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Abstract. During the last two decades, integrated production-distribution problems have
attracted a great deal of attention in the operations research literature. Within a short period,
a large number of papers have been published and the field has expanded dramatically.
The purpose of this paper is to provide a comprehensive review of the existing literature by
classifying the existing models into several different categories based on multiple
characteristics. The paper also discusses some trends and list promising avenues for future
research.

Keywords: Integrated logistics, production-distribution, literature review, supply chain
management.

Acknowledgements. This project was partly funded by the Natural Sciences and Engineering
Council of Canada (NSERC) under grants 2020-00401, 2019-00094, and 2018-03712. This support
is greatly acknowledged.

*Darvish, Maryam, Kidd, Martin P., Coelho, Leandro C., & Renaud, Jacques. (2021). INTEGRATED
PRODUCTION-DISTRIBUTION SYSTEMS: TRENDS AND PERSPECTIVES. Pesquisa
Operacional, 41(spe), e246080. https://doi.org/10.1590/0101-7438.2021.041s1.00246080

Results and views expressed in this publication are the sole responsibility of the authors and do not necessarily
reflect those of CIRRELT.

Les résultats et opinions contenus dans cette publication ne reflétent pas nécessairement la position du
CIRRELT et n'engagent pas sa responsabilité.

* Corresponding author: Leandro.Coelho@cirrelt.ca

Dépobt l1égal — Bibliotheque et Archives nationales du Québec
Bibliothéque et Archives Canada, 2021

© Darvish, Kidd, Coelho, Renaud and CIRRELT, 2021



Integrated Production-Distribution Systems: Trends and Perspectives

1 Introduction

Supply chain is viewed as a network of services and facilities engaged in raw material procure-
ment, production and storage of finished products, distribution to reach final customers [Hugos,
2011]] and also a reverse network to recapture value from used goods [Trochu et al., 2019].
To date, several definitions for the term supply chain management (SCM) exist, but despite
all their differences, their commonality is that supply chains coordinate and integrate inter-
dependent activities and processes within and between companies [Carter and Rogers, 2008,
Lambert and Enz, 2017]]. These processes and activities mainly include facility location, pro-
curement, production, inventory, and distribution decisions [Stadtler, 2005, Christopher, 2016].
Therefore, one would assume that these decisions are taken in an integrated fashion in a supply
chain or within a single company. However, despite the abundance of conceptual and empirical
studies on supply chain integration and coordination (e.g., Power| [2005]] and Mustata Kamal
and Irani [2014]]), until recently, integrated models of supply chains have been very sparse in
the operations research literature. Integrated supply chain problems have become very popular
recently among researchers and practitioners. Due to the vital role integrated supply chain plan-
ning plays in today’s business, it is considered a source of achieving and retaining competitive

advantage [Hein and Almeder, 2016].

Several forces have been revolutionizing supply chains. On the one hand, new and emerging
localization, communication, and real-time decision-making technologies are reshaping supply
chains. On the other hand, customers are becoming increasingly demanding and expect fast and
flexible deliveries at a low cost. The increasing awareness of customers toward sustainability
has also become a significant motivation for the transformation of supply chains. Another criti-
cal driver of this change is digitization and data analytics. All this has led to more sophisticated
decision-making processes, which require fast and efficient actions of modern supply chains.
Companies’ success in the new era is not defined by how much data they have access to and
how much data they can generate, but by how they can make better data-driven decisions. The
SCM transformation has also been reflected in the Operations Research (OR) literature. |Sper-
anza [2018] summarizes the most pertinent supply chain trends in OR as: 1. systematic focus,

2. information synthesis, 3. collaborative relationship, 4. demand shaping, 5. transformational
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agility, 6. flexible network integration, and 7. global optimization.

The primary focus of this paper is on collaborative relationship, network integration, and global
optimization. While [Speranza [2018]] provides a general overview of trends in SCM, focusing
on the global optimization trend, in this paper, we overview the existing literature on two impor-
tant decisions of any supply chains: production and distribution. Therefore, the purpose of this
literature review is to provide a guideline on the current status of this broad field of OR, to iden-
tify current research trends, and suggest directions for future research, including holistic supply
chain planing, supply chain optimization, sustainable supply chains, real world applications,

and developing efficient solutions algorithms.

The rest of the paper is organized as follows. In Section [2} we provide an overview of in-
tegrated versus sequential approaches to supply chain decision making. Moreover, the most
popular integrated optimization problems are introduced. We present a general overview of the
production-distribution literature in Section [3] In Sections {] and [5| papers considering single
and multiple products are reviewed, respectively. Discussions on the state of the literature and
directions for future research can be found in Section [6] Finally, we conclude the paper in

Section

2 A general overview

In this section, we present a general overview on sequential versus integrated supply chain

functions and problems and we review the most known integrated supply chain problems.

Supply chain planning includes all three levels of strategic, tactical, and operational decisions.
Simultaneous optimization of all these decisions by integrating them into a single model is a
complex and challenging task. Therefore, traditionally, each decision was treated separately
from the others, meaning that management was performed in silos, as shown in Figure[I] Since
these decisions were studied separately, each had a dedicated field of research in the OR lit-
erature. From a practical point of view, the planning processes relied mainly on spreadsheets
and localized data [Bean et al., 2005]. Even for the internal planning, each department of the

company has been using its own databases, methods, and spreadsheets. In several of our recent
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industrial collaborations, we have observed how each department (finance, production, sales,
warehousing and marketing, for example) relies on its spreadsheet to forecast demand and how
these demand forecasts, which are the basis of all their decisions, are not communicated to other

departments of the same company.

@ =

NG

Procurement

Figure 1: Supply chain decisions

An integrated SCM considers several decisions simultaneously, as depicted in Figure 2] Jointly
optimization of these supply chain planning decisions has been such a complex and difficult task
that each decision had to be treated separately. Therefore, the problem was decomposed into

smaller and easier to solve subproblems. For example, location, lot sizing, and distribution have

traditionally been solved independently from one another, e.g., Erlenkotter| [1978]], ReVelle and|

Laporte|[1996]], [Florian et al.| [1980]], Barany et al.|[1984], Maes et al. [1991]], Desrochers et al.|
[1992], Gendreau et al.|[1994] and [Taillard et al.|[1997]]. Hence, using a sequential hierarchical

approach was prevalent. In this approach solutions obtained from one decision level needs to
be passed and imposed to the next level. The major problem with the sequential/hierarchical
decision-making approach is that when decisions are made in silos, all the interactions between
them are lost. Given that, decisions in a supply chain have mutual impacts on one another and

should be solved simultaneously, decision making in silos will result eventually in suboptimality
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[Vogel et al.,[2017].

Although decisions from different supply chain levels can be integrated, the main contributions

rely on production and distribution integration. In any manufacturing industry, production, and
distribution encompass the pivotal roles as these are costly operations. Moreover, these two
decisions balance the supply and demand by managing the inventory level. How much, and
when to produce and store, when, how much, and how to distribute products to customers are

among the most important decisions in any supply chain.

Distribution

Location <

Procurement Production
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Table 1: Integrated supply chain planning

Problems Location Production Inventory Routing
Location-Routing Problem (LRP) v v
Location-Inventory Problem (LIP) v v

Lot Sizing Problem (LSP) v v
Inventory-Routing Problem (IRP) v v
Production-Routing Problem (PRP) v v v

Location-routing problem (LRP): being closely related to the supply chain network design, fa-
cility location planning (FLP) has long been regarded as a critical strategic issue in the literature
[Laporte et al., 2019]. It deals with decisions such as establishing a new facility, relocating the
existing ones, or any capacity expansion planning [Melo et al., 2006]. In FLPs, a set of alter-
native locations are available to serve geographically dispersed customers, and the goal is to
select locations such that the cost/time of reaching customers is minimized [Melo et al., [2009].
Literature reviews published on the FLP classify models and solution algorithms and provide
a comprehensive picture for a large variety of FLPs (e.g., Francis et al. [[1983]], Brandeau and
Chiu|[1989], Owen and Daskin|[1998]], Klose and DrexI [2005]], Snyder [2006], [Sahin and Siiral
[2007]], Melo et al.|[2009]], Farahani et al.| [2012, [2014]], Schneider and Drexl| [2017]). Due to
the strategic nature of location decisions, considerable capital investment as sunk costs has been
associated with these decisions; therefore, their integration with other tactical or operational
decisions was less prevalent in the integrated optimization literature [Nagy and Salhi, 2007]].
However, joint efforts such as the one between Proctor & Gamble and Walmart, to manage the
distribution flows efficiently and collaboratively have become more common [Amiri, 2006] in
practice, to the extent that dynamic selection of partners in supply chains is identified as one of
the new trends and research opportunities in the SCM [Speranza, |2018|]. Having been adapted
to the new business environment’s reality, location decisions can now enjoy more flexibility, so
they should be revised periodically, and hence, they can now be easily combined with other tac-
tical/operational level decisions. Even if considered as a long-term decision, the facility location
is interrelated with other supply chain decisions, particularly transportation activities [Drex] and

Schneider, 2015]. Boventer [1961]] recognizes the relationship between transportation costs and
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location rental fees and introduces location-routing problems (LRPs) as the combination of fa-
cility location and routing decisions. Several papers such as Nagy and Salhi| [2007]], Prodhon
and Prins|[2014], Drexl and Schneider| [2015]], Darvish et al.|[2019]], [Schmidt et al.| [2019]], |Al-
mouhanna et al.| [2020] discuss different variants and extensions of the LRP. In the LRP, the
questions of which facilities to select, which customers to visit, and in which order they should
be served are answered [Drexl and Schneider, 2015]. The objective is to minimize the total cost

of locating facilities and distributing products.

Location-inventory problem (LIP): the LIP combines the strategic location decisions with op-
erational inventory management. The literature deals with inventory and location problems
separately. First, the location and number of distribution centers (DCs) or warehouses are de-
cided by solving a facility location problem and then by fixing these decisions, the optimal
inventory replenishment policies are determined [Daskin et al., 2002]. By decomposing the
LIP into two separate problems, all the interrelated costs are ignored; this approach becomes
questionable, especially in dealing with uncertain demands [Shen et al., |2003]. [Farahani et al.
[2015] provides a review of the models that jointly consider facility location decisions and in-
ventory management problems. In the LIP, the questions of which facilities to select and how
much inventory keep at each facility are answered, the objective to minimize the total facility

location and inventory holding costs.

Lot sizing problem (LSP): as a fundamental and challenging problem in production planning,
the LSP integrates production and inventory decisions and deals with the trade-offs between
production and storage costs [Karimi et al., [2003]. The objective is to minimize the total cost
of production, setup, and inventory [Jans and Degraeve, 2007]. Since the seminal paper of
Wagner and Whitin| [1958]], several studies have investigated the LSP. Florian et al.| [1980]
prove that the single-product capacitated problem is NP-hard, and Maes et al. [1991] show that
finding a feasible production plan for a capacitated production system with no setup cost is
an NP-complete problem; even a multi-plant, uncapacitated lot-sizing problem is NP-complete
[Sambasivan and Schmidt, 2002]]. Numerous reviews of the literature (e.g., Karimi et al.| [2003]],
Brahimi et al.|[2006]], Jans and Degraeve|[2007, 2008]], Robinson et al. [2009], Buschkiihl et al.

[2010], Glock et al.|[2014], Axsdter [2015]) have provided an overview of variants, models, and
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algorithms for LSPs.

Inventory-routing problem (IRP): as the name indicates, the IRP is the integration of inventory
management and routing decisions. An indispensable part of many integrated supply chain
models entails the delivery/transportation decisions. On the one hand, in most industries, trans-
portation cost is the major component of the total logistics cost [Boudia et al., 2007]. On the
other hand, the ever-rising transportation costs and increasing customer sensitivity to lead time
have become the salient reasons behind the supply chain literature’s emphasis on transportation
cost reduction and performance increase. The road-based transportation methods mentioned
in different existing integrated optimization problems [Coelho et al., [2016]] could be classified
into two broad categories of direct shipment and routing decisions. A very well-known and
well-researched area in distribution and transportation planning is the vehicle routing problem
(VRP) [Toth and Vigo,|2014]. The VRP focuses on designing vehicle routes to make deliveries
to customers in each period. Several papers review variants, models, and algorithms of the VRP
(e.g., Laporte| [[1992], [Eksioglu et al.| [2009]], Laporte [2009], Pillac et al.|[2013]], Lahyani et al.
[2015], |Coelho et al.| [2016], Kog et al. [2016]], |Psaraftis et al. [2016], Ritzinger et al.[[2016]).
The IRP first appeared in the literature as a variant of the VRP [Coelho et al., 2014]. The re-
views on the IRP of Campbell et al.| [1998]], Moin and Salhi [2007], Andersson et al. [2010], and
Coelho et al. [2014] provide an exhaustive overview of its variants, applications, models and
formulation, and solution methods. In the IRP, the questions of how much inventory to keep at
each center, which customers to serve, and visiting order of these customers are to be answered.

The objective is to minimize the total cost of inventory and transportation.

Production-routing problem (PRP): the PRP is an integration of the IRP with production de-
cisions [Coelho et al., 2014]] or equivalently, the LSP with the VRP [Adulyasak et al., 2015].
The most recent reviews on the PRP [[Adulyasak et al., 2015, Diaz-Madronero et al., |2015]]
thoroughly investigate the various solution techniques, formulations, applications, and classifi-
cations of the problem. The PRP determines how much to produce in each period, how much
inventory to keep at each facility, and which customers to serve and in which order. The PRP
jointly minimizes the production (setup and variable), inventory, and transportation costs. It

belongs to the vast class of integrated production-distribution problems.
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The integration of production and distribution decisions is an important and widely studied area
of the supply chain literature, as according to |(Chen| [2004]], production and distribution are the
most critical operational decisions of any supply chain. To better understand, classify the broad
integrated production-distribution literature, and provide directions for future research, in what
follows, we review state of the art on the topic and discuss their assumptions, main problems,
methods, and results. In this work, we also review studies in which the strategic decisions,
such as facility location, are simultaneously optimized with short-term and operational level

decisions, such as transportation and distribution.

3 Integrated production-distribution problems and cases

Both production and distribution problems are very well-studied in the operations research lit-
erature. The integrated production-distribution problems has also received much attention over
the last decade. However, there is a confusion in the literature on how the integrated prob-
lem should be called. The difference in what to call the integrated production-distribution
problem stems from the variants of the production and distribution decision being considered.
In some cases, despite the differences in what the integrated problems are called, they tackle
the same issues. (Chandra and Fisher| [1994] deal with production scheduling and distribution
problem (PSD). The integration of production and routing is called the production-inventory-
distribution-routing problem (PIDRP) in Bard and Nananukul| [2009b], Lei et al. [2006] and
Bard and Nananukul [2010], it is also considered as integration of the inventory-routing prob-
lem with the production planning problem and called integrated production-distribution prob-
lem (IPDP) by |Armentano et al.| [2011]] and Boudia and Prins| [2009] or the PRP by |Absi et al.
[2014]], |Adulyasak et al.| [2012]], and |Adulyasak et al.| [2015]]. |[Karaoglan and Kesen| [2017]
study the integrated production and transportation scheduling problem (PTSP). The lot-sizing
problem with production and transportation (LSPT) is studied in Hwang and Kang|[2016], the
same problem is called operational integrated production and distribution problem (OIPDP) in
Belo-Filho et al.| [2015]. Finally, when location decisions are incorporated into the produc-
tion-distribution model, the problem becomes a production-distribution system design problem

(PDSDP) [Elhedhli and Goffin, 2005]. In any case, we observe that the integration of pro-
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duction and distribution is a topic present in two distinct streams of research. One deals with
integrated facility location and distribution planning decisions and the other integrates lot-sizing
problem with distribution decisions. Looking at the cost structure of the objective function in
the integrated facility location and the LSP in single echelon, single-product/period models, the
distinction between the two streams becomes less evident. By putting the common elements
of both objective functions aside, i.e., transportation, inventory handling, and variable produc-
tion costs, in both streams a binary decision variable is present to decide whether a product is
produced in a plant. This decision is called facility location allocation in the FLP and setup

decision in the LSP.

As of now, a number of reviews on the coordination and integration of production and trans-
portation decisions exist. [Sarmiento and Nagi [1999]] survey integrated production and distri-
bution systems, Mula et al.| [2010] review mathematical programming models for supply chain
production and transport planning, Chen| [2010] and Meinecke and Scholz-Reiter| [2014] re-
view integrated production and outbound distribution scheduling (IPODS), and the integrated

production-distribution planning is reviewed in |Fahimnia et al. [2013]].

In this literature review paper, we examine and classify the integrated production-distribution
problem. Our criteria for selecting the studies are that both production (either variable or fixed
setup) and transportation costs must be present in the objective function. In most studies, pro-
duction and distribution decisions indirectly lead to the incorporation of inventory decisions

into the models.

Generally, the common assumptions of most papers dealing with the integration of produc-
tion and distribution are as follows. All products can be produced in any of the plants (multi-
functional plants). When routing is the delivery method, each customer can be visited at most
once per day and a fleet of homogeneous vehicles with limited capacity is considered. The
demand cannot be split, and no shortage, stockouts, or backlogging is allowed. Finally, transfer
between sites is not allowed. The cost functions are often linear. However, fixed-charge and
general concave cost structures are also considered in some studies. In what follows, when
economies of scale are present, we call the cost function concave. Unless otherwise specified,

these are the assumptions of the problems studied here.
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The following research papers are beyond the scope of this literature review. Those papers that
do not present any mathematical models to solve optimization problems. For this literature
review, integrated production-distribution models that include production scheduling are out of
the scope of this study. In a multi-stage production system, products move from one stage to
the next, and therefore, production scheduling is required to optimize the system. In line with
our argument before on the similarities of facility location and lot-sizing problems, we consider
facility location as a characteristic of the model only if a distinct variable is defined to indicate
whether a facility is operational in a period or to select a/several facility(ies) among a set of

available ones.

We first organize our revision around two broad categories of single versus multi-product mod-
els and then based on either the distribution method (for single-product) or number of echelons
(for multi-product). Several other factors are also considered. A general overview of our classi-
fication is depicted in Figure [3| Our decision for this classification is first based on the number

of papers we cited for each category and then the similarities of the approaches considered.

[single—product] multi-product

[direct shipment] [routing] [single—echelon] multi-echelon
# of echelons ’ distribution method ‘

’ # of plants ‘ ’ # of periods ‘ ’ capacity limitation ‘

’ type of demand ‘ ’ production setup ‘ ’ location decision ‘

Figure 3: Classification criteria for integrated production-distribution problems

Variants of production-distribution models with single-product are presented in Section {4 and

models that consider multiple products are reviewed in Section [5

10 CIRRELT-2021-19
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4 Single-product production-distribution models

In this section, we review integrated production-transportation models for single-product prob-
lems. To better analyze their variants and characteristics, we divide them into two categories

depending on the delivery method: direct shipment or routing.

4.1 Direct shipment decisions

To formulate the production-distribution planning problem, several authors used a capacitated
minimum-cost network flow problem (e.g., [van Hoesel et al.| [2005]], Eksioglu et al.| [2006]).
van Hoesel et al.|[2005] proposed a dynamic programming (DP) algorithm to study different
transportation and inventory holding cost structures in their multi-echelon integrated problem
and Eksioglu et al. [2006] a primal-dual based heuristic to solve an integrated problem with
multi-functional plants. All costs in [van Hoesel et al.|[2005] are concave but in Eksioglu et al.
[2006] only transportation costs are concave where production and setup cost vary from one
plant to another as well as from one period to the next. Eksioglu et al. [2006] argued that
their problem is a special case of the FLP and an extension of the classical LSP, as the facility
selection decision is also present in the model. Hwang et al. [2016] reduced the complexity
of the algorithm proposed in van Hoesel et al. [2005] by utilizing only the information on the
aggregated production quantities and considering only those periods in which transportation
occurs. A concave transportation cost consisting of fixed and variable shipment costs, and
a linear holding cost function were assumed. Later Hwang and Kang| [2016] considered a
stepwise transportation function for a production-distribution problem in which backlogging is
allowed. They further improved the O(T*®) algorithm of Hwang et al. [2016] and reduced its

complexity to O(T? log T) where T is the number of periods.

The single-sourcing suggests that the customer demand during the whole planning horizon is
fulfilled from the same facility and cannot be split among different facilities. Ahuja et al.|[2007]]
studied a single-sourcing integrated problem in a dynamic environment in which production, in-
ventory, throughput, and several product perishability constraints are considered. Their problem

is formulated as a nonlinear assignment problem and is solved by a greedy heuristic where later
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a very-large-scale-neighborhood (VLSN) search method improves the greedy solutions.

Some authors considered the integrated production-distribution problem as integration of the
LSP with production and transportation (e.g. Hwang [2010], |Akbalik and Penz [2011]) and
some others as the integration of facility location and production planning decisions (e.g.,

Romeijn et al.| [2010], Sharkey et al.|[2011]).

Hwang| [2010] used a stepwise cost function for transportation considering economies of scale
for shipment, and consequently production. They assumed unlimited number of vehicles and
concave production cost in their problem. They discussed inventory systems with and without
backlogging allowed. The goal of the paper by Akbalik and Penz [2011] is to compare inventory
the just-in-time and time window policies. Therefore, they incorporated delivery time windows
into their model. Under the just-in-time policy, delivery quantities to customers are fixed to
the demand but with the time window policy, deliveries can be aggregated and delivered before
the due date. In their model, costs change over time and a fixed transportation cost per vehicle
is assumed. Their results showed that the time window policy has a lower cost. To solve the
problem, they proposed a DP algorithm. They compared its performance against the one of the
mixed integer linear programming (MILP) and concluded that the DP always outperforms the

MILP, even for large size instances.

Romeijn et al. [2010] introduced the idea of generalizing the LSP by integrating it with facility
location decision [Liang et al., 2015]. Therefore, the objective function considered minimizes
location, production, inventory, and transportation costs. They developed a new approximation
method for cases with special production and inventory cost structures and seasonal demand
patterns. Similar to the problem studied in Romern et al.| [2010]], Sharkey et al.| [2011] inte-
grated location and production decisions. They applied a branch-and-price algorithm to solve
their single sourcing integrated problem. Their results highlighted the potential benefits of this
integration. They concluded that the proposed branch-and-price algorithm works better on the
cases where the ratio of the number of customers to the number of plants is low. |Senoussi et al.
[2018]] studied a supply chain consisting of one plant and several retailers, where the plant is
located far from the customers. A total cost had to be minimized which consists of production

setup cost, fixed vehicle cost, and fixed customer visiting cost, and the inventory costs at the
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plant and customers. They proposed several genetic algorithm (GA) based heuristics to solve

large size instances of the problem.

Recently, the context has become even richer. |Darvish et al.| [2016]] introduced a rich problem
which integrates production and direct shipment decisions. They considered a delivery due
date for shipments, which can be distributed from any of the selected facilities. They used
a branch-and-bound approach to solve and assess the cost-service level trade offs. |Gruson
et al.|[2019] compared several formulations for what they call a three-level (plant-warehouse-
retailer) lot sizing and replenishment problem with a distribution structure. No transshipment
between warehouses or retailers was considered in their model. Inventory can be held at all three
levels of the supply chain at a cost. Their results showed how the echelon stock reformulation
suits capacitated instances the best while the multi-commodity formulation worked the best for

uncapacitated ones.

Table [2] provides a summary of these studies. It seems the DP is a popular solution algorithm

for the problems in this category.

4.2 Routing decisions

Integrated production and routing decisions is called by the PRP in the literature, for which
heuristic approached are mainly used. The problem is of practical relevance, a real-life applica-

tion is presented in|Schenekemberg et al. [2020].

In most papers, a homogeneous fleet of vehicles is considered but [Lei et al.| [2006] studied the
PRP with a heterogeneous fleet of vehicles. They proposed a two-phase heuristic approach to
solve the problem. By relaxing the routing decisions In the first phase, they solved the problem
considering direct shipments. For the second phase, they proposed a heuristic to deal with the

routing decisions.

The PRP with capacity constraints is studied in Boudia et al.|[2007} 2008]] and |Boudia and Prins
[2009]. In their application, customers are served at most once a day based on a first-in-first-out
(FIFO) policy and by a limited fleet of capacitated vehicles. Customers cannot receive a late

service, however, if the capacity permits, their demand can be fulfilled in advance. Although
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the inventory capacity at the plant and customers is limited, the holding cost at the customer is
negligible compared to that of the plant. Boudia et al. [2007]] proposed a greedy randomized
adaptive search procedure (GRASP) to solve the PRP. However, in order to change produc-
tion and delivery days for some of the demands a local search method was suggested and to
reinforce the combination either a reactive mechanism or a path relinking was added. Boudia
et al. [2008] proposed two greedy heuristics followed by two local search procedures to solve
the problem. The same problem was solved using a memetic algorithm with population man-
agement (MA|PM) in Boudia and Prins [2009]. Their memetic algorithm yielded better results
than the GRASP, and showed 23% saving in costs compared to the classical hierarchical ap-
proach. The same problem is addressed in |Bard and Nananukul| [2009alb, [2010], in which a
single plant serves a set of customers over a multi-period time horizon. The demand is satis-
fied either from the inventory held at the customer or daily distribution of the product. Two
cases were considered for the distribution: to fulfill the demand of the day by vehicle routing
or by replacing routing with allocation and aggregated vehicle capacity constraints [Bard and
Nananukul, 2010]. [Bard and Nananukul [2009a] solved the problem with a reactive tabu search
which is followed by a path relinking procedure to improve the solution. Compared to the re-
sults obtained by Boudia et al.| [2007]], Bard and Nananukul [2009a] achieved slightly better
solutions. Bard and Nananukul| [2009b]] used a branch-and-price algorithm and compared sev-
eral heuristics for the IRP in the context of the PIDRP. To take advantage of the efficiency of
a heuristic and accuracy of the branch-and-price, |Bard and Nananukul| [2010] improved their
former method by proposing a hybrid algorithm combining exact and heuristic methods within
the branch-and-price framework. Within 30 minutes of run time, the algorithm was able to find
optimal solutions only for instances with up to 10 customers, two periods, and five vehicles.

Moreover, the obtained lower bounds were not strong.

Several strong reformulations and inequalities to strengthen these reformulations are presented
in [Ruokokoski et al.l 2010]. They considered a single uncapacitated vehicle and as in Bard
and Nananukul [2010], the maximum level (ML) inventory policy was used for the quantities
delivered to each retailer. Their results highlighted the cost saving benefits of the coordinated
approach compared to the uncoordinated one. The proposed branch-and-cut algorithm could

solve instances with up to 80 customers and eight periods, but solving larger instances was still
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considered a challenge. This method is also used in |Archetti et al. [2011] to compare the ML
and order-up to level (OU) inventory policies in the PRP context. The demand is delivered to the
customers using an unlimited fleet of capacitated vehicles. They concluded that the ML policy
outperforms the OU in short time horizons, but with an increase in the number of periods,
the difference between the costs obtained from these two policies also decreases. However,
within two hours of execution, the proposed branch-and-cut approach could not provide optimal
solution for all instances. Instances generated in [Boudia et al., 2007]] and [Archetti et al.,[2011],
are the benchmark instance sets of the PRP literature.For example, Solyali and Stiral [2017] used
a multi-phase heuristic to solve a single echelon PRP with production and inventory capacities.
They evaluated the performance of their proposed heuristics on these benchmark instances.
they concluded that although the multi-phase heuristic can find new best solutions for 65% of

instances, for larger instances, a better solution comes at the cost of higher computation time.

The first comparative study of the solutions algorithms for the PRP appeared in [Adulyasak
et al., [2012]]. They compared the performance of the adaptive large neighborhood search
(ALNS) heuristic against the GRASP [Boudia et al.,2007], MA |PM [Boudia and Prins, [2009],
reactive tabu search [Bard and Nananukul, 2009a], tabu search with path relinking [Armentano
et al., 2011], and the branch-and-cut approach proposed of |Archetti et al.|[2011]. The proposed

heuristic in [Adulyasak et al., 2012] outperformed all the former methods.

Later |Absi et al.| [2014] proposed a two-phase iterative heuristic approach for the PRP which
outperformed the ALNS proposed by Adulyasak et al./ [2012]. They applied this decomposition
method to solve the PRP considering a limited fleet of capacitated vehicles and an ML inventory
policy. Their decomposition method addressed the lot sizing decisions in the first phase and
determined the routing ones in the second phase. They concluded that while the second phase
outperforms all the existing methods in shorter running time, developing fast heuristics to yield

good results for the lot sizing in the first phase still remains a challenge.

Adulyasak et al.| [2014] considered the PRP with both ML or OU policies. A main difference
between their model and that of |Archetti et al. [2011] is that products can be delivered to cus-
tomers on the same period as the demand happens, and there is no need to wait until products

are replenished in the facility. Using a single core and within two hours of execution, instances
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with up to three periods and three vehicles, and up to 25 customers were solved to optimality.
Later, and for the first time in the literature, the authors addressed the PRP with demand uncer-
tainty in |Adulyasak et al.|[2015]. They proposed and compared the branch-and-cut algorithm

with Benders decomposition method to solve the two-stage and multi-stage stochastic PRP.

To summarize, as indicated in Table 3] only|/Adulyasak et al|[2015]] considered the demand to be
stochastic. Except for van Hoesel et al.| [2005], models mainly addressed a single plant-retailer
echelon. In a few papers, the model did not consider the fixed or setup cost of production but
they assumed the production cost to be a function of the quantities produced. Exact methods
(mostly DP) and metaheuristics are exploited when the direct shipment is the delivery method.
Prior to 2010, the common solution approach to tackle the PRP was metaheuristics, however,
matheuristics are more common since they proved to be better in terms of efficiency and per-
formance. We also notice that when the distribution method is direct shipment more variants
of the production problem are considered. However, in the PRP context the focus has mainly
been on finding faster and more efficient solution algorithms. Therefore, the majority of the
PRP studies compare their results and performance of the algorithms with the already existing

methods from the literature.

S Multi-product production-distribution models

In this section, we present the integrated production-distribution models with multiple products.
The number of publications in this category is less than the ones with single-product models.
Obviously, adding multiple products to models makes them more difficult to solve, therefore,
in this section fewer papers consider routing as the shipment method. Here, we first present
those studies that consider only one echelon in the model, mostly considering a set of plants

and customers. Then, multi-echelon problems are surveyed.
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5.1 Single-echelon models

A few papers formulate and solve the multi-product PRP. This problem is studied for the first
time by Chandra and Fisher| [1994]] where an unlimited fleet of vehicles and storage capacity
limits were assumed. No inventory holding cost was considered at the plant. They solved the
PRP with a local improvement heuristic and showed how integrating production and distribution
decisions leads to 3-20% cost savings. The value of integration is also highlighted in [Fumero
and Vercellis [1999]. In most PRP papers, partial customer demand delivery is prohibited, no
advanced delivery is allowed, and the transportation cost is mainly a function of the distance.
These assumptions did not hold in [Fumero and Vercellis| [1999]]. Transportation costs were
defined based on both loads and distances while considering a fixed cost per vehicle. To solve
this PRP with homogeneous and capacitated vehicles, Fumero and Vercellis| [[1999] applied a
Lagrangian relaxation approach. The value of integration having been proven, the literature
has focused on developing intricate methods to solve the problem. |Armentano et al.| [2011]]
developed a tabu search with path relinking approach to solve a PRP with a fleet of identical
vehicles. First, they tested the performance of the proposed method on benchmark instances
from the literature for the PRP with single product of Boudia et al.|[2007]. They showed the
superiority of their proposed approach to the MA|PM [Boudia and Prins, 2009] and reactive
tabu search [Bard and Nananukul, 2009a] methods. Then, they generated instances for the
multi-product PRP to compare the performance of their proposed solution algorithm to tabu
search. They concluded that although tabu search with path relinking requires more execution
time, it always obtains better solutions. Finally, Brahimi and Aouam| [2016] introduced the
backordering into the PRP context. To solve this problem, they used a hybrid of a decomposition

relax-and-fix method with a local search heuristic.

The solutions algorithms and variants of the integrated production-distribution problems with
direct shipment as the distribution method are more diversified. In some studies a profit maxi-
mization objective function is considered. For example, Jolayemi and Olorunniwo, [2004] intro-
duced an integrated production-distribution problem with the possibility of capacity expansion.
Therefore, if plants face a lack of sufficient resources, subcontracting will be allowed. Be-

side this new dimension, Jolayemi and Olorunniwo [2004] introduced a reduced model, i.e., a
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smaller MILP problem, and showed how both models (full-size and reduced) led to the same
results. Park [2005]] proposed a two-phase heuristic to solve another profit maximization inte-
grated production-distribution problem. The considered an OU inventory policy and the possi-
bility to run out of stock. To solve the problem, the author tries first to come up with production
and distribution plans, and later to improve these plans by consolidating deliveries. The results
revealed the advantage of using an integrated approach over a decoupled one. However, the
author concluded that the integrated approach leads to more profit when vehicle capacities are
small but fixed cost of vehicles, unit cost of stockout, and production capacity are relatively
high. Melo and Wolsey| [2012] studied a similar problem but they solved it using a hybrid

heuristic.

Decomposition methods are also popular in solving the integrated production-distribution prob-
lems. The multi-product version of the problem studied in Eksioglu et al.|[2006] is solved by
a Lagrangean decomposition heuristic in |[Eksioglu et al.|[2007]. Nezhad et al.| [2013]] applied
Lagrangian relaxation heuristics to solve an integrated production-distribution problems with
uncapacitated and single-source plants. This is one of the few papers in which only one period
is considered. Although they solved a location problem in a sense that the model assigns cus-
tomers to plants, they do not impose any costs for utilizing a plant in a period (location costs).

The only fixed cost incurred in the model remained the setup cost of production.

Liang et al.| [2015] extended the model presented in Romeijn et al. [2010] by allowing backlog-
ging. They proposed a hybrid column generation and relax-and-fix method. Th latter provides
lower bounds and the former yields upper bounds for the problem. Comparing their results to
the ones from a commercial solver, their approach outperforms the commercial solver in ob-
taining better lower and upper bounds and unlike the commercial solver, it is not sensitive to

the number of facilities as a measure of the instance size.

A summary of the integrated production-distribution models with multiple products and single

echelon is presented in Table
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5.2 Multi-echelon models

Due to the complexity of multi-product, multi-echelon integrated production-distribution prob-
lems, the main delivery method considered in models from this category is the direct shipment.
However, it is interesting to note that mostly exact methods are proposed to solve these prob-

lems.

Lagrangean approaches are used in Pirkul and Jayaraman| [1996], Barbarosoglu and Ozgiir
[1999], Jayaraman and Pirkul [2001], Elhedhli and Goffin! [2005]]. |Pirkul and Jayaraman! [ 1996]
applied a Lagrangean relaxation based heuristic to solve a production-distribution integrated
with facility location-allocation problem. All customers are served from a warehouse selected
among a number of available ones. Barbarosoglu and Ozgiir| [1999] decompose the produc-
tion-distribution problem into two smaller and easier to solve subporblems. Jayaraman and
Pirkul [2001]] enriched the problem studied in |Pirkul and Jayaraman| [[1996] by adding the pro-
curement decisions. They had a real case to solve by their proposed Lagrangean approach,
however, they generated first several random instances and compared the performance of the
method against the optimal solutions obtained by a commercial solver. Finally, Elhedhli and
Goffin| [2005] applied a Lagrangean relaxation incorporated with the interior-point and branch-
and-bound methods to solve a network design problem dealing with production-distribution
decisions. On another production-distribution network design problem, |Correia et al. [2013]]

proposed a branch-and-cut algorithm to solve randomly generated instances.

Several other solutions algorithms are also proposed in the literature to solve different variants
of the production-distribution problem. For example, De Matta et al. [2015] examined an inte-
grated problem in which the delivery method needs to be decided between the direct shipment
or consolidated delivery offered by a third party logistics company. They applied a Benders
decomposition method to solve this problem. Darvish and Coelho| [2018]] introduced a rich in-
tegrated production-distribution problem motivated by an industrial collaboration. Their model
incorporated delivery due dates and flexible supply chain network design features. However,
their main contribution remained on quantifying the advantages of supply chain integration by
comparing results obtained from several sequential procedures with the integrated ones. In or-

der to solve large size instances of the problem, they also developed a matheuristic based on the
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variable neighborhood search method.

To conclude this section, we review papers that address routing decisions in multi- product
multi-echelon models. Hein and Almeder [2016] integrated supply vehicle routing and pro-
duction planning decisions. The variable production costs were not considered in their model
which minimized the setup, inventory, and distribution costs. They highlighted the advantages
of the integrated approach and conclude that in just-in-time approaches, the potential savings
are even higher. Inspired by a meat production plant, Neves-Moreira et al.|[2019] solved a large
PRP with delivery time windows. In their three-phase solution algorithm, first, they simplified
some decisions in order to reduce the size of the problem. Then they applied a decomposi-
tion approach, and finally, a fixed-and-optimize matheurtistic was applied. The performance of
this solution algorithm was tested on several available benchmark instances from the literature.
Moreover, the results obtained from applying the integrated optimization approach to a case

study showed 21.73% saving compared to the company’s solutions.

A summary of the integrated production-distribution models with multiple products and multi-

ple echelon is presented in Table[5]

6 Discussions and further research directions

Due to the importance of production-distribution problems in research and practice, they are
vastly studied in the OR literature. Findings from several studies confirm the many benefits
of the integrated approach in supply chain decision making. We have also identified a rapidly
growing interest in these approaches, a large number of papers, especially on the PRP, are
published recently. However, we have observed that this body of research lacks a unifying

framework and is highly fragmented.

The integrated problems we reviewed in this paper advanced significantly the state of the lit-
erature. However, the potential of integrated optimization is not yet fully explored and several
gaps already exists that further research can fill. In order to better analyze the current research
hotspots and identify the future research direction, we pinpoint several main trends and their

respective research avenues.
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* Holistic supply chain planning: several integrated problem are already introduced in the

literature, but a holistic supply chain planning approach is still far from being realized.

Decisions from different supply chain functions: location and procurement decisions

of the supply chains can also be integrated into the production-distribution models.

Circular economy movement: in the past decade, enhancing the circular economy
has been motivated. Hence, its integration with production-distribution decisions

seems to be the next logical step.

Eigenmodel: In public transportation planning, Schobel [2017]] proposed a so-called
eigenmodel (“model of itself”, see Mohring et al.| [19935]]) for integrated line plan-
ning, timetabling and vehicle scheduling. This approach makes use of the fact that
the integrated problem naturally consist of subproblems, i.e., the ones that are to
be integrated, and solves them iteratively with previous solutions of some or all the
subproblems fixed (a kind of neighborhood search). The benefit of such an approach
is that the subproblems can be studied independently, their solution algorithms can
be based on existing algorithms, and their specific structures can be exploited. Once
the subproblems can be solved effectively, the eigenmodel iterates over the different
subproblems until some stopping criterion is reached. A potential future direction

could be to explore this idea within the context of integrated supply chain planning.

* Supply chain digitalization: leveraging the potential of information technology, compa-

nies are propelled into the digital supply chain era.

Real-time decision making: collecting and using real-time information for decision
making is a very common practice these days in many industries. However, due
to the complexity involved in solving production-distribution problems, considering

real-time, real-time production-distribution decision making is yet to be explored.

Data-driven integrated models: the amount of data generated and stored has dra-
matically increased. The collected data needed to be processed and analyzed first

before being used in optimization problems. Increased data granularity comes at
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a cost of more complex models. Therefore, production-distribution problems have

mainly focused on randomly generated instances.

* Sustainable supply chains:

Environmental issues: incorporating environmental issues in optimization research
is receiving growing attention. However, the current integrated optimization litera-
ture has been mainly focused on increasing the service level and reducing the total

costs.

* Real world application: The applications of the studies cited in the previous section. A
great number of papers published on the production-distribution integration use numeri-
cal experiments on randomly generated instances to test the performance of the solution
algorithms. Real-world applications of the models and algorithms are still lacking in the

literature.

Demand uncertainty: only very few studies have considered the stochasticity of the
dynamic environments. The majority of studies assume the demand to be known
in advance, and plan the production and distributions based on this assumption. A
future research opportunity would be to investigate stochastic production-distribu-

tion integration.

Decision making under flexible network design: Speranza [2018]] identifies the flex-
ible network design as a new trend and research opportunity in logistics. Most of
the research integrating production and distribution considers fixed settings. For ex-
ample, the upstream and downstream supply partners are always known and fixed.

The location of facilities rarely changes during the planning horizon.

More realistic cost structures: in most studies costs are linear and no economies of
scale arise. Economies of scale in production, transportation and inventory could

also be investigated in future research.

Multiple products, multi-echelon settings: as the number of products, echelons, fa-

cilities, and periods increase, problems become more complex and therefore, more
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difficult to solve. Hence, most papers mainly considered a single echelon and single-
product setting. A future research avenue would be to develop fast and efficient
methods to solve multi-echelon, multi-product, large instances of the integrated pro-

duction and distribution problem.

* Effective exact algorithms: integrated lot sizing with distribution problems are mainly
solved exploiting decomposition or relaxation techniques. The set of binary decisions
are considered first and then, one solves a network flow problem. Future research could

develop faster and more efficient methods to solve large instances of LSPs [Absi et al.,

2014].

7 Conclusions

This paper provides a comprehensive, but not exhaustive overview of the broad literature on the
integrated supply chain optimization, with the main focus on the integration of production and

distribution decisions. Figure || provides a general overview on the papers studied.

Single-product (27) Multi-product (19)
5 Single-echelon (24) Multi-echelon (3) Single-echelon (10) Multi-echelon (9)

6 I

4

| I I I
; H

Single-plant  Multi-plant  Single-plant  Multi-plant  Single-plant  Multi-plant Single-plant  Multi-plant

# papers (46)

[l Direct shipping (26) Routing (20)

Figure 4: A general overview of the paper

We have classified the papers presented in the literature based on different characteristics, in-
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cluding the number of products, echelons, periods and plants considered, the presence of ca-
pacity constraints, setup costs, location decisions in their mathematical model, the shipment
methods, and finally type of demand. We have also reviewed their solution algorithms and

suggested some interesting venues for the future research.
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