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Abstract

The productivity of an organization is very much affected by non-value adding activity like logis-
tics, which moves the resources from suppliers to factory, raw materials/semi-finished items
within the factory and finished goods from factory to customers via a designated distribution
channel called as forward logistics. In some cases, parts of the products such as automobiles,
computers, cameras, mobile phones, washing machines, refrigerators, garments, footwear and
empty glass bottles of beverages, etc. will be brought back to the factories as a product recovery
strategy through reverse logistics network which is integrated in a sustainable closed loop supply
chain network. So, it is highly essential to optimize the movement of the items in the reverse logis-
tics network. This paper gives a comprehensive review of literature of the design of networks for
the reverse logistics as well as for the reverse logistics coupled with forward logistics. The contri-
butions of the researchers are classified into nine categories based on the methods used to design
the logistics network.
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1. Introduction

Supply Chain Management is an integrating function with primary responsibility for linking major business
functions and business processes within and across companies into a cohesive and high-performing business
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model. It includes all of the Logistics Management activities as well as manufacturing operations, and it drives
coordination of processes and activities within and across marketing, sales, product design, finance, and infor-
mation technology. Logistics management is that part of the supply chain management process, which plans,
implements, and controls the efficient, effective forward and reverse flows and storage of goods, services, and
related information between the point of origin and the point of consumption in order to meet customers’ re-
quirements.

1.1. Drivers and Metrics of Supply Chain

The drivers of supply chain performance are classified into logistical drivers, viz. facilities, inventory and trans-
portation and cross functional drivers, viz. information, sourcing and pricing. The improvement in the supply
chain performance of a company in terms of responsiveness and efficiency is analyzed and assessed by examin-
ing these logistical and cross functional drivers. Metrics are the measures of various factors related to the drivers
which influence the performance of the supply chain. The logistics drivers are facilities, inventory and transpor-
tation. Facilities are the actual physical locations in the supply chain network where product is stored, assembled,
or fabricated. The two major types of facilities are production sites and storage sites. The facility related metrics
that influence the supply chain performance are capacity, utilization, theoretical flow/cycle time of production,
actual average flow/cycle time, flow time efficiency, product variety, volume contribution of top 20 percent
SKUs and customers, processing/setup/down/idle time, average production batch size and production service
level .

Inventory is held throughout the supply chain in the form of raw materials, work in progress and finished
goods. The inventory related metrics that influence the supply chain are average inventory, products with more
than a specified number of days of inventory, average replenishment batch size, average safety inventory, sea-
sonal inventory, fill rate and fraction of time out of stock. Transportation moves product between different stag-
es in a supply chain. The mode of transportation can be chosen between air, truck, rail, sea and pipeline. The
transportation related metrics that influence the supply chain are: average inbound transportation cost, average
incoming shipment size, average inbound transportation cost per shipment, average outbound transportation cost,
average outbound shipment size, average outbound transportation cost per shipment and fraction supported by
mode.

The cross functional drivers are information, sourcing, and pricing. Information serves as the connection be-
tween various stages of a supply chain, allowing them to coordinate and maximize total supply chain profitabil-
ity. The information related metrics that influence the supply chain are forecast horizon, frequency of update,
forecast error, seasonal factors, variance from plan and ratio of demand. Sourcing is the set of business
processes required to purchase goods and services. The sourcing related metrics that influence the supply chain
are: days payable outstanding, average purchase price, range of purchase price, average purchase quantity, frac-
tion on-time deliveries, supply quality and supply lead time. Pricing is the process through which a firm decides
how much to charge customers for its goods and services. The pricing related metrics that influence the supply
chain are profit margin measures, day sales outstanding, incremental fixed cost per order, incremental variable
cost per unit, average sale price, average order price, range of sale price and range of periodic sales.

1.2. Classifications of SCM

The classifications of SCM are lean supply chain, agile supply chain, closed loop supply chain, reverse supply
chain (reverse logistics) and green supply chain. Lean supply chain is a properly designed process in which all
the supply chain functions and activities are systematically executed. Supply Chain Agility is an operational
strategy focused on inducing velocity and flexibility in the supply chain. Closed-loop supply chain (CLSC) inte-
grates both forward and reverse supply chains and focuses on taking back products from customers and reco-
vering added value by reusing the entire product, and/or some of its modules, components, and parts. Reverse
logistics stands for all operations related to the reuse of products and materials. It is the process of planning, im-
plementing, and controlling the efficient, cost effective flow of raw materials, in-process inventory, finished
goods and related information from the point of consumption to the point of origin for the purpose of recaptur-
ing value or proper disposal. The reverse logistics process includes the management and the sale of surplus as
well as returned equipment and machines from the hardware leasing business. Normally, logistics deals with
events that bring the product towards the customer. In the case of reverse, the resource goes at least one step
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back in the supply chain. For instance, goods move from the customer to the distributor or to the manufacturer.
Green supply chain is defined as ‘integrating environmental thinking into supply chain management, including
product design, material sourcing and selection, manufacturing processes, delivery of the final product to the
consumers as well as end-of-life management of the product after its useful life.

2. Network Design in Supply Chain

Network design decisions are among the most important supply chain decisions, as their implications are signif-
icant and long lasting. In designing a supply chain, we need to consider how all supply chain drivers-facilities,
transportation, inventory, information, sourcing and pricing should be used together to support the competitive
strategy of a firm and maximize supply chain profits. Distribution occurs between every pair of stages in the
supply chain. Raw materials and components are moved from suppliers to manufacturers, whereas finished
products are moved from the manufacturer to the end consumer. Distribution is a key driver of the overall prof-
itability of a firm because it affects both the supply chain cost and the customer experience directly.

The distribution network from the manufacturer to the end consumer has many choices. Based on the two key
decisions i.e. whether the product will be delivered to the customer location or picked up from a preordained site
and whether the product will flow through an intermediary (or intermediate location), the firm can use one of the
six distinct distribution network designs to move the products from factory to consumer, which are as listed be-
low:

o Manufacturer storage with direct shipping;

Manufacturer storage with direct shipping and in-transit merge;
Distributor storage with package carrier delivery;

Distributor storage with last-mile delivery;
Manufacturer/Distributor storage with customer pick up;

Retail storage with customer pick up.

3. Literature Review

In the growing global competition, logistics plays vital role, which identifies the facility locations, installations,
operations and maintenance and day-to-day transportations from plant to customers and back in the process of
satisfying customer demands and bringing back the returns if any for different purposes as stated in reverse lo-
gistics. The logistics is broadly classified into forward logistics and reverse logistics. There are many studies for
forward logistics. In this paper, the closed loop supply chain which encompasses forward and reverse logistics,
and reverse logistics are considered.

The design of network for supply chain facilitates organizations to improve productivity in terms of reduced
logistics cost, operation cost and maintenance cost.

In this section, the review of the design of reverse logistics network as well as the reverse logistics network in
conjunction with forward logistics network is presented under the following nine categories, viz. models, branch
and bound algorithms, heuristics, genetic algorithms, simulated annealing algorithms, Petri net algorithms, ana-
lytic hierarchy process (AHP), simulation approaches and general approaches.

3.1. Models

The mathematical models for the closed loop supply chain as well as reverse logistics aim to provide optimal
solution in terms of network design. This section provides review of literature of mathematical models applied
to the design of supply chain networks, both closed and reverse logistics system.

Krikke et al. [1] developed a quantitative model for concurrent product design considering the modularity,
reparability and recyclability, and closed loop supply chain design with an application to refrigerators. They ex-
perimented the model for different scenarios using different parameters settings like centralized versus decentra-
lized processing, alternative product designs, varying quality and quantity, and potential environmental legisla-
tion based on producer responsibility. Schultmann et al. [2] presented modeling of reverse logistics tasks within
closed loop supply chains based on an example considering the end of life vehicle (ELV) treatment practiced in
the automobile industry of Germany. They proposed different design options for a closed loop supply chain
concentrating on the handling the reverse material flows to reintegrate them into their genuine supply chains.
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They modeled the reverse logistics aspects with vehicle routing planning and developed a problem-tailored al-
gorithm. Salema et al. [3] proposed a warehouse-based design model for reverse logistics network which simul-
taneously optimizes the forward and reverse networks. They designated the model as DeM, a coordinated ware-
house location model, which integrates forward and reverse flows. Savaskan et al. [4] presented a reverse chan-
nel design with the case of competing retailers to collect post-consumer goods in reverse channel and to take
strategic product pricing decisions in the forwards channel. They introduced product remanufacturing into the
single manufacturer-two retailer, multi-echelon distribution model and presented two decentralized and two
coordinated closed loop supply chain models. The model suggests the retailer collecting system as a preferred
option for the manufacturer of consumer products in which completion is an important determinant of prices.
The model also suggests that the retailer collecting system is the better channel structure for the Kodak’s single
use camera product line in which the ability to compete in prices with other manufacturers’ products is critical.
Salema et al. [5] proposed an optimization model for the design of a capacitated multi-product reverse network
with uncertainty. The model is a generalized one aimed to overcome the limitations in the existing models as
most of them are case based and lack generality in application. They considered capacity limits, multi-product
management and uncertainty on product demands in order to contemplate the generic network design for reverse
logistics. The model is solved by developing a mixed integer formulation and solved using B&B techniques.
Ondemir and Gupta [6] presented a mixed integer non-linear programming model to select collection centers for
reverse logistic networks. The model was applied to find the optimal locations of a predetermined number of
collection centers, the optimal vehicle type and the optimal incentive to be offered by the company to product
holders based on the quality condition of their used items. They developed a tabu search based algorithm in
MATLAB to solve this NP-complete problem. They found that the location dependent transportation cost ap-
proach is inferior to fixed transportation cost approach resulting in higher loss of profit when the variation of the
cost with respect to location is relatively high.

Mansour and Zarei [7] proposed a multi-period reverse logistics optimization model for end-of-life vehicles
recovery based on EU Directive which imposes new additional costs on manufacturers. The model was devel-
oped based on the number, location and the capacity of the collection centers, dismantlers and the amount of
materials flow between different facilities. They found the solution by applying multiple start search algorithm
where a heuristic method was performed in each iteration. Demirel and Gokcen [8] developed a mixed integer
programming model for remanufacturing in reverse logistics environment which includes multi-phase and mul-
ti-product forward and reverse distribution. They presented three different scenarios with a low, medium and
high rate of returns in order to compare the possible performance of different scenarios for allowing the logistics
planner to take a better decision. Lashkari and Zhang [9] presented a modeling and analysis of a reverse supply
chain network for lead acid battery manufacturing industry. They encompassed the entire closed loop process
which includes purchasing, production, end of life product collection and recycling. The model presented is a
multi-objective, multi echelon mixed integer linear program which minimizes the total cost of the operations and
the total pollution emissions in the closed loop network. Barker and Zabinsky [10] presented a framework for
deciding reverse logistics network design. They mainly focused on two decision making phases, viz. the strateg-
ic phase for facility location decisions and tactical phase for customer flow allocation decisions. They also con-
sidered the critical trade-offs from which they identified relevant network design decisions for each flow stage,
viz. collection, sorting/testing and processing to make efficient network design. Reynaldo and Ertel [11] pre-
sented a reverse logistics network design in a closed loop supply chain for the end-of-life vehicles in Mexico.
They handled the problem through reverse logistics and modeled it through an un-capacitated facility location
problem. Kannan et al. [12] developed a multi-criteria group decision making model in fuzzy environment to
guide the selection process of the best 3PRLP. They analyzed the selection of best 3PRLP from among 15 op-
tions through interpretive structural modeling(ISM) and fuzzy technique for order preference by similarity to
ideal solution (TOPSIS). A case study on battery manufacturing industry in India is presented to illustrate the
effectiveness of the model which showed that the proposed ISM based model can provide the decision maker
with a more realistic representation of the problem while considering interactions among the criteria for the se-
lection of best 3PRLP in the company. Mutha and Pokharel [13] presented a model for strategic network design
of reverse logistics and remanufacturing using new and old product modules. They assumed that the returned
products are consolidated in the warehouse before they are sent to reprocessing centers for inspection and dis-
mantling. Dismantled parts are sent for remanufacturing or to the secondary market as spare parts. On simulat-
ing the model with different quantities of returned products, it is concluded that it might be beneficial to locate
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processing centers at location where resources, viz. labour, energy and land are cheaper and to locate remanu-
facturing centers at places where new modules of the remanufactured products are available at cheaper rate.
El-Sayed et al. [14] developed a multi-period, multi-echelon forward-reverse logistics network design under risk.
The network structure includes three echelons in the forward direction (suppliers, facilities and distribution cen-
ters) and two echelons in the reverse direction (disassembly and redistribution centers), first customer zones in
which the demands are stochastic and second customer zones in which the demand is assumed to be determinis-
tic, but it may also assumed to be stochastic. They formulated a stochastic mixed integer linear programming
(SMILP) for this problem. Dahel [15] considered the design of a multi-echelon, closed loop supply chain net-
work and the planning of product recovery for remanufacturing under uncertainty. In the network, they included
a number of plants and disassembly centers of unknown location and a number of customer zones and disposal
sites at fixed locations. They modeled it as a multi-period cost minimizing stochastic programming problem to
determine the location of plants and disassembly centers and to specify the optimal remanufacturing/production
quantities, the number of used products to collect and disassemble the inventory of recovered items and product
flows between the various facilities in the supply chain. Wang and Hsu [16] proposed a generalized model for
solving a closed loop logistics network in which the uncertainty is expressed by fuzzy numbers. They proposed
an interval programming model by the defined means and mean square imprecision index obtained from the in-
tegrated information of all the level cuts of fuzzy numbers. The interval programming is resolved based on deci-
sion maker’s preference and the solution obtained provides useful information on the expected solutions under a
confidence level containing a degree of risk.

Zhang et al. [17] proposed an inexact reverse logistics model for municipal solid waste management systems
(IRWM) in which waste managers, suppliers, industries and distributors were involved in strategic planning and
operational execution through reverse logistics management. The model was applied in a classical municipal
solid waste management case. Pishvaee et al. [18] proposed a robust optimization model to closed-loop supply
chain network design under uncertainty. They developed a deterministic mixed-integer linear programming
model for designing the network and presented its robust counterpart using the recent extensions in robust opti-
mization theory. Liao and Rachmat [19] proposed a mathematical model for a multi-product reverse logistics for
third party logistics (3PLs) by considering uncertain conditions in a multi-echelon network to minimize the total
cost of the reverse logistics. The model is solved with LINGO. The model decreases the total cost of the reverse
logistics managed by a 3PL by 13.8%. Xanthopoulos et al. [20] proposed a single period stochastic inventory
decision-making model that captures the trade-offs between inventory policies and disruption risks for unreliable
(both un-capacitated and capacitated) dual sourcing reverse supply chain networks. They suggested that the
model can be applied to a number of different scenarios including instances of disruptions to the collection of
end-of-life products of the transport system and of the remanufacturing yield and capacity. Khajavi et al. [21]
presented an integrated forward/reverse logistics network optimization model for multi-stage capacitated supply
chain network. The model is proposed by formulating the generalized logistics network problem into a
bi-objective mixed-integer programming model to minimize the total costs and maximize the responsiveness of
the CLSC network simultaneously. Das and Chowdhury [22] proposed an integrated network design for reverse
logistics to deal with optimal collection, recovery and quality based product-mix planning. They formulated a
mixed integer programming model to maximize profit by considering the collection of returned products, the
recovery of modules and the proportion of the product mix at different quality levels. They proposed the collec-
tion of end-of-life, defective products under warranty through retail outlets combined with the recovery of mod-
ules from the collected products using a network of recovery service providers. Pochampally and Gupta [23]
proposed a quantitative decision making model to select efficient collection centers and to evaluate whether re-
pairing an end-of-use product is more sensible than remanufacturing/recycling the product. They proposed a li-
near physical programming (LPP) model and employed Fuzzy logic and Bayesian updating to solve the prob-
lems. Piplani and Saraswat [24] adapted robust optimization approach to design service networks for reverse lo-
gistics. They proposed a mixed-integer linear programming (MILP) model to minimize the total cost subject to
flow balance and logical constraints.

Das [25] proposed a mixed-integer programming (MIP) model for integrating reverse logistics into the stra-
tegic planning of a supply chain. They adopted an approach in the model that uses retail outlets as a two-way
channel for making new products, collecting used/returned products and remarketing recovered products as a
way of promoting an effective product recovery system in supply chain operation and optimizing costs. Nenes
and Nikolaidis [26] presented a MILP model for optimizing the decisions of a remanufacturing company carry-
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ing out procurement, remanufacturing, salvaging and stocking of used products for multiple periods of time.
Ozkir and Basligil [27] proposed modeling of product recovery processes in closed loop supply chain network
design where a mixed integer linear programming model was applied to obtain CLSC network design in which
the recovery process occurs in three different ways: material recovery, component recovery and product recov-
ery. Alumur et al. [28] proposed a profit maximization modeling framework for reverse logistics network design.
They presented a mixed-integer linear programming formulation which can incorporate most of the reverse
network structures plausible in practice. A multi-period setting was considered to accommodate the future ad-
justments in the configuration and periodical changes in the network structure and capacities of the facilities.
They proposed a multi commodity formulation and use of reverse bill of materials to identify the commonalities
among different products and to track the product returns. They applied the model in the reverse logistics net-
work design of a washing machine and tumble drier case study in Germany and illustrated the potential benefits
of the proposed dynamic model. Mahmoudi et al. [29] proposed a mathematical model for optimizing a reverse
supply chain including transportation, operation, maintenance and remanufacturing costs. They presented an in-
teger linear programming model for multi-layer, multi product reverse supply chain that minimizes the products
and parts transportation costs among centers and also sites launch, operation parts, maintenance and remanufac-
turing costs at the same time.

Donmez and Turkay [30] presented a mixed-integer linear programming model for the design of reverse lo-
gistics network for collecting, sorting, exporting, recycling and disposing of waste batteries at a landfill area.
Ramezani et al. [31] presented a new multi-objective stochastic model for a forward/reverse logistic network
design with responsiveness and quality level. They included three echelons in forward flow, viz. suppliers, plants
and distribution centers and two echelons in the backward flow, viz. collection centers and disposal centers.
They evaluated the systematic supply chain configuration maximizing the profit, customer responsiveness and
quality to achieve the objectives of the network. They obtained Pareto optimal solutions and computed their fi-
nancial risk to show the trade-offs between the objectives. Keyvanshokooh et al. [32] developed a dynamic
pricing approach for returned products in integrated forward/reverse logistics network design in order to deter-
mine the acquisition price of the used products to find out the percentage of returned products collected from
customer zones. They developed a mixed integer linear programming to consider the dynamic pricing for used
products, supply chain network configuration and inventory decisions. Vahdani et al. [33] proposed a Fuzzy
possibilistic-queuing model for a reliable design of a logistics network under uncertainty. The bi-objective mod-
el was designed to minimize the total cost and the expected transportation costs after failures of bi-directional
facilities of the logistics network. They solved the model by combining queuing theory, fuzzy probabilistic pro-
gramming and fuzzy multi-objective programming. Hafeti and Jolai [34] proposed a robust and reliable network
design for forward-reverse logistics design which simultaneously takes care of uncertain parameters and facility
disruptions in the network. They proposed a mixed integer linear programming model with augmented p-robust
constraints considered to control the reliability of the network during disruptions thereby reducing the nominal
cost and disruptions risks. Amin and Zhang [35] presented a multi-objective facility location model for closed-
loop supply chain network under uncertain demand and return. They investigated the CLSC network which in-
cludes multiple plants, collection centers, demand markets and products. They proposed a mixed integer linear
programming model that minimizes the total cost. They also extended the model to include the environmental
factors by weighed sums and constraint methods. They also investigated the impact of demand and return un-
certainties on the network configuration by stochastic programming. Cardoso et al. [36] developed a mixed in-
teger linear programming for the design and planning of supply chains with reverse flows by simultaneously
considering the production, distribution and reverse logistics activities for which the product demand is uncer-
tain. The model defines the maximization of the expected net present value and provides details on sizing and
location of plants, warehouses and retailers, definition of processes to install, establishment of forward and re-
verse flows and inventory levels to achieve. Lizarazo et al. [37] proposed a mathematical model to represent the
dynamic interaction between the forward flow and the reverse flow of a closed loop supply chain framework in
the agro-industrial sector. They considered energy, cost and economic profits in the objective function and pro-
posed different implementation scenarios of recovery processes. They evaluated the interactions between the
forward and reverse flows in supply chain and analyzed the results using statistical tools, and showed that the
simultaneous analysis of forward and reverse flows positively impact the net economic profits in the complex
supply chain of agro-industrial sector. Mahmoudzadeh et al. [38] developed a third party reverse logistics net-
work for end of life vehicles in Iran. They formulated the model using MILP to determine the optimal locations



M. Aravendan, R. Panneerselvam

of scrap yards over the country, their optimal allocations and material flows. They categorized the ELVs into
three quality levels with different output material streams and analyzed two managerial scenarios in addition to
the current situation to provide insights on future situations. It is found from the result that most of the scrap
yards are opened with serving only one or two quality levels. Rosa et al. [39] presented a robust sustainable
bi-directional logistics net-work design under uncertainty which handles a network of multiple supply stages,
including production allocations, uncertain data development, facility locations and flexible capacity adjust-
ments. They extended the location and capacity problem by including the decision on the type of depot to install.
Ozceylan et al. [40] presented an integrated model that optimizes the strategic decisions related to the quantity
of goods flowing on the forward and reverse chains, and the tactical decisions on balancing disassembly lines in
the reverse chain, with an objective to minimize costs of transportation, purchasing, refurbishing and operating
the disassembly work-stations. They developed a mixed integer nonlinear programming (MINLP) to solve the
problem and presented the results.

From the literature, it is observed that many researchers have contributed to the development of mathematical
models for the reverse logistics problem as well as closed loop SCM involving reverse logistics. In future, goal
programming models may be attempted to optimize multi-objectives with certain achievement levels for each
goal.

3.2. Branch and Bound Algorithm

Branch and bound method is an optimization method, which is an improved method over complete enumeration
method. In this method, certain solution nodes are eliminated based on either lower bound or upper bound de-
pending on minimization or maximization objective of the problem, respectively. This section gives the review
of literature of the application of branch and bound method applied to closed loop supply chain network.

Salema et al. [41] presented a strategic and tactical model for closed loop supply chain. They integrated the
strategic network design decisions with the tactical decisions like production, storage and distribution planning
and achieved the integration by considering the micro and macro time scales. They also formulated a mixed in-
teger linear programming and solved the model using standard branch and bound techniques. Only very few re-
search is carried out using branch and bound technique. Future research may be directed to develop branch and
bound algorithm with stronger cuts.

3.3. Heuristics

The problem of network design for the closed loop as well as reverse logistics supply chain comes under com-
binatorial category, finding the optimal solution using any mathematical model or complete enumeration or
branch and bound technique or any other exact algorithm will take enormous time. Hence, the use of heuristics
is justified for this problem. This section gives a review of literature of heuristics applied to the design of reverse
logistics as well as closed loop supply chain networks to find the best near optimal solution if not optimal.

Chen et al. [42] presented a model that characterizes, formulates and solves the reverse logistic recycling flow
equilibrium (RLRFE) problem which is concerned with the recycling channel consists of multi-tiered network to
process the recycled material flows from recyclable collectors, processors to either landfills or demand markets.
A nested diagonalization solution (ND) algorithm is developed to solve this problem. Alshamrani et al. [43]
worked on the simultaneous design of delivery routes and return strategies of a reverse logistics network and
formulated a pick up strategy to determine the quantity of the returning materials to be picked up at each stop. A
heuristic procedure was developed involving a weighted leveling policy for return decisions as this integrated
and dynamic planning problem was very intense to compute. The proposed algorithm is a modified OR-opt pro-
cedure. OR-opt procedure is an optimization procedure and OR in it is the name of its author. Lu and Bostel [44]
presented a two level location model with three types of facility in a specific reverse logistics system named
Remanufacturing Network (RMN) in which the forward and reverse flows are simultaneously considered. An
algorithm based on the Lagrangian heuristic approach was proposed to solve the problem. In future the work can
be extended to facility location problems with capacity and for other problems in reverse logistics systems. Du
and Evans [45] designed a bi-objective logistics network for post-sale service to address the minimization of the
overall costs and minimization of the total tardiness of cycle time. They adopted a solution approach consists of
three algorithms: scatter search, the dual simplex method and the constraint method for solving this bi-objective
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model. Both installation costs and transportation cost in the first objective function involve in the trade-off rela-
tionship with the second objective. It is also found that the optimization for the first objective function leads to a
centralized network structure and that of the second objective function leads to a decentralized network structure.
Lee and Dong [46] adopted a heuristic approach to logistics network design for end of lease computer products
recovery. They developed first, a mathematical model for the integration of forward and reverse distribution
network design and the locations of facilities jointly used by forward and reverse logistics operations. Then they
developed a two-stage heuristic algorithm as the first attempt in solving the integrated forward and reverse lo-
gistics network design problem using meta-heuristics. A tabu search is also applied to obtain the improved solu-
tion of shipping the returned products.

Wollenweber [47] presented a model and heuristic approach for a multi stage facility location problem with
staircase costs and splitting of commodities. The author proposed a two-phase heuristic solution approach in
which the greedy construction heuristics utilizes the solution obtained by the LP-relaxation of the problem. The
author combined ADD, DROP and SWAP neighborhoods with a diversification strategy to a Variable Descent
(VND) and to a Variable Neighborhood Search (VNS) approach in the improvement heuristics. Pishvaee et al.
[48] proposed a model for integrated logistic network design to address the issues due to increasing network
costs and network responsiveness in supply chain and reverse logistics. They presented a bi-objective mixed in-
teger non-linear programming (MINLP) model for the integrated forward and reverse logistics network design.
The researchers designed a multi-objective memetic algorithm with dynamic local search mechanism (MOMA)
to solve the model with non-dominated set of solutions. Pishvaee and Torabi [49] proposed a bi-objective possi-
bilistic mixed integer linear programming model for a closed-loop supply chain network design under uncer-
tainty. The model integrating the forward-reverse supply chain networks, applies the strategic network design
decisions along with tactical material flow to avoid the sub-optimalities led from separated design in both parts.
They developed an interactive fuzzy solution approach by combining a number of solution approaches from the
recent literatures, for solving the proposed model. Wang and Hsu [50] investigated the integration of forward
and reverse logistics, and proposed a closed loop model for the logistics planning by formulating a cyclic logis-
tics network problem into an integer linear programming model. As the model is NP hard in nature and compli-
cated to solve, an efficient algorithm was proposed based on a determinant encoding approach, to revise the ex-
isting spanning-tree based genetic algorithm. The researchers evaluated the algorithm, compared with LINGO
and CPLEX for its accuracy, capability and efficiency and reported the results. Eskandarpur et al. [51] investi-
gated the designing of a multi-product four layer post sales reverse logistics network operated by a 3PL. They
proposed a bi-objective MILP model to minimize network design costs and the total weighted tardiness of re-
turning products to customers. They suggested a multi-start variable neighbourhood search to incorporate nine
neighbourhood structure and three new encoding-decoding mechanisms to solve the model. They also employed
a fitness landscape measure to select an effective neighbourhood order for the variable neighbourhood search.
The experiments and the results show that the proposed model finds better Pareto optimal sets and solutions than
that of the original priority method. Eskandarpur et al. [52] proposed a multi objective post sales network design
model to minimize total fixed and variable costs, total tardiness and environmental pollution. They developed a
parallel multi-objective heuristic based on variable neighbourhood search (VNS) to tackle the model and to find
Pareto optimal solutions. They compared the efficiency of the proposed method with an available efficient mul-
ti-objective memetic algorithm (MOMA) and compared the results with those of branch and bound methods of
two commercial optimization packages for small and medium sized instances. They demonstrated the superiori-
ty of the proposed algorithm for its solution quality and computational time over MOMA as well as the single
thread and multi-thread branch and bound methods. They also compared the heuristic with a standard VNS and
demonstrated the success of parallelization in exploring solution space, improving number and quality of Pare-
to-optimal solutions. Devika et al. [53] presented a sustainable closed loop supply chain network design to cover
the gap in the quantitative modeling by considering the social impacts, environmental impacts and economic
impacts in the network design problem. They developed three new hybrid metaheuristic methods based on adapted
imperialist competitive algorithms and variable neighbourhood research, to solve this NP hard problem. They
compared the algorithms with each other and also with other strong algorithms to assess the efficiency and ef-
fectiveness of the proposed algorithms. It is found that the nested approach provides better solutions than the
others and the applicability of the approach is demonstrated with a case study of a glass industry.

Many researchers have contributed to heuristic development of reverse logistics as well as closed loop SCM
involving reverse logistics in terms of network design and optimization.
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3.4. Genetic Algorithms

As stated earlier, the problem of supply chain network design comes under combinatorial category. So, the use
of genetic algorithm will give better solution when compared to heuristic approaches. The genetic algorithm is
based on a natural selection process that mimics the biological evolution for solving both constrained and un-
constrained optimization problems. The algorithm repeatedly modifies a population of individual solutions
(called chromosomes). At each step, the genetic algorithm randomly selects individuals from the current popula-
tion and uses them as parents to produce the children for the next generation. Over successive generations, the
population evolves toward an optimal solution. In this section, the review of literature of the application of GA
based heuristics to the design of supply chain networks is presented.

Ko and Evans [54] developed an optimization model and associated algorithm to design an integrated logis-
tics network for 3PL providers. They considered the simultaneous flow of forward and reverse logistics network
and presented a mixed integer nonlinear programming model which is a multi-period, two-echelon, multi-
commodity, capacitated network design problem. The proposed method to solve the problem is a GA-based
heuristic with genetic operations and transshipment algorithm. Min et al. [55] proposed a mixed integer pro-
gramming model and a genetic algorithm that can solve the reverse logistics problem involving the location and
allocation of repair facilities for 3PLs. They considered the savings due to the use of existing warehouses as re-
pair facilities and costs associated with location or expansion. The model deals with multi-echelon reverse logis-
tics configurations that consider both direct product returns from customers to manufacturing plants and indirect
returns through either repair facilities or regional warehouses. Lee and Chan [56] proposed a genetic algorithm
to determine the appropriate locations for collection points to maximize the coverage of customers. They also
developed a model to demonstrate the benefits of using a computational intelligence technique and RFID to
form an integrated model for optimizing the coverage of product returns. The simulation results showed the
ability of GA to produce good quality solutions in terms of coverage of collection points by choosing suitable
locations for collection points with the support of RFID to detect the quantity of returned products so as to in-
crease efficiency of logistics operations. Lee et al. [57] proposed a model for optimization of reverse logistics
network using hybrid genetic algorithm. They formulated the model for remanufacturing system as three stage
logistics network and considered a multi-stage, multi product model in order to minimize the total cost to re-
verse logistics shipping cost and fixed opening cost of the disassembly centers and processing centers. They
proposed a genetic algorithm with priority-based encoding method consisting of 1% and 2™ stages combined, a
new crossover operator called as weight mapping crossover (WMX). They applied a heuristic in the 3" stage to
transportation of parts from processing center to manufacturer. They showed the effectiveness and efficiency of
the model by comparing the end results with recent researches. Fakhrzad and Moobed [58] formulated a mathe-
matical model to address the reverse logistics facility location and integration problem. They developed a Ge-
netic algorithm for solving the problem. The results show that the best solutions are obtained when the free
space of distribution center is used for collecting/inspecting used products in cities, without recycling/disposal
centers. Trappey et al. [59] proposed a fuzzy cognitive model for constructing a reverse logistics network which
integrates RFID technology to collect real time data from daily operations for network performance forecasting
and decision support. The dynamic performance of the forward and reverse logistics network with uncertainty
was evaluated using a genetic algorithm. Diabat et al. [60] developed a multi-echelon reverse logistics network
for product returns to minimize the total reverse logistics cost, which includes the costs of renting, carrying in-
ventory, handling materials, set up and shipping. They developed a mixed integer non-linear programming
(MINLP) model to arrive at the number and location of initial collection points and centralized return centers
required for an effective return and collection system, and also the maximum holding time (collection frequency)
for aggregation of small volumes of returned products into large shipments. They implemented and compared
the genetic algorithm and artificial immune system for solving the model and demonstrated the application of
the model with an example.

Future research may be directed to develop different crossover methods for genetic algorithm and study their
effects on solution accuracy of the problem.

3.5. Simulated Annealing Algorithm

Simulated annealing (SA) algorithm is based on the process of annealing which is applied to heat treatment
process in industries to relive internal stress and strain of forged components and allied components to soften its
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hardness. This approach helps analyst find global optimum solution for combinatorial problems like the design
of supply chain networks. This section presents its review. Lee and Dong [61] explored a stochastic approach for
the dynamic reverse logistics network design under uncertainty. They developed a two stage stochastic pro-
gramming model which is based on SA based heuristic algorithm. It provides an efficient framework for identi-
fying and statistically solving the large scale dynamic network problems. Pishvaee et al. [62] worked on a re-
verse logistics network design using simulated annealing. They developed a multi integer linear programming
(MILP) model for multi stage reverse logistics network design for reducing the total costs which include fixed
opening costs and transportation costs. They used a SA algorithm with dynamic neighborhood search mechan-
ism to find the optimal solution of the model for large-sized problems. The model is applicable for single prod-
uct network with deterministic returned products. The future research could be carried out for multi-product
network with uncertainty in returns, using other meta-heuristic algorithms like tabu search and scatter search.
Subramanian et al. [63] considered a closed loop supply chain and addressed the issues of designing the network
and optimizing the distribution. They considered four variants of the problems and modeled it as an integer li-
near programming. They developed a constructive heuristic based on Vogel’s approximation method-total op-
portunity cost method to provide good initial solutions to a priority based simulated annealing heuristic to acce-
lerate its convergence. They carried out trails using a set of hypothetical datasets which have yielded encourag-
ing results.

More research may be carried out using simulated annealing algorithm with innovative perturbation schemes
for this problem.

3.6. Petri Net Algorithm

Petri net is a network based optimization algorithm. This section gives its review of literature applied to the de-
sign of supply chain networks. Hanafi et al. [64] presented reverse logistics strategy for end of life products
which is an integrated collection strategy which includes a Fuzzy colored Petri net forecasting method and col-
lection network model to collect EOL products. The strategy is tested using a case study on mobile phone col-
lection in Australia. From the results it is found that the best strategy in a particular location can be determined
by providing demographic data and historical sales of a relevant product in that location and also found that the
best strategy suits for one location might be different to other locations. Very little work is carried out using this
approach for this problem.

3.7. Analytic Hierarchy Process (AHP)

AHP is an approach which forms relative importance indices among several options of evaluation criteria. This
section gives its review of literature for the design of supply chain networks.

Kannan [65] has proposed a structured model for evaluating and selecting the best third party reverse logistics
provider (3PRLP) under fuzzy environment for the battery industry. In this paper, the multi-criteria deci-
sion-making tools such as analytic hierarchy process (AHP) and fuzzy analytic hierarchy process (FAHP) are
adopted to solve the problem of selection of 3PRLP. A case study applied to battery industry is also presented in
this paper. It is observed that few researches have been carried out using this approach for this problem.

3.8. Simulation Approaches

Most of the real life problems have data which are stochastic in nature. For such environment, simulation gives
average measure of performance, based on which effective and efficient decision can be made. This section
gives the review of literature of the applications of simulation to the design of supply chain networks. Tonanont
et al. [66] presented a simulation model for reverse logistics optimization with data envelopment analysis for
carpet recycling in CLSC. The proposed simulation model for CLSC design was adapted from Soto’s model. It
designs and evaluates the efficiency of CLSC within the range of specified parameters and provides the oppor-
tunity to improve efficiency by varying significant parameters. Suryabatmaz et al. [67] presented a two hybrid
simulation-analytical modeling approaches for the reverse logistics network design of a 3PL provider. The first
one is an adaptation of a problem specific approach proposed in the literature and the second one is the devel-
opment of a generic approach in which instead of exchanging problem specific parameters between the analyti-
cal and simulation model, the interacting is governed by reflecting the impact of uncertainty obtained via simu-
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lation to the objective function of the analytical model. Simulation is the last resort for any problem, if an investi-
gator is unable to tackle the problem using standard models. So, this may be given importance in future researches.

3.9. General Approaches

The approaches which are not included under any of the above eight categories are included under general ap-
proaches and its review of literature is given here.

Savaskan et al. [68] proposed the closed loop supply chain models with product remanufacturing and ad-
dressed the problem of choosing the suitable reverse channel structure for the collection of used products from
customers. They suggested three options for collecting the products to the manufacturer, viz. the manufacturer
can collect directly from the customers, the manufacturer can induce the collection through an existing retailer in
the distribution channel by providing suitable incentives or the manufacturer can subcontract the collection ac-
tivity to a third party. They applied the model on the three options as decentralized decision making system led
by the manufacturer. They found that the second option i.e. the collection of products through retailer who is
closer to the customers is the most effective one for the manufacturer. Srivastava and Srivastava [69] presented a
framework for reverse logistics to manage product returns from select categories of products in India. They de-
veloped a conceptual model with integrated modeling framework borrowed from the existing literatures and in-
dustry practices. The model utilized ownership data, average life cycle of the products, past sales, forecasted
demand and likely impact of environmental policy measures to estimate return flows. They conducted survey
through informal interviews with 84 stake holders to estimate the significant parameters and used software
packages, decompaosition methods and heuristics to solve the model. The integrated framework helped in esti-
mating returns for select categories of products and managing them for a given time period under various stra-
tegic, operational and customer service related constraints. Roy et al. [70] presented the reverse logistics net-
works and governance structures which include recycling of used tires, empty beer bottles, used paint and paper
products. They involved the government organizations and dedicated third parties in some of the case studies to
govern the reverse logistics networks and to modify the natural relationships normally observed in the traditional
supply chains.

4. Conclusion

Reverse logistics plays a vital role in terms of minimizing the logistics cost and satisfying the customer needs
with lower cost. In this paper, the design of logistics network for reverse logistics as well as of closed loop SCM
involving reverse logistics is considered. A comprehensive review of literature is presented on the proposed
problem based on the methods to provide solution, viz. models, branch and bound algorithms, heuristics, genetic
algorithms, simulated annealing algorithms, Petri net algorithms, analytic hierarchy process (AHP), simulation
approaches and general approaches. From the literature, it is clear that many of the meta-heuristics such as ACO
algorithms, PSO algorithms GRASP, Firefly algorithm, etc. are not tried for this problem. So, future researches
may be carried out in this direction. The review of literature presented in this paper will be more useful for the
researchers to identify potential problems and related solution procedures for the reverse logistics network design.
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