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ABSTRACT
This study focuses on solving the master planning problem for green supply chains by
considering product structures with multiple final products using recycling processes and
recycled components. This study proposes a heuristic algorithm, called the Recycling Penalty
Avoidance Algorithm (RPAA), to efficiently and effectively solve the master planning problem.
RPAA transforms what is, due to the recycling process, a closed-loop supply chain network into
an open-loop network. This algorithm sorts demands according to the needed final products, due
dates, shared capacities, and target recycling ratio, to name several possible criteria, and then
plans the demands individually, using a minimum cost production tree. To avoid recycling
penalties, RPAA activates a plan-ahead mechanism to find enough recycled components in
upcoming demands to meet the target recycling ratio. To show the effectiveness and efficiency of
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RPAA, a prototype was constructed and tested. Complexity and computational analysis were used
to demonstrate the algorithm’s power.

Keywords: Master Planning with Recycle Process and Recycle Penalty, Green Supply Chain
Management, Advanced Planning and Scheduling, Heuristic Algorithm,
Multiple-goal Optimization

1. INTRODUCTION

With concern about environmental issues growing over the past decade, the diverse partners in
supply chain operations play a more and more important role in “greening” the supply chain. This
evolution in green supply chain operations is part of the move away from reactive approaches
that mostly seek to comply with regulations, towards more far-reaching approaches that
proactively seek to create value with recycling in order to increase competitiveness. This view of
the recycling process changes the perspective from “greening as a burden” to “greening as a
potential source of competitiveness” [3].

Governments often play an important role in enforcing the environmental legislation regulating
the different partners in a supply chain operation. For instance, the European Union has issued
regulations for electrical and electronic equipment (WEEE), for used cars, and for depleted
batteries [2]. In many European countries, manufacturers or producers are required to collect
worn out or depleted products from their customers for possible recycling, while in most Asian
countries, this is the job of the government [5]. Large companies with international brands, such
as IBM, Hewlett-Packard, Xerox, BMW, and Duracell, have also actively participated in the
greening of supply chain operations [1].

The diverse partners in green supply chain operations have many different and sometimes
conflicting objectives. The conflict between these different objectives makes optimizing green
supply chain operations very difficult, if not impossible [4]. The objective of this study is to
provide a method for generating an optimal production plan that will satisfy all demands while
minimizing delay penalties, recycling penalties, and the costs of production, transportation,
inventory holding, and the recycling process itself—all while respecting capacity limitations,
recycling requirements, and demand deadlines. This method will help manufacturers reach their
objective: mass production with a sufficient quantity of recycled materials to avoid recycling
penalties.

Most of the studies related to the planning problems consider heuristic approaches to solving the
planning and scheduling problems in a supply chain operation, and this study does not break with
that approach. Our algorithm aims to provide feasible and sometimes optimal, solutions to MP
problems with recycling processes both effectively and efficiently. The recycling process changes
the supply chain network structure from an open loop to a closed loop and changes the product
structure from a tree configuration to a loop. Dealing with a loop in the product structure would
be a great challenge for algorithms using shortest path and backward planning mechanisms. Our
algorithm adds this type of recycling process to the MP problem, but breaks the loop structure
that this process causes, thus making the problem easier to deal with.

2. PROBLEM DESCRIPTION

When integrating a recycling process into a supply chain operation, the product structure is
changed from a tree configuration to a loop configuration and the supply chain structure is
changed from an open loop to a closed loop. This article introduces a method for generating an
optimal production plan that will not only satisfy all demands, but will also minimize delay
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penalties, recycling penalties, and the costs of production, transportation, inventory holding, and
the recycling processes itself—while continuing to respect capacity limitations, recycling
requirements, and demand deadlines.

In a master planning problem with a recycling process, there are two possible product structures,
depending on the type of Bill-of-Materials (BOM): a manufacturing BOM or a recycling BOM.
(Figure 1 shows the two product structures, PO5 and POG, representing a manufacturing BOM
and a recycling BOM, respectively.) In addition, the supply chain network with a recycling
process can be divided into two segments: the product manufacturing supply chain and the
used-product reverse supply chain. (Figure 2 shows the two segments of a close-loop supply
chain network for two final products, PO5 and PO6.)

When solving master planning problems for green supply chain operations, recycling penalties
and recycling patterns are the two major difficulties that must be dealt with. The Environmental
Protection Agencies (EPA) of various governments (e.g., Japan, the European Union, the USA)
have issued regulations concerning the percentage of recycled components that manufacturers
must use when producing their products. To avoid recycling penalties, manufacturers of a given
final product must use enough recycled components to meet the target ratio.

Recycling penalties can be fixed or variable. Fixed recycling penalties are charged to
manufacturer once for each period when the target recycling ratio has not been met. Variable
recycling penalties are calculated for each unit under the target recycling ratio, with the variable
recycling penalty per unit multiplied by the quantity of units under the target ratio, where the
under-target quantity is the demand quantity multiplied by the target recycling ratio minus the
actual reuse quantity.

In this study, the recycling pattern is modeled using a multinomial distribution. Assuming that,
once a product is sold, its recycling time will follow a multinomial distribution with the total
number of recycling periods equal to n, the probability that the product will be recycled in period

t is pt, where Zt=1 Pi= 1. Given this assumption, the average number of recycled components
used in each period is based on the sales in previous periods, and thus is known and constant.

Apart from the recycling penalty and the recycling pattern, the following information are also
needed to understand how the heuristic algorithm functions.

(1) It is assumed that the planning time horizon is cut into different intervals, called “time
buckets.” Furthermore, items are assumed to be received at the beginning of a time bucket
and delivered at the end of that time bucket.

(2) It is assumed that multiple final products are made or transferred in a given supply chain
network. The structures of these final products are presented in the form of product tree
graphs with both manufacturing and recycling BOMs, in which nodes represent products and
links represent parent-and-child relationships (Figure 1).

(3) A directed graph, G(V, L), is used to represent a green supply chain network. The nodes in
G(V, L) stand for facilities that produce, process, store, sell, collect, disassemble, and
reprocess products and the links stand for logistical connections between two nodes.

(4) Each demand includes the products, quantities, deadlines, and delay penalties per unit time
bucket. It is assumed that the demands are divisible, which means that each demand can be
filled by several different combinations of supply chain partners.

Though this planning problem can be formulated as a Mixed Integer Programming (MIP) model,
difficulties arise when trying to solve the MIP model due to the number of constraints and
variables involved. Therefore, a heuristic algorithm, called the Recycling Penalty Avoidance
Algorithm (RPAA), is proposed to efficiently and effectively solve this planning problem.



3. RECYCLE PENALTY AVOIDANCE ALGORITHM (RPAA)

The difficulties of solving a planning problem for supply chains with a recycling process lie first
in determining when to use the recycled components and how many of them to use, and second in
allocating the appropriate amount of the fixed recycling fee to each item when the manufacturer
is penalized. Planning for a supply chain with a recycling process implies multiple objectives: (1)
minimizing delay penalties; (2) minimizing fixed and variable recycling penalties; and (3)
minimizing the costs of production, transportation, inventory holding, and the recycling process.
The heuristic master planning (MP) algorithm proposed in this study for supply chains with a
recycling process is by nature a greedy algorithm. It is designed to plan the demands one by one
without backtracking, meaning that the plans for the current demand cannot affect the plans for
previous demands. Our algorithm uses a flexible search method that allows demands to be
programmed with other demands, ahead of the deadline, if this would help to avoid a recycling
penalty, and thus is called the Recycling Penalty Avoidance Algorithm (RPAA).

To facilitate the explanation of RPAA, two important terms related to production tree selection
should be defined first.

¢ The minimum cost production tree—S: This tree, selected from a given supply chain
network, represents the minimum total unit cost. Please note that S includes both segments
of the supply chain network: the product manufacturing supply chain and the used-product
reverse supply chain. The unit costs on some arcs of the given supply chain can include
fixed and/or variable recycling penalties, as well as inventory holding costs.

¢ Available Capacity of S based on DUE,,—ACs: This available capacity is computed from
the minimum available capacity at each node of S, based on DUE,, (the due date time
bucket for final product p for demand r).

The five steps of RPAA are listed below:

(P1) Convert a given closed-loop G(V, L) to an open-loop supply chain network.
(P2) Sort demands using the RPAA sorting mechanism explained later in this section.

(P3) If there are no unplanned demands, stop and output the final plan. Otherwise, retrieve the
next demand for final product p of demand r based on the sequences determined in (P2)
with DUE,, and DEM;, (the demand quantity for final product p of demand r.), and
initialize the planning results.

(P4) Find the minimum cost production tree, S, and the available capacity of S, ACs, using the
Recycling Penalty and Variable Cost Balancing Algorithm (RVBA) explained later in this
section.

(P5) If DEM;, > ACs, allocate the ACs of all the nodes on tree S to this demand, where DEM, =
DEM,, — ACs. Then, re-set DUE,, to the original due date time bucket, initialize the
planning results as 0, and go to (P4). Otherwise, allocate the DEM;, of all the nodes on tree
S to this demand, and go to (P3).

In the first step (P1), RPAA adds a virtual node, Al, between the buyer node and the collector
nodes so that the closed-loop network structure can be transformed into an open-loop network
(Figure 3). The cost of finding S is equal to the sum of the production and transportation costs.
The supply chain network for each final product is then separated (Figures 4 and 5). RPAA sorts
demands based on a rule-based mechanism (P2). RPAA then checks the stopping condition and
retrieves the next unplanned demand (P3). RPAA looks for the minimum cost production tree, S,
and computes the maximum available capacity, ACs, using RVBA (P4). In (P5), RPAA verifies
that there is enough capacity to fill the demand. If there is, the demand quantity (DEMy,) of S is
allocated to the demand. If not, the total capacity of S (ACs) is assigned to the demand, with
another tree assigned to cover the residual demand quantity. If S does not have sufficient capacity
to fill the demand completely, RPAA adjusts the supply chain network and looks for the next best
production tree (P4).



4. COMPUTATIONAL ANALYSIS

A prototype based on RPAA was constructed on a Pentium IV 3.5 GHz server and 2 GB RAM.
This prototype was programmed with Microsoft C#.net on a Microsoft SQL Server 2000 and run
in the Microsoft Windows Server 2000 environment. Both ILOG CPLEX and MOMPA were
used here as the basis of comparison for cases with less than 40 demands. ILOG CPLEX was
used to provide a lower benchmark, and MOMPA to provide an upper benchmark for the delay
penalty and the recycling penalty. As mentioned before, MOMPA can not handle the fixed
recycling costs and thus simply ignores this cost. The overall recycling penalty for the MOMPA
planning results will be much greater than the results with RPAA and thus can be used as the
upper bound.

To demonstrate the time efficiency and effectiveness of RPAA, R demands were planned. The
first ten of the R demands (quantities of 600 and 800 units) are presented in Table 1. The same 10
demands were repeated n times (n = 20, 30, 40, 50, and 60), with 3 time buckets added to the due
dates of all the demands at each iteration. Since MIP models with 40 or more demands cannot be
solved with ILOG CPLEX, unlimited capacities were assumed for all nodes and solved by RPAA
to obtain the minimum cost for the lower bounds, which was denoted as ILOG Lower-Bound.

The gap between the results obtained by ILOG Lower-Bound and the results produced by RPAA
and MOMPA reflects the maximal difference between the optimal solution and the respective
RPAA or MOMPA solutions. (These results are presented in Figure 3.) The solution times of
RPAA increased linearly as the number of demands increased. The gaps between the lower
bounds of the total costs and the results with RPAA increased linearly as the number of demands
incremented and were much smaller than the gaps between lower bounds and the results with
MOMPA.

5. CONCLUSION

This study proposes a heuristic algorithm called the Recycling Penalty Avoidance Algorithm
(RPAA) to solve a master planning problem for a supply chain network with multiple final
products and a recycling process. Mixed Integer Programming (MIP) is usually used to solve
these types of problems, but for a scenario including recycling, the MIP model is unsolvable due
to the complexity of the variables and constraints. To improve the efficiency and effectiveness of
the planning procedure, this study proposed RPAA to solve such multi-objective planning
problems for supply chains with a recycling process.
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Figure 3: Results for RPAA, MOMPA, and ILOG Lower-Bound

Table 1: The Ten Demands for the Scenarios Tested

8 8

1 800 3 PO5 6 800 3 PO6
2 800 2 PO5 7 800 2 PO6
3 600 13 3 PO5 8 600 13 3 PO6
4 600 13 2 PO5 9 600 13 2 PO6
5 800 17 3 PO5 10 800 17 3 PO6




