint, this re-
sults in a challenging problem for which the possibility of solving
large-scale instances to optimality within acceptable time is rather
limited. In such cases, one often resorts to heuristic methods to
obtain feasible solutions. However, to be able to measure the qual-
ity of such solutions it is of paramount importance to have (good)
lower bounds for the problem. Therefore, the third research ob-
jective of our work is to develop different mathematical formula-
tions and to compare them in terms of the LP-relaxation bound
they provide. Additional inequalities are also proposed in an at-
tempt to strengthen these bounds. Finally, we conduct an exten-
sive computational study to obtain managerial insights that illus-
trate the far-reaching implications of delivery lead time restrictions
on the network structure and its cost. Without the support of the
models developed in this paper it would otherwise be difficult to
obtain most of these insights. Given the typically high investment
costs and the limited reversibility of strategic decisions, it is es-
sential for stakeholders to perceive the impact of such decisions
on overall system performance.

The remainder of this article is organized as follows.
Section 2 summarizes the relevant literature. In Section 3, we de-
velop two mixed-integer linear programming (MILP) formulations
for the problem under study and present a theoretical compari-
son of their linear relaxations. In particular, we also consider the
special case in which customers accepting late deliveries wish to
receive single shipments even if they arrive with some delay. In

other words, partial, late deliveries are not allowed for such cus-
tomers. In Section 4, additional inequalities are proposed to en-
hance the original formulations. Section 5 reports and discusses
the results of an extensive computational study using general-
purpose optimization software. Finally, in Section 6, conclusions
are provided and directions for future research are identified.

2. Literature review

Discrete facility location models are typically concerned with
determining the number, location and capacities of facilities that
should be established to serve the demands of a set of spatially
distributed customers with least total cost. This field of location
analysis has been an active and rich research area over the past
decades. A wide variety of applications have emerged in many con-
texts such as strategic logistics planning (see e.g. Alumur, Kara, &
Melo, 2015, chap. 16 and Melo, Nickel, & Saldanha da Gama, 2009)
and telecommunications (see e.g. Fortz, 2015, chap. 20), just to
name a few.

Most discrete location models ensure the satisfaction of cus-
tomer demands by imposing distance and/or time limits as service
level requirements. In contrast, location problems with flexibility
regarding demand fulfilment have received much less attention.
The case of unfilled demand can be treated either with the lost
sales assumption or with the backorder assumption. The former
situation applies to contexts in which satisfying all customer de-
mands may not be economically attractive due to high investment
costs on establishing new facilities with appropriate capacities. In
a static setting, Alumur et al. (2015) describe a generic model
for a facility location problem arising in logistics network design
that includes this feature, while Correia, Melo, and Saldanha-da-
Gama (2013) address this issue in the design of a two-echelon
production-distribution network over multiple time periods. The
models developed by Badri, Bashiri, and Hejazi (2013), Bashiri,
Badri, and Talebi (2012), Canel and Khumawala (1996) and Sousa,
Shah, and Papageorgiou (2008) also allow lost sales over a dynamic
horizon. In the previous studies (Badri et al., 2013; Bashiri et al.,
2012; Canel and Khumawala, 1996; Correia et al., 2013; Sousa et al.,
2008), strategic location and tactical logistics decisions are made
under a profit maximization objective. In addition, Correia et al.
(2013) also investigate their problem from a cost minimization per-
spective with additional constraints enforcing a minimum rate for
demand fulfilment. For a number of test instances with small and
moderate sizes, the MILP formulations proposed in Alumur et al.
(2015); Bashiri et al. (2012); Canel and Khumawala (1996); Correia
et al. (2013); Sousa et al. (2008) could be solved to optimality
by a commercial MILP solver within acceptable time. Badri et al.
(2013) developed a Lagrangian-based heuristic through dualizing a
set of constraints that limit the expenditures for opening new fa-
cilities and expanding the capacity at existing locations.

The lost sales assumption is also present in the problem ad-
dressed by Altiparmak, Gen, Lin, and Paksoy (2006) through the
maximization of the overall fraction of demand that is delivered
to customers. This objective is integrated with the minimization
of the total cost of designing and operating a multi-stage network
and the maximization of the capacity utilization of facilities. These
three objectives are combined into a single-objective function by
building a weighted sum and feasible solutions are determined
with a genetic algorithm. The latter solution methodology was also
adopted by Lieckens and Vandaele (2007) for a facility location
problem arising in reverse logistics with stochastic lead times for
processing and moving used products. In this case, a fraction of the
returned products may not be collected and demand for reused
products may be only partially met. Cheong et al. (2005) follow
a different approach to deal with lost sales in an uncapacitated
two-echelon distribution network. To this end, each customer is
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