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Abstract

Aware of the importance of developing new alternatives to improve
the performance of the companies, our purpose in this paper is to develop
a medium term production planning model that deals with the concepts
of Partnerships and Reverse Logistics. Our model takes advantage of the
synergies of integration, developing a model for global production planning
that generates the optimal production and purchasing schedule for all the
companies integrating a logistic chain. In a second part of the paper we
incorporate products returns to the first model proposed, and analyze
the implications they have over this model. We use some examples with
different configurations of supply chains varying the number of production
plants, distribution centers and recovery plants. To solve the model we
have combined optimization and simulation procedures.

Key words: Reverse Logistics, Production Planning, Remanufacturing,
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1 Introduction

Nowadays, the logistics condition is best characterized as complex, dynamic
and uncertain. Competition is in most markets stronger than ever before, prod-



uct life cycles have shortened, and business conditions change constantly. Those
factors have forced companies to reshape their strategies. Numerous new themes
like Global Manufacturing, Third Part Logistics, Partnerships, e-Logistics and
Reverse Logistics, are becoming issues that have to be deal with, by all the
companies even if they are small or medium sized.

Logistics is officially defined by the Council of Logistics Management as
the process of planning, implementing and controlling the eflicient and cost-
effective flow and storage of raw materials, in-process inventory, finished goods
and related information from the point of origin to the point of consumption,
for the purpose of conforming to customer requirements. More simply, it is the
science (and art) of ensuring that the right products reach the right place in the
right quantity at the right time and in the right conditions and price, to satisfy
customer demand.

Our purpose in this paper is to develop a medium term production plan-
ning model dealing with two of these new concepts: Partnerships and Reverse
Logistics.

Partnerships remark the benefits of “work together” with our suppliers and
distributors. Companies can profit from this integration, improving their com-
petitiveness, through a better estimation of the demand, costs reductions from
planning improvements, coordination of activities, etc. Traditional production
planning models have been developed, by considering each individual element
of a supply chain, and worrying only for individual profits. Our model takes
advantage of the synergies of integration developing a global production plan
that generates the production and purchasing schedule for all the companies
integrating the logistic chain.

On the other hand, Reverse Logistics is a new concept that deals with the
management of the products in the reverse way, i.e. it is the process of managing
all the flow of returned products and information from the point of consumption
to the origin. The actual development of Reverse Logistics strategies in many
companies across the world makes it a very interesting topic to work with. It
is expected that in few years it will be a crucial element in determining the
way in which products will be designed, produced and distributed. The actual
legislation of the European Community gives high importance to the recycled
products and, in some cases, it has established the responsibility for the end
of life products to the manufacturers. Therefore, in the future most of the
FEuropean companies will have to think about incorporating Reverse Logistics
activities in their business operations. Logistics costs are estimated to account
for approximately 10.7 percent of the U.S. economy (Rogers, D. and Tibben-
Lembke, R. 1998). However, the exact amount of reverse logistics activity is
difficult to determine since most companies do not know how large they are.
The study developed by Rogers, D. and Tibben-Lembke,R. (1998), reveals that
reverse logistics costs accounted for approximately four percent of the total
logistics costs. Applying this mean percentage to U.S. Gross Domestic Product
(GDP), they have concluded that reverse logistics costs are estimated to be
approximately a 0,5 percent of the total U.S. GDP. Also, based on a respondent
sample with 311 reverse logistics managers, they found that reverse logistics



costs amounted to approximately U$35 billion in 1997. The magnitude and
impact of reverse logistics varies with industry, channel position and channel
choice. However, it is clear that the overall amount of reverse logistics activities
in the economy is large and still growing.

We have developed a second model that incorporates returned products to
the first model proposed. We analyze the variations and implications of the
returns in this model. We use some examples with different configurations of
supply chains varying the number of production plants, distribution centers and
recovery plants.

The paper is divided into seven sections. Second section starts with a brief
introduction to the Reverse Logistics definition. In the third section, we analyze
the differences between forward and reverse logistics. We have made also a
brief study of the research done in the area. In next section, we developed an
aggregated planning model for a multiplant production environment. In section
five, we consider the same model but introducing returns with the corresponding
remanufacturing processes. In section sixth, we develop a simulation procedure
to analyze the performance of the model, and finally some conclusions and future
research are stated.

2 What is Reverse Logistics?

To have a clear idea about what Reverse Logistics is, let us look at some defi-
nitions we have found in the literature:

Krikke, H.(1998), define Reverse Logistics as ” the collection, transportation,
storage and processing of discarded products”.

Fleischmann et al. (1997 ) says that reverse logistics is “a process which
encompasses the logistics activities all the way from used products no longer
required by the user to products again usable in a market”.

Dowlatshahi, S. (2000) explains Reverse Logistics as ”a process in which a
manufacturer systematically accepts previously shipped products or parts from
the point for consumption for possible recycling, remanufacturing or disposal”.

V. Daniel, et al. (2000) says that Reverse Logistics ”is the task of recovering
discarded products (cores); it may include packaging and shipping materials and
back hauling them to a central collection point for either recycling or remanu-
facturing”.

Kroon and Vrijens (1995) says that Reverse Logistics "are the logistic man-
agement skills and a activities involved in reducing, managing and disposing of
hazardous or non-hazardous waste from packaging and products. It includes
reverse distribution, which causes goods and information to flow in the opposite
direction from normal logistic activities”.

Finally, Rogers, D. and Tibben-Lembke, R. (1998) define Reverse Logistics
as "the process of planning, implementing, 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 recapturing value or proper disposal”.



Table 1 shows a brief summary of the elements considered in the definitions.
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Figure 1: Table 1: Reverse Logistics definition’s elements.

Considering the elements of these definitions we think that the definition
given by Rogers, D. and Tibben-Lembke, R. (1998), is the most complete, and
incorporates the principal characteristics of what we think reverse Logistics is.
So, from now on, for the purpose of our work, when we talk about Reverse
Logistics we will consider it according to this definition.

A common problem when talking about reverse logistics, is the confusion
existing between reverse and green logistics. The threat that actually exists due
to the scarcity and deterioration of natural resources has made companies more
conscious about the necessity (obligation, in some countries) of developing green
alternatives or ecological ways to do business. Reverse Logistics is commonly
misleading with the Green Logistics concept. Redesigning packaging to use
less material, or reducing the energy and pollution from transportation are
important activities, but they might be better placed in the realm of ”green”
logistics. If no goods or materials are being sent “backward,” the activity
probably is not a reverse logistics activity. The confusion remains in the fact
that most of the Reverse Logistics activities are lying within the green logistics
area.

3 What is the difference between Forward and
Reverse Logistics?

The research that has been done in reverse logistics is mostly in practitioner-
related journals, rather than academically journals. In fact, there are few articles



that introduce mathematical or quantitative models. Although it can be seen
from the literature that there are many differences between these two concepts
that justify the development of different theories in this area. Here we will be
concentrated on the operations management issues of reverse logistics, although
all the organizational areas may be affected by the introduction of a reverse
logistics system into a company. See Rogers and Tibben-Lembke (1998), for a
detailed discussion about the incidence of reverse logistics in other areas).

To better analyze the differences between these two concepts we have follow
the classification made by Fleischmann et al. (1997), where Reverse Logistics
activities are divided into four different research areas: location theory and logis-
tics network design, inventory control and remanufacturing, MRP for recovering
and Reverse Logistics and e-commerce.

3.1 Location theory and logistic network design:

Apart from the forward logistics network, there are more actors involved in the
reverse logistics chain. Here, the supply chain is composed by all the mem-
bers of the forward logistics network plus third parties, which act as demand
points, namely the secondary markets, landfills, charity organizations, and many
more. They have a special characteristic, since they do not have a previously
established demand, on the contrary, they have limited capacity with respect
of different constraints. In the case of landfills for instance, the government
regulates the quantity of products that companies can send.

When will a product be returned? Where must it be shipped? Which is the
most efficient strategy to choose in order to maximize the firms profits? These
are the most common questions that have occupied the researchers in reverse
logistics network design.

The high level of uncertainty complicates the design of the reverse logistics
network. This uncertainty comes from the fact that the company never knows in
advance when, where and how the products will be returned, and the quantities
and qualities, may present high variations. Both, quantity and quality of the
products returned, are determinants for a suitable network structure since, e.g.
high quality products may justify higher transportation costs (and thus a more
centralized network structure), whereas extensive transportation of low value
products is uneconomical. Moreover, end-markets for recovered products may
not be well known, exposing network planning in this context to even more
uncertainty (Fleischmann et al.,1997).

In addition, depending of the quantity of products returned it could be
necessary to operate with several collection points facilities different from the
distribution facilities used in the forward network.

Figure 1, depicts in a very general way the principal components and ac-
tivities that must be taken into account in the reverse logistics network. We
elaborate this figure based on the principal activities of reverse logistics that
have been mentioned in the literature (Rogers and Tibben-Lembke, 1998). It
is clear that it is not as simple as the Forward one, basically because, when



the products are collected from the customers, the route they can follow is very
different depending on the state of the product. And, considering that not
all the product’s components are sufficiently valuable to be transported to a
manufacturing plant, the problem becomes very complex.
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Figure 1: Reverse Logistics Supply Chain

Krikke, H.(1998) states some elements which make the reverse logistics net-
work design different form the forward one:

1. Forward logistics systems are mostly pull systems, while in reverse logis-
tics it is a combination of push and pull since there are clients on both sides
of the chain, namely the disposer and the reuser. In forward logistics, only
customer markets need to be served and the entire logistic chain, including
suppliers (the ’equivalent’ of disposers), adjusts itself to it. As a result of the
extended producer responsibility, the amount of waste supplied to the reverse
logistic system (the push) cannot be influenced in the long run and it has to
be matched with demand (the pull). Disposal can serve as an escape route for
unwanted waste, but the amount of disposal is limited by legislation, in many
countries.

2. Return flows follow a predefined processing graph in which discarded
products are transformed into secondary products, components and materials.
In forward logistics, this transformation takes place in a production unit, which
serves as a source in the network.

3. In reverse logistics, transformation processes tend to be incorporated in
the distribution network, covering the entire ’production’ process from supply
(=disposal) to demand (=reuse). In addition since only a fraction of return
flows is valuable, it is likely that in an efficient design, operations are spread
over a high number of echelons. Traditional forward logistics models usually
focus on one or two echelons.



3.2 Inventory control and remanufacturing:

Within this classification, we include remanufacturing, production planning,
inventory control, job scheduling, and all the areas related with production.

A number of factors, including the life-cycle stage of a product and the
rate of technological change, influence the quality and quantity of the returns.
This characteristic has a marked impact on demand management, and inventory
control. The high level of uncertainty arising given the different characteristics in
terms of quantity and quality of the returned products, makes more complicated
the production planning task, and increases the complexity of the inventory
control process.

To understand this complexity, is a good idea to analyze why people return
the products. Rogers and Tibben-Lembke, (1998) describe the principal causes
for what the people return the products. They found that the most common
are described in table 2 which explains the high variety in product quality and
quantity:

Factory repair - Return to vendor for repair Damaged / Defective

Service / Maintenance Damaged - Cosmetic

Agent Order Error - Sales agent ordering error Dead on Arrival - Did not work
Customer Order Error - Ordered wrong material Defective - Not working correctly

Entry Error - System processing error

Shipping Error - Shipped wrong material Contractual Agreements

Incomplete Shipment - Ordered items missing Stock Excess - Too much stock on hand
Wrong Quantity Stock Adjustment - Rotation of stock
Duplicate Shipment Obsolete - Outdated

Duplicate Customer Order Other

Not Ordered Freight Claim - Damaged during shipment
Missing Part Miscellaneous

Table 2: Repair and Service codes.

It is important to remark that not only the final customers can return
the products, but also retailers and distributors. The process of receive the
returned products, imply some different activities of revision and control to
determine which is the actual state of the product, and only after that process,
it is possible to determine the best strategy to dispose the product, in order to
minimize the costs.

Fleischmann et al. (1997 ) state some diflerences between reverse and for-
ward logistics inventory control:

- In reverse logistics, as a consequence of the return flow, the inventory
level between new component replenishments is no longer necessarily decreasing
but may increase also. This loss of monotonicity significantly complicates the
underlying mathematical models. A possible starting point for a closer analysis
of this aspect, are the cash balancing models comprising in and outbound flows.



- There are two alternatives for fulfilling the demand that impose an addi-
tional set of decisions to be taken. External orders and recovery have to be
coordinated.

Daniel Guide, V. et al (2000) determine seven characteristics of the recov-
erable manufacturing systems that complicate the management, planning, and
control of supply chain functions. They are:

- The uncertain timing and quantity of returns

- The need to balance demands with returns

- The need to disassemble the returned products

- The uncertainty in materials recovered from returned items

- The requirement for a reverse logistics network

- The complication of material matching restrictions

- The problems of stochastic routings for materials for repair and remanu-
facturing operations and highly variable processing times.

As we have mentioned before, it is possible that we must use different parts
from different returned products to produce a specific product during the reman-
ufacturing process, and also to mix them with new parts. This also complicates
the production process.

Table 3 from Daniel Guide, V. et al (2000), shows a comparison between
manufacturing and remanufacturing environment, and the impact it has over
the functional areas within an organization.

3.3 MRP for Recovery:

Traditional MRP-systems are not feasible for recovery situations for several
reasons. One of the main problems is the mismatch of supply and demand,
due to the simultaneous release of 'wanted’ and 'unwanted’ components in the
disassembly of returned products. A second major problem is the trade-off
between reusing return components or outside procurement, .

In Remanufacturing, new products are manufactured using three kinds of
components:

- Components that are always retrieved from return products (the quantity
is unknown)

- Components that are always purchased new

- Components that can either be purchased new or retrieved from return
products, depending on availability and costs. (Krikke, H., 1998)

Fleischmann et al. (1997 ) states the following arguments, the repair opera-
tions needed to convert a returned product back to an ’as new’ state depend on
the actual condition of the product. This may vary from instance to instance and
can in general only be decided after a number of testing and disassembly opera-
tions. Therefore, in contrast with traditional manufacturing no well-determined
sequence of production steps exists in remanufacturing. This expose planning
in a remanufacturing environment to a much higher uncertainty.

A high level of coordination is required in remanufacturing due to the in-
terdependence between different parts and subassemblies. Disassembly of a
returned product is not a procurement source for one part but releases various
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Figure 2: Table 3: Comparison between manufacturing and remanufacturing
environment

parts simultaneously. Furthermore capacity problems may arise if several parts
require the same repair facility. Analogous problems may be encountered for
equipment common to new production and repair.

The dependency between components simultaneously obtainable by disas-
sembly and the choice between multiple supply sources (e.g. different returned
products) cannot be handled adequately by a simple level-by-level top down
approach as in traditional MRP.

Prior to actually processing returned products the specific forms of reuse
have to be decided upon. For complex product structures this involves the selec-
tion of an appropriate disassembly level of processing options for the components
released, taking into account technical as well as economical considerations.



3.4 Reverse Logistics and e-commerce

The importance of reverse logistics in e-commerce is also a new trend that
has been started to be analysed. Kokkinaki et al (1999 ) consider the role of
electronic commerce in reverse logistics. They have identified some reverse logis-
tics tasks within the e-commerce applications. Also, they have identified three
prominent e-commerce models for the support of reverse logistics activities. At
present, the most popular model for e-commerce for reverse logistics is Elec-
tronic Marketplaces, which are used for both new and used products. Then,
there are sites that use the Web to offer used parts or remanufactured equip-
ment. Finally, there is also a Web based paradigm that incorporates collection,
selection, reuse and redistribution.

Logistics aspects of electronic marketplaces cover a great variety of services
including inventory management, virtual warehousing, transportation, schedul-
ing and routing, location identification, set up and operational specifications. To
simplify the logistics operations of the electronic marketplace, subcontracting
third parties to do some or all of the described logistic functions is a common
tactic in many electronic marketplaces.

Important issues have arisen in this field. The products now, can be ordered
without the physical knowledge by the client, therefore the rates of returns for
these products are very high. Products must be delivered at home, but also in
case of return, they must be picked up in the customer house.

Table 4 summarizes their analysis in this aspect.

E-Commerce Applications Beverse Logistics Tasks

* Ilarketmg - Bkrertizement of avallable used products,
parts or material.

- Hotific ation of used products, parts or
material currently sought.

« Purchasing - Search for suppliersic ustomers

- Ilaking purchasing commitents

- Becerve information of expected
deltvery

- Respord to request for sought
used products, parts or materials

* Sales - Price setting (ie. fixed, negotiations,
auction)

- Order processing

- Tracking and tracing orders

- Custorey ivvoicing, collection and payment

« Pogt Sales! Service - Product tracking

- Customer support

- Custormer § product monitoring

Table 4: Reverse Logistics activities in e-commerce

There are not much literature developed in this area, but given the impor-
tance e-commerce has been acquiring, we have considered important to talk
about it independently.

As we can appreciate there are many reasons to develop specific models
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to the reverse logistics activities. The theory developed until today is not very
extensive, given the few years that has been dedicated to the study of the reverse
logistics.

4 The multiplant production planning model

Traditionally, it has been considered that suppliers compete against suppli-
ers, factories against factories, distributors against distributors, and retailers
against retailers. This consideration has changed; companies have realized that
the competition in the market is not between companies but between supply
chains. The final product includes all the inefliciencies and overcosts generated
by each one of the companies that compose a supply chain. If the supplier is not
efficient, these inefliciency costs are translated to the manufacturer, if again the
manufacturer is not efficient, these costs go to the distributor, and finally the
product will be not competitive in the market, without caring the distributor
and retailer to be efficient. Therefore, the competitiveness of the product must
be the result of an excellent management task in all these companies, not only
in some of them.

This generates also new challenges for research development. The develop-
ment of models that consider the demand within the whole supply chain instead
of only each individual element, can help companies to improve their global per-
formance. This facilitates reprogramming the production when suppliers are
not on time, with the sufficient time to avoid costs of stopping the production,
also to program the manufacturing process taking into account the differences
in the production costs that exist among factories.

There are basically three different levels of planning in the production en-
vironment: the strategic (long term planning) to which belong the business
planning; the tactical (medium term planning) which works at an aggregate
level of products, examples of this are the Master Production Schedule and the
Approximated Capacity Planning, and finally, the Operative Planning (short
term planning) with the MRP, job-shop scheduling, etc. In this paper we are
working at the tactical level of planning,.

The first model proposed is based on the idea to have an integrated produc-
tion planning within a supply chain of a company with several factories and one
central distribution center. The most common models for production planning
are focusing in only one plant. We pretend to extend this models to a multi-
plan production environment to take advantage of coordination and integration
of several plants producing the same or similar products. In this way, we will
minimize the global production costs of the whole logistics network.

Figure 2 illustrates the supply chain we are considering in this model with
multiple plants and one central distribution facility. The plants can be owned
by one company, or could be from different partners from a strategic alliance
between companies.

11
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Notice that we have incorporated a Central Recovery Plant, that we will
considered later when we introduce returned products to the model.

Model definition

The Central distribution facility receives the demand for the set of products
that the plants manufactured. Each plant can manufactured all or a subset of
the product. For each product the bill of materials is knows, i.e. the set of
parts and materials that compose each product reference.

The production plants acquire the materials from their suppliers. They must
decide the quantity of materials they will purchase at each period, depending
on the quantity of products to manufacture, which also must be calculated by
the model. Once they have produced their products, they can ship all or part
of them to the central distribution center. The manufacturing plants could have
inventories of final product and materials. When the central distribution center
receive the products, they also prepare and send the products to the consumers
following the orders that are represented in the model by the demand. The
central distribution center has only inventories on final products, but it is allowed
to incur in stockout in case the products are not sufficient to met the period
demand. We assume that the demand which is not covered in a period, will be
covered in the next period, and also that there are stockout costs derived from
the opportunity cost of the sales lost today and in the future.

Let ¢ = 1...n, be the index related with the number of manufactured prod-
ucts; 7 = 1...m, the index related to the production plants; p = 1...P the set of
materials used; and ¢ = 1...T" the planning periods,

We assume the manufacturing plants can use inventories from the previous
period and the materials purchased on the current period can be used on that
period to produce the articles. Other assumption is that production is done
within the period. The periods are usually weeks or biweeks.

12



In this model, we assume the demand for each product 7 on each period ¢
(di;) is previously known from the sales forecast of the company, so we only
must to decide the quantity of product ¢ to be produced at each factory j at
period ¢ (X;j¢), the quantity of product ¢ to be shipped from each factory j
to the warehouse at each period ¢ (Gjj¢), the quantity of each material p to
be purchased at each period ¢ (Pp) and the inventory units of final products ¢
and materials p to hold at each factory 7 and at the central distribution center
(Zij¢, Mjpe respectively).

Each one of the factories has holding and production capacity. We consider
also security inventories that must be maintained on each factory. Costs can
vary from one plant to another.

We consider the following unit cost:

Total production cost of products (C;j¢),

holding costs of products on the manufacturing plants (H;;),

transportation costs between the plants and the distribution center (7j;¢),

stockout costs at the distribution center (S;),

holding cost at the distribution center (W),

purchase cost of the parts and materials (R, ), and

holding costs of the materials (L, ).

The objective is to minimize the Total Production Costs of the whole system.

The variables we have used are:

The number of units of product ¢ to produce at plant j at period ¢ (X;j¢),

the number of inventory units of product ¢ at plant j at period t (I;;;),

the number of units of product ¢ to be shipped from plant j to the central
distribution center at period t (¢ij¢),

the number of units of stockout of product ¢ at central warehouse at period
L),

the number of units to hold of product ¢ at period t at central warehouse
(Vi)

the number of units of material p to purchase at plant j at period ¢ (Pjp),
and

the number of units of material p to hold at plant j at period ¢ (Mjpe).

Formally, the objective function is:

m n T m n T m n T n T
Zzzcithijt + ZZZHiinjt + ZZZTijt%t + ZZSitYi;

j=1li=1t=1 j=li=1t=1 j=li=1t=1 i=1t=1
n T m P T m P T

+ WltYit + ijtpjpt + LthMth
i=1t=1 j=1p=1t=1 j=1p=1t=1

The model has the following constraints:

1. Inventory equation for products: This constraint calculates the
inventory level at each period. The inventory of product i at plant j at the end
of period ¢ (I;j¢), is equal to the inventory of this product ¢ in this plant j at the

13



end of the previous period ¢t — 1 (Iij(t,l)), plus the production quantity of this
product ¢ in this plant j during the present period ¢ (X;;¢), minus the quantity
of product 7 shipped from this plant 7 to the central warehouse at present period

(Gije)-

I = Iij(tfl) + X5t — Gije t=1.mn; j=1.m; {=1.T,;

2. Shipment control: It is necessary to control the quantity of article
i shipped from the plant j to the distribution center at each period ¢ (gij¢).
It must be lower or equal than the quantity produced of product i at plant j
at this period ¢t (Xjj¢), plus the final inventory of product ¢ at plant j at the
previous period t — 1 (Z;;(:—1))-

Gije < Xijt +Iij(t71) 1=1.n;, j=1.m; t=1.T;

3. Control of materials: If only can be produced the number of products
we can manufacture with the available materials. The quantity of each material
p needed to manufacture one unit of product 7 is defined by K;,. For instance, to
manufacture product A, are necessary 0 units of material I, 2 units of material
II, 1 unit of material III, etc. The total number of units to be produced of
product ¢ at plant j at period ¢ (Xjj;), times the number of materials p needed
to be produced one unit of product ¢ (K;,) must be less than or equal to the
inventory on material p at plant 7 at the previous period { — 1 (Mjp(t,l)) plus
the quantity of material p purchased at plant j at period t (Pjp).

ZKipXijt < Mjpi 1y + Pipe j=1lm; t=1.T; p=1..P;
=1

4. Inventory capacity for products in factories: The inventory of
product ¢ at each factory j at period ¢ (I;;;) is limited by a security stock quan-
tity defined for each article ¢ and plant j (55;;) (could be 0), and a Maximum
quantity to hold (Holding Capacity) of product ¢ at plant j (B;;).

SSij S Iijt S Bij 1= 1...71; j = 1...m; t= 1...T;

5. Inventory equation for materials: To calculate the inventory level
of materials on each period. The inventory of material p at plant j at the end
of period t (Mjpt), is equal to the inventory of this material p in this plant j at
the end of the previous period (t — 1) (M;p¢—1)), plus the purchased quantity
of this material p at this plant j during the present period ¢ (Pj,;), minus the
quantity of materials p required to manufacture the all products 7 in period ¢

(;KipXijt)
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Mjpe = My 1) + Pipe — ZKipXijt j=1l.m; t=1.T, p=1.P;
=1

6. Inventory capacity for materials: FEach factory j has a maximum
holding capacity for material p (V},,), and a security stock (A;,). Therefore at
each plant j, the inventory of material p at period ¢ (Mjp:) is limited by those
values.

Vip < Mjps < Ajp j=1l.m; t=1.T; p=1..P;

7. Stock out or inventory units at central warehouse: We allow
for stock out or inventory units at the central distribution center. They are
calculated from the inventory of product ¢ at previous period (t — 1)(Yj¢—1)),
plus the total quantity of material p shipped from all the plants j to the central
warehouse at period ¢ (¢;j¢), minus the demand of product ¢ at period ¢ (d;¢).

m
Notice that if di; > Y1) + > ij¢, we have units of stockout, and if di; <
j=1

m
Yie-1)+ > giji, we have inventory units. This means that the variable Y;; could
=1
be positii/e or negative. To solve this situation We divide it into two variables,
YJ and Y, in such way that if there are units of stock, then YJ = 0 and
Y., > 0 and if there are units of stock out then YJ > 0and Y,, =0. This
division allow us to assign different costs to each of the cases and have only
variables greater than or equal to 0.

3/1'(1571) + ZQijt —diz =Y, 1=1.n; t=1..T;
j=1

8. Production capacity: This constraint limits the production capacity
expressed in hours of production available at each plant. There is a parameter
PT; which represent the hours of production needed to manufacture one unit
of product 7, multiplied by the number of units produced of product ¢ at plant
J in period t (X;j¢). For each period and each factory, the summation of
these multiplication for all the products must be less than or equal to the total
production time available at each factory j per period time ¢ (Ujy).

ZPTiXW < Uy, j=1l.m; t=1.T;
=1

Other production capacity constraints can be easily incorporated if neces-
sary.
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9 . Integer and non-negativity constraints.
All variables are integer and greater than or equal to zero.

In summary the model is the following;:

m n T m n T m
min 35 35 3 CigeXije + 30 20 2 Higlije + 32 > Zqum + Z ZSM
j=1li=1i=1 j=1li=1i=1 j=1li=1i= 1 i=1i=
n T m P T m
+2 WY + 3 3 Y Ryt Ppe + ZZZLpt
i=1t=1 Jj=1p=1t=1 j=1p=1i=
Subject to:
L = Iij(tfl) + X5t — Gije 1=1.n; j=1.m; {=1.1T;
2. Xijt +Iij(t71) > Gijt 1=1.n; g=1.m; =1..T;
3. ZKWXW < My 1) + Pipt j=l.mt=1.T, p=1..P;
4. SSU < I < Byj i=1l.m; j=1l.m; t=1.T;
5.Mjpt = jp(tfl) +]Djpt - ZKipXijt j = 1...m; t= 1...T; p= 1...P;
1=1
6.Vip < Mjp < Ay, j=l.mt=1.T; p=1.P;
7. Y-+ Zqijt —dy =Yy i=1.m; t=1.T;
8. ZPTXW < Uy j=1l.m;t=1.T;

9, th >0 and integer;
10. g;5¢ =2 0 and integer;
11. By 20 and integer;
12.1;;4 > 0 and integer;
13.Y£‘ >0 and integer;
14.Y;; >0 and integer;
15.M;,; >0 and integer.

Parameters:

n = Number of articles.

m = Number of plants.

T = Number of periods of time to planning.

Cij+ = Production cost of article ¢ at plant j at period ¢

H;; = Holding cost per unit of article 7 at plant j.

Sit = stock out cost per unit of article ¢ at period t.

R, = Cost of purchase one unit of material p at plant 7 at period ¢.
Ly = Holding cost per unit of material p at plant j at period ¢.
S5;; = Security stock of product ¢ at plant j.

B;; = Maximum allowed stock of product ¢ at plant j.

Kip = Quantity of material p needed to manufacture one unit of product <.
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Ajp = Maximum allowed stock of material p at plant j.

Vjp = Security stock of material p at plant j.

T3j; = Transportation cost per unit of product ¢ shipped from plant j
to central facility on period .

diz = Demand of product i at period .

Wi: =Holding cost of product ¢ at period ¢ on central warehouse.

PT; = Production time of one unit of product 1.

Ujs =Hours of production capacity in plant j at period ¢.

Variables:

Xij¢ = Number of units of product ¢ to produce in plant 7 on period ¢.

Pjpe = Number of units of material p to purchase in plant j at the begining
of period t.

¢i;¢+ = Quantity of product 4 shipped to central facility from plant j
at period t.

1;j; = Inventory units of product ¢ in plant j at the end of period ¢.

M;p = Inventory units of material p in plant j at the end of period ¢.

Y., = Number of units of stock out of article 7 at period ¢ at central ware-

house.

Y; =Inventory units of product ¢ at period  at central warehouse.

As we will explain in section 6.1 we solve this model using Lingo software.

5 The multiplant production planning model with
returns

There are many ways for a company to establish the returns of the products.
In the second model we propose, we assume that returns are made through a
centralized facility which has the responsibility of receive, disassembly and ship
the products to the different production plants. Some authors have studied the
problem of disassembly products within a central recovery plant. Krikke (1998)
has made a very good approach to this problem, obtaining optimal disassembly
strategies based on the quality of the products and parts, and the economical
viability of the different alternatives. He has obtained the optimal disposal
strategies for each product and in those products where the best alternative
is to disassembly, he has determined the optimal level of disassembly for the
product. Those alternatives are very different since the quality of the product
is unknown and the economical viability of the disassembly process is not the
same for all parts and products.

Our model considers that products are returned to a central recovery facility,
where they will be classified depending on their quality. The returned product
can be fully disassembled on materials or partially disassembled of what it is
called assemblies. Assemblies are composed by various materials and given
their quality do not need to be slip on primary materials. Therefore, with some
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probability, with respect of their quality, they will be disassembled and the
resulting materials and assemblies are prepared to be shipped to the manufac-
turing plants, where they will be used to manufacture new products. Figure 3
summarize the reception and classification process.

Good -
Cuality Assemblies

Disassembly Remanufacturing
Process Process

Product
Returned

Materials

Bad
Quality

Disposed

0 Uncertainty in number of products returned
[ Uncertainty in quality of products returned

Figure 3: Reception and classification process

The preparation of the products includes all the necessary processes to ad-
equate the materials to be included into the manufacturing process as new
materials or assemblies. This implies that, to incorporate these assemblies into
the new product, it is necessary to follow a different process than the one used
by the factories when working only with new materials. In figure 4 we present a
simplification of the bill of materials for product A, defined by Krikke (1998). It
illustrates the disassembly tree for this product. In this specific case, product A
could be divided into assembly B and material E in a first level of disassembly.
In a second level of disassembly assembly B could be divided into material C and
D. Notice that product A could be only disassembled at first level, and material
E and assembly B will be the “subproducts” resulting. These “subproducts”
will be used as components and materials to manufacture new products.

The introduction of assemblies and remanufacturable materials to the pro-
duction process complicates the formulation and the size of the problem. We
still have the assumptions from the previous model, but we need to add some
new ones, to deal with the new remanufacturing environment.

There are many problems that must be considered in order to adequate the
model:

A. The uncertainty in the quantity and quality of the products returned
affects directly the quantity of materials to purchase and the production time.

B. Different production costs and processes (in an extreme case each unit
can follow a different production process).

C. One article can be manufactured with new and reusable parts.

D. In the previous model, it is not necessary to consider in-process invento-
ries. In this model we have to consider them, because now we are introducing
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the assemblies. Therefore, they can go directly to one in-process inventory and
increase its quantity.

Product A

Assembly B Material E First level of disassembly

) ) Second level of disassembly
Material C Material D

Figure 4: Disassembly tree for product A

To solve these problems, different alternatives were studied. The most
simple and effective was to consider the components and reusable materials as
new codes of materials, i.e. they are added to the system with new codes,
and then different processes are elaborated to each product. Each one of the
processes requires a specific type and number of materials, and also has different
production costs.

To better understand the problem, let us exemplify it in table 5. It shows an
example of the relation between materials and processes for each product. We
can observe that product 1 can be manufactured by three different processes.
The process la, only use new materials, in this case 1 unit of material 1 and 2
units of material 2. This process has a materials cost of 15000, and a production
costs of 7000. The same product (1), can also be manufactured by process 1b
which use 1 unit of material 2 (which is new), 2 units of reusable material 5,
and 1 unit of other reusable material. The materials costs are 13000 and the
production costs 6700. There is also a third process to manufacture product
1, the process lc. It use 1 unit of the new material 3, and a component part
(number 98) to manufacture the product, and has also the respective material
and production costs.

The model will decide which process should be used to manufacture the
product, i.e. how much products will be manufactured, the processes through
which they will be produced, the inventories of materials, in-process and final
products to be maintained, and the quantity of materials to purchase to the
suppliers.

In the formulation of the problem we assume that the cost of the assemblies
is the disassembly costs, (which includes also quality inspection and disassembly
costs itsell) and transportation cost.
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| Product 1 | Product 2 | Product 3 ||

” Materials | la | 1b |1c | 2 | 3a | 3b ”
1 1 0 0 2 1 0
New materials 2 2 1 0 5 0 0
3 0 0 1 0 1 0
1 0 0 0 0 0 0
5 0 2 0 0 0 1
Reusable materials 6 0 0 0 0 0 0
7 0 1 0 0 0 0
8 0 0 0 0 0 0
98 0 0 1 0 0 0
Assemblies 99 0 0 0 0 0 1
00| © 0 0 0 0 1
[ Materials Cost | [ 15000 | 13000 [ 12500 | 25000 [ 14000 | 12500 |
[ Production Cost | | 7000 | 6700 [ 5500 | 18000 [ 9500 | 10000 [

Table 5: Materials required to produce one unit of products 1,2 and 3 by
different production processes.

5.1 Formulation of the model

We will now consider an extension of the previous model including the returns.
The products are returned to the central recovery facility, where they are re-
vised, classified and organized by the corresponding disposal and remanufactur-
ing strategy. The products which are of good quality for remanufacturing are
disassembled and processed until they become materials and assemblies ready
to be shipped to the manufacturing plants. The central recovery plant has
inventories of reusable materials and assemblies to ship to the factories, and
inventories of returned products. The central recovery plant ships the materials
to the different factories. The quantity shipped in each period to each factory
must be decided by the model, therefore the most profitable alternative will be
chosen.

Each factory receives the materials and assemblies from the central recovery
facility and uses it to manufacture the products by the diflerent production
processes. Let a = 1...A, be the set of production processes. Based on the
quantity of materials and assemblies obtained from the central recovery plant,
the factories chose the quantity of materials to purchase to the suppliers.

The return process at the central recovery plant is affected by several random
variables as explained, the number of products returned to the central recovery
plant is unknow. Let Fj; be the quantity of product ¢ returned on period ¢,
we will assume that the average and standard deviation of these variables is
known. Let QUj, be the quality of material or assembly p obtained from the
product 7 which could be good or bad (1 or 0 respectively). Let PROB;,, be the
probability of one unit of material or assembly p obtained from the disassembly
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process of product ¢ to be of quality QUy,. This probability can take values
from O to 1, and we assume it is previously known from different technical
specifications. Let C'Fj, be the number of material or assembly p obtained from
the disassembly process of one unit of product 7, then the average quantity
of material p obtained from all products returned at period ¢ is calculated by

:Lzl PROBy,[QU;, % E[Fy] * CFy.

The new model is then formulated like the previous one, but with some
variations, namely:
a. The production costs now are differentiated by production processes, so
A m n T
it is calculated in the following form: >~ > >~ >~ Cl;;¢ Xaij¢, where Co,jp is the
a=1j=1i=1t=1
production cost of one unit of article % atj plant 7 by process a at period ¢, and
Xaije s the number of units of product ¢ to produce in plant j by process a at
period t.
b. The transportation cost of material p from central recovery plant to each
one of the production plants j at period ¢ is incorporated (Gjp¢). This cost is
multiplied by the quantity of materials p shipped from central recovery plant to

each one of the factories j at period ¢ (Ojp).
m P T

Z Z Z Gjptijt

j=lp=1¢=1

c. The disassembly cost must also be considered. To calculate it is necessary
to do the following;:

First, it is necessary to calculate the average quantity of material p obtained

from all products returned at period ¢ as was explained before. (> PROB;[QU;p)*
i=1
E[Fit] * CFip)

Second, we multiply this average number of materials returned by the dis-

sassembly cost for material p from product ¢ at period t.

Third, we calculate the total for all materials, products and periods.
T n P

Z Z Z PROBip [QUip] * CEp * E[Fit] * DCipt.

t=1i=1p=1

d. The parameter K is now differentiated also by the production process.
This allows us to have the different materials requirements for each process. No-
tice that the previous production process (from the previous model) is included

using only the new materials as in the previous model.

e. We need to separate in the model the new materials and the reusable
materials and parts. To do it, we divided the set of materials in two groups, the
first group from material 1 to material n which contains only the new materials,
and the second group from (n+1) to P which has the reusable materials and the
assemblies. It is important to remark that in the model we do not considered
directly the materials costs for the reusable materials, because we are calculating
it by the sum of quality, disassembly and transportation costs.
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f. It is necessary to consider inventories of returned materials and assemblies
at the central recovery plant with the corresponding capacity constraints and
holding costs. We define as IN,; the inventory of material or assembly p at
period t and with HO,; the correspondent holding cost of material or assembly
p at period t. The holding capacity for material or assembly p is defined by
MRM,.

There are also some changes on the restrictions of the model, that will be
described next.

1. Inventory equation for reusable materials and assemblies: We
called reusable those materials or assemblies obtained from the disassembly
process of a returned product. The inventory of material p in period ¢ (I N,) is
equal to the inventory of this material p at the end of the previous period (£ —1)
(7 Np(t,l)), plus the estimated returned materials quantity during the present
period , minus the quantity of materials p shipped to the plant j at period ¢
(Ojp)-

The estimated returned materials quantity is calculated as explained before
for all the reusable materials (p = (n + 1)...P) and for all the periods.

IN, = INy 1 +Z PROB,[QU,,) + B[Fy] * CFy,) ZOm
i=1
p = (n+1)..Pt=1.T;

2. Control of shipments: We assume that parts recovered in a period are
shipped to the manufacturing plants in the next period. These set of constraints
forces the quantity of materials p returned to all the factories j in period ¢ (Ojpt)
to be less than or equal to the inventory of materials p at the central recovery
plant in the previous period £ — 1 (INp;_1)).

ZOm < INy-1 p=m+1).P;t=1.T;

3. Inventory capacity for reusable materials and assemblies: The
inventory of material p at period t in the Central Recovery Plant (INp) is
limited by a maximum stock quantity (M RM,) (holding capacity), and it it
must be greater than or equal to 0. This is calculated for all the reusable
materials and for all the periods.

INy < MRM, p=(n+1)..P;t=1.T;
4, Inventory equation for materials: Purchased materials are those

that manufacturing plants can acquire from external suppliers. The inventory
of material p at plant j at the end of period ¢ (M), is equal to the inventory of
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this material p at this plant 7 at the end of the previous period ¢ — 1 (Mjp(t,l)),
plus the purchased quantity of this material p at this plant j during the present
period ¢ (Pjp¢), minus the summation of the number of units to produce by
all production processes a of product i at plant j at period ¢ (Xg;j¢), times
the number of materials p needed to produce one unit of product ¢ by process
a(Kaip) plus the quantity returned of material p to plant j at period ¢

(ijt)°

n A

Mjpe = Mjp—1) + Pjpt — [ZZ (Kaip * Xaiji) | + Ojpr
i=1la=1
7 = lL.m; t=1.7T; p=1.mn;

5. Inventory equation for assemblies: This set of constraints varies
from the previous one (with purchased materials) in the case that assemblies
cannot be purchased to external suppliers. Therefore the equation is the same
but without the purchasing variable (Pjp).

+ ijt

n A
Mjpe = Mjpe—1) — lzz (Kipa * Xaije)

i=1la=1

j = l.m;t=1.T; p=(n+1)...P;

6. Inventory capacity for materials: This constraint does not change
from the previous model.

Vip < Mjp < Wi, t=1.T; p=1..DP;

7. Control of materials: These constraints ensure that only can be pro-
duced the number of products we can produce with the available materials. To
do it, we multiply the summation of the number of units to produce by all pro-
duction processes a of product ¢ at plant j at period ¢ (X,ij¢), times the number
of materials p needed to produce one unit of product ¢ by process a(K,ip). We
force this quantity of materials resulting from the previous multiplication to be
less than or equal to the inventory of materials p at plant j at the previous
period £ — 1 (Mjp(t,l)) plus the quantity of material p purchased at plant j at
period ¢ (Pjpe).

A n
ZZKaianijt < Mipe—1y + Pipe j=l.m; t=1.7T;, p=1.P;

a=1li=1

8. Inventory equation for products: The inventory of product i at
plant j at the end of period t (;;¢), is equal to the inventory of this product ¢ in

23



this plant j at the end of the previous period £ —1 (Iij(t,l)), plus the production
quantity of this product ¢ in this plant 7 by all the production processes
a during the present period ¢ (X,i;¢), minus the quantity of product ¢ shipped
from this plant j to the central warehouse at period ¢ (¢s;¢).

A
Lije = Lije 1)+ me-jt — Gije i=1l.n; j=1l.m; t=1.T;

a=1

9. Shipment control: The quantity of product ¢ shipped from the factories
J to the distribution center at period ¢ (g;;¢), must be less than or equal to the
inventory of product ¢ at plant j at the end of the previous period (t —
1), (Zij(t—1)) plus the quantity produced at each plant j in this period ¢ by all
the production processes @ (Xgijt).

A
Zxaijt + L1y > dije i=1l.n; j=1l.m; t=1.T;

a=1

10. Inventory capacity for products: This constraint does not change
from the previous model

?

11. Stockout or Inventory units on central warehouse: This con-
straint does not change from the previous model

Yieony + D e — die = Y i=1l.n t=1.T;
j=1

12. Production capacity: This constraint limits the production capacity
expressed in hours of production available in each plant. There is a parameter
PT,; which represent the hours of production needed to manufacture one unit of
product ¢ by process a, multiplied by the number of units produced of product
i by process a at period ¢ (X,;j;). For each period ¢ and each factory j, the
summation of these multiplication for all the products i and all the production
processes a, must be less than or equal to the total production time available in
each factory j per period time ¢ (Uj).

A n
Z PTyi Xaije < Ujs j=1l..om; t=1.T;

a=1li=1

Other production capacity constraints can be easily incorporated if neces-
sary.
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13. Integer and non-negativity constraints.
All variables are integer and greater than zero.

In summary the new model is the following;:

A m n T m n T m P T
min 3% 5% 303 CutguXaige 35 30 3 Hi gt 303 SuYi +3° 503" Ry P
a=lj=1i=1t=1 j=li=1t=1 1=1t=1 j= lp li=1
m P T m n T T
+2 2 2 LipeMipe + 3° 57 3" Tijeise + Z ZWzt + Z Z ZGthOth
Jj=1p=1t=1 Jj=li=1t=1 i=1t= j=1p=1i=
P T T n P
+ Z ZHOptINpt + Z Z Z PROBW[QUW] * CFip * E[Et] * DCipt
p=1t=1 t=1li=1p=1
Subject to:
1~INpt =IN, p(t—1) + Z(PROsz[QUzp] * E[ “5] * CF,Lp) Zijt
j=1
p=(n+1)..P;t=1.T;
2. ZOm < INp1) p=(m+1)..Pt=1.T;
Jj=
31Npt < MRM, p=(m—+1)..Pit=1.T;

n A
4 Mjpr = Mjp(e—1) + Pjpt — [Z > Km'anijt:| + Ojpt
i=la=1
j=L.mi=1.T;p=1.mn
A
Z—:l ( atp * Xaijt):| + ijt
j=l.myt=1.T;p=(n+1)...7;
p < Mipe < Wy t=1.17;, p=1.PF;

A
Z Kmemjt < jp(t—1) + ]Djpt

la=1

5.Mjpr = Mjp(tfl) - [

ir:

6.
7.

M3<

j=1.m;t=1.7T;, p=1.PF;

8. Iije = Ty + fjxm-jt —Gije i=l.m; j=1l.m; t=1.T;
9. ZXMN + Lijie—1) = Qije it=1.n; j=1.m; t=1.T;
10.55,; < Ijs < By i=1l.n j=1l.m: t=1.T;
1. Yiy+ S aige — dig = Y i=1.m t=1..T:

A n =
12,5 3 PTyi Xaije < Ue j=1lomst=1..T;

a=li=
13. X o454 12 0 and integer;
14. By >0 and integer;
15.1;;4 2 0 and integer;
16.Y£‘ >0 and integer;
17.Y;, >0 and integer;
18.M;p,; >0 and integer;
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19.¢;5: 20 and integer;
20.05,: > 0 and integer;
21.IN,; 20 and integer.

Parameters:

A = Number of production process that has the product with the maximum
number of production processes.

n = Number of articles.

m = Number of plants.

T = Number of periods of time to planning.

Chijt = Production cost of one unit of article i at plant j by process a

on period ¢.

H;; = Holding cost per unit of article 7 at plant j.

Sit = stock out cost per unit of article ¢ at period t.

R, = Cost of purchase one unit of material p at plant 7 at period ¢.

Ly = Holding cost per unit of material p at plant j at period ¢.

S5;; = Security stock of product ¢ at plant j.

B;; = Maximum allowed stock of product ¢ at plant j.

Kaip = Quantity of material p needed to manufacture one unit of product ¢

by process a.

C'Fip, = Number of units of material p that can be obtained from
returned product i.

W;p = Maximum allowed stock of material p at plant j.

Vjp = Security stock of material p at plant j.

T3j; = Transportation cost per unit of product ¢ shipped from plant j
to central facility on period .

G+ =Transportation cost per unit of material p shipped from central
recovery plant to plant 5 on period £.

diz = Demand of product i at period .

Wi: =Holding cost of product ¢ at period ¢ on central warehouse.

Vi = Production time of one unit of product 7 by process a.

Uj, =Hours of production capacity in plant jat period ¢.

HO,; =Holding cost of material p at period ¢ on central recovery plant.

PROB,;,[QU,] =Probability of material p resulting from the dissassembly

process of product 7 is of quality QU, for remanufacturing
DCjp; = Dissassembly cost for material or assembly p from product ¢

at period t.
Variables:
Xaij: = Number of units of product ¢ to produce in plant j by process a
on periodt.
Pjpe = Number of units of material p to purchase in plant j at the begining
of period t.

¢i;¢+ = Quantity of product 4 shipped to central facility from plant j
on period £.
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1;j; = Inventory units of product ¢ in plant j at the end of period ¢.
M, = Inventory units of material p in plant j at the end of period ¢.
Y., = Number of units of stock out of article ¢ at period t at central ware-

?
house.
Y; =Inventory units of product ¢ at period  at central warehouse.
Ojpe = Quantity of material p shipped from central recovery
plant to plant j on period %.
IN,; =Inventory units of material p at period t on central recovery plant.
MRP, = Holding capacity of reusable material or assembly p at Central

Recovery Plant.

Random Variables
E[F};;] = Number of units of product i returned to central recovery
plant on period £.
QUip = 1 if material p obtained from product ¢, is of good quality for
remanufacturing process.
0 if material p obtained from product 7, is not of good quality for
remanufacturing process

6 Optimization - Simulation Process

First model is a integer linear programming model and we solve it using the
Lingo software. To reduce the computational time, we have using a relaxed
model using only the variable X,;;; as integer, but relaxing the remaining integer
variables to be real. This model has resulting in a integer optimal solution,
therefore it is the optimal solution for the original integer model. With this
relaxed model, the computational time was reduced to 3 seconds in average (for
the examples we have run).

Dealing with the uncertainty of the variables involved in the second model,
in order to solve it, we have combined two different processes. Figure 5 shows
the characteristics of the optimization-simulation process (based on Cheung, W.
et al (2001)). We have run two different strategies to compare the performance
of those strategies.

In first strategy, we ran an optimization model (for the model with returns),
taking the expected returns and quality. We obtained the optimal plan. From
this optimal plan we decide the number of units to produce, the optimal pur-
chasing strategy and also we obtain an estimative of the inventories and final
costs. We assume the company accepts the optimal plan as the production and
purchasing strategy.

We then after, consider the optimization results, and run a simulation. In
the simulation model, we simulate the quantity of returns for each product, and
the quality of the products returned. We use the manufacturing and purchasing
schedule produced by the optimization model. Our interest is to analyze the
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inventory behavior for the returned materials and assemblies and the total costs
of the model.

As a second strategy, we ran an optimization model as before, but the
simulation model only for half of the periods. After that, we use the results to
run again the optimization model for the remaining number of periods. In this
form the production and purchasing schedule change for the remaining periods.
Again, we take the results from this second optimization and use it to run the
simulation model for the remaining number of periods.

The inputs and outputs obtained from the optimization and simulation
model are summarized in table 6.

Optimization Simulation

Inputs: Inputs:
Production, holding, stockout and

) Production schedule (from optimization)
transportation costs.

Holding and production capacities Purchasing strategy (from optimization)
Expected number and quality of returns | Units of products returned {Simulated)
Demand (from sales forecast) CQuality of products returned (Simulated)

Initial lewvels of inventaries
Technical factors (Conwversion data,
production processes)

OQutputs: OQutputs:
Optimal production schedule Imventory levels
Optimal purchasing strategy Total costs for the system

Estimated inventory levels
Total cost for the planning exercise

Table 6: Inputs and outputs from optimization and simulation models

We have compared the results from the different optimization-simulation
strategies and obtained some conclusions.
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Figure 5: Optimization - Simulation Process

We have considered various examples, varying the number of manufacturing
plants, the number of products and the demand of them, the number of materials
and the number of production processes arisen from the recovery alternatives.

Figure 6 illustrates the recoverable production system.

The optimization-simulation model evaluates the performance of the results
obtained from the optimization model within different scenarios. Later on we
would like to use it an iterative process to improve the recoverable production
planning in similar way as Cheung, W. et al (2001). The interest of this approach
is to compare the possible performance of different scenarios and allow the plan
maker to take a better decision. In our example we have established three
different scenarios, with a low, medium and high rate of returns. They are
defined in terms of the number of returns and quality of products returned.

We are interested in the total costs of the model but, under the three sce-
narios, we have analyzed also the inventory behavior, since they are a good
indicator of the service level of the company. In the next section, we briefly
describe some characteristics of both, optimization and simulation model, and
we present some results.
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Figure 6: The recoverable production system

6.1 Optimization Model

We have used Lingo Software to run the optimization models for the multiplant
production planning model with and without returns. To solve it, we have
relaxed the integer constraint for all the variables except for the number of
units to produce. We have obtained integer optimal solutions for all instances,
therefore it is also the optimal solution for the integer problem . The reason
for use the relaxation of the model is due the large amount of computational
time needed to solve the integer linear programming. For the first instance,
Lingo has taken 13 minutes of running time, in a Pentium IV with 1,5 Gghs
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and 256 Mb of RAM memory. But, when we have increased the size of the
problem in one additional article or material, the problem becomes too large
and the running time increase to more than 60 hours. Therefore, we believe
that a heuristic procedure could be useful to obtain results in less time. The
optimization model take as parameters all the production costs and an average
expected demand per each period, and also an average return and quality of
products. The model output is the expected number of units to manufacture
and the units of material to purchase at each plant and period. These values
are used to make decisions in the quantity of products to be manufactured by
each plant and the quantity of materials to be purchased. Once the results have
been obtained, we use these results as inputs for the simulation process.

6.2 Simulation Model

In order to run the simulation we have developed a program in C++. An
additional assumption is made to run correctly the simulation model. When
the simulated number of returned products is lower than the ones planned by
the optimization model, the program considers an additional purchase order of
materials in that period and charge additional costs. This is because in reality
companies must buy urgently these materials to meet the planned production
scheduling.
The simulation schedule is the following one:
1. Initialization:
a. Set the number of replications to run the simulation.
b. Take the initial inventories and parameters from the optimization
model.(Repeat for each replication)
2. For each period:
a. Simulate the number of products returned.
b. Simulate the quality of the products.
c. Calculate production costs and inventory levels for this period.
3. Evaluation:
a. Calculate the average costs and inventories of all the replications.
We assume, that the quantity of returned products, follows a Normal dis-
tribution with ~N(M,UQ). Once we have the number generated by the normal
distribution, we have used a simple rounding function to obtain the number of
products returned. The quality of the products was simulated using a Uniform
distribution (0,1) and the technical probabilities used in the optimization model.

6.3 Results

We elaborate two different strategies to observe the performace of the model.
In the first strategy, we run the optimization model and then use the results
to set decisions to run the simulation process. In the second strategy, we run
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the optimization model for all the periods, afterwards we run the simulation
process for half of the periods of the example, and then, we run again the
optimization process with the data produced by the simulation for the next half
of the periods. Once we have obtained the new results from the optimization,
we run the simulation for the remaining periods. This last strategy tries to
analyse the frequency of running the optimization model.

To run the simulation, we have established three different scenarios for each
strategy, depending on the quantity of the returns, and we have observed the
performance of the planning scheduling obtained from the optimization process.
The first scenario considers a low rate of returns. We assume that returns follow
a Normal distribution corresponding to the 5% of the average expected demand
and its standard deviation. The second scenario considers a medium rate of
returns, and we define a product return of 15% of the average expected demand;
and the third scenario considers a high level of return, the returns rate is for
the 30% of the average expected demand.

For each strategy, we have ran a total of 5000 replications of the simulation
process. The following tables are a summary of the results we have obtained
from this process. All the results, are the averages over the 5000 replications of
the simulation process.

6.4 Strategy 1: Optimization with returns + Simulation

The results from this strategy were obtained from running once the optimization
model, and using this results to make the decisions on the simulation process.
Table 7 shows the results obtained from this process. We are interested in
observing the performance of the reusable materials inventories and the total
cost of the system. In both models the demand is known in advance. Also, notice
that the results obtained from the optimization is used to set the production
scheduling and purchases decision on the simulation model.

In table 7 we present the total costs for the whole process under the following
alternatives: optimization with returns, optimization without returns and the
three scenarios of the simulation (low, medium and high level of returns). Second
and third line, shows the Mean and Standard deviation of the number of returns
used at each scenario. The remaining number of lines shows the average number
of units of materials and assemblies on inventories under each process. Notice
that this value is zero for the optimization without returns, since in this situation
the optimal level of inventories is zero. This is different from the optimization
with returns, where inventories must be holded because the returned materials
can only be shipped at the next period to the factories.

We have considered 2 examples that we will explain next.

Example 1:
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The first example was made based on the following logistic network config-

uration:
Number of Factories: 3
Number of Articles: 5
Number of Materials: 10
Number of Periods: 12
Number of Production Processes: 5

The results obtained were the following:

AVERAGE INVENTORIES OF REUSABLE MATERIALS

Opt. with Returns | Opt. W/o Returng Simulation
Total Cost 212.210.700 pta | 234.000.800 pta | 397.723.000 pta | 338.931.000 pta | 333.437.000 pta
Mean 1000 3000 000
Std. Dev, 356 54 1063 &1 213922
Material Value Value low Medium high
M7 B000 0 12410 28005 92025
) 8240 0 1225 87232 24399 3
M3 17637 5 0 500 28576 6 70427 1
10 37375 0 -10419 5 2h845 2 52655
Table 7: results from example 1 under strategy 1.
Example 2:
Second example was made based on the following logisitcs return network
configuration:
Number of Factories: 2
Number of Articles: 3
Number of Materials: 15
Number of Periods: 12
Number of Production Processes: 3

The results obtained were the following:
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AVERAGE INVENTORIES OF REUSABLE MATERIALS
Opt. with Returns |Opt. W/o Returns Simulation
Total Cost 216.972.000 pta | 254,292,600 pta | 350.620.000 pta | 322.567.000 pta | 320.997.000 pta
Mean 600 1500 3600
Std. Dev. 85 87 257 B0 515,19
Material Value Yalue low Medium high
M1 981436 oo 9366 9 31004 4 63246 8
M12 g77e7 7 0p 51614 21964 4 47ma 7
W13 19455 3 oo HbB7 8 213886 54287 1
h14 5787 5 0p E22 5 5968 4 214131
M15 246527 oo 73206 -4638 1 5400

Table 8: results from example 2 under strategy 1.

In first example the consideration of the returns process into the optimization
model, produce better economical results for the company. The reason is the
fact that by considering the returns, the plants can use simple and less expensive
production processes. It is also important to remark that traditionally the cost
of disposal were not consider in the production planning process, therefore the
optimization without considering the returns underestimate the real costs of the
production process for the company.

In the results from the simulation model, we found that third scenario (high
number of returned products) produce better economical results for the com-
pany. This is because the stockout costs of the returned materials are very
high. When there are stockout of returned materials, it is expected to produce
a change in the production plan, because some of these materials cannot be
purchased, and therefore the articles must be produced under the traditional
production process. Also the company will be forced to purchase new materials
urgently at a higher costs.

As expected, the inventories behavior shows high rates of stockout in first
scenario, medium in second, and high level of inventories under the third scenario
studied.

The results presented in table 8 for second example, are basically the same
performance than in the previous example. The optimization with returns
provide better results than the optimization without returns. In the simulation,
the unique variation was in the scenario with medium level of returns where
it was the one with most economical results. The reason is the number of
materials in stock was lower than in the scenario with high level of returns, and
the stockout costs the number of units in stockout are also lower than in the
case of low level of returns.
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6.5 Strategy 2: Optimization (with returns)- Simulation
(half of the Periods) - Optimization - Simulation (re-

maining periods)

Second strategy, consist in running the optimization model, and with this results
we simulate the behaviour for half of the total number of periods. Then, we use
again the results obtained from the simulation to run the optimization model for
the remaining half of periods and with the results we run again the simulation
process for those last periods. In table 8 we present the results for this strategy.

Example 1:

AVERAGE INVENTORIES OF REUSABLE MATERIALS

Opt. with Returns Simulation
Total Cost 212.210.700 pta | 234.000.800 pta | 378.470.000 pta | 296.918.000 pta | 303.568.000 pta
Mean 1000 3000 000
Std. Dev. 356 54 1063 F1 2133 22
Material VYalue low Medium high
M7 5716 2215 12902 8 217852
M3 7347 1976 4 127 9 41801
E 15254 -7529,1 294258 21461
i10 33013 72208 162600 407680
Table 8: results from example 1 under strategy 2.
450.000.000 pta
400.000.000 pta
350.000.000 pta
300,000,000 pta @ Costs - Strategy 1
250,000,000 pta W Costs - Strategy 2
200.000.000 pta.
150.000.000 pta. -
100.000.000 pta.
50.000.000 pta -
- aa m
£ ) L E £5
g€ € 8 ¢£5 §%2
g 28 ¢ 08
é-n: é‘n: .(‘755
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Figure 7: Comparison between total costs under strategies 1 and 2.




200000

150000

100000

50000 -

-50000

Opt. with
Returns
Opt. Wio

Returns

Sim
Medium

@ Materials - Strategy 1
W Materials - Strategy 2

Sim - lo

Sim - high

Figure 8: Comparison between inventory levels under strategies 1 and 2.

Example 2:

AVERAGE INVENTORIES OF REUSABLE MATERIALS

Opt. with Returns |Opt. W/o Returns Simulation
Total Cost 216.972.000 nta 254,292 600 pta | 329.782.000 pta | 293.580.000 pta | 284.735.000 pta
Mean 600 1800 3600
Std. Dev. g8 87 257 Bl 51519
Material Value Value low Medium high
11 7179 3 00 251921 40472 3 B1657 5
12 B2669 B 00 17596 B 306297 48470 4
13 19455 3 00 80287 -4244 5 A7 2
h14 5787 5 00 6221 1954 2 57505
M15 211803 0.0 -2943 5 14150 9107 7

Table 9: results from example 2 under strategy 2.

Figures 9 and 10 shows the same comparison between strategies one and two
for the second example:
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Figure 9: Comparison between total costs under strategies 1 and 2.
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Figure 10: Comparison between inventory levels under strategies 1 and 2.

As expected, in first example, the results obtained by this strategy have
improved in comparison with the first strategy. In the same three scenarios
of the simulation the total costs have been reduced. Figures 7 and 8, are a
comparison between both strategies, in costs and inventory units for this first
example

We can appreciate that under the second strategy both, units and costs,
have been reduced. Therefore, the use of the simulation process to feedback
the optimization process can improve the production schedule and purchasing
programming. This leads to the observation that within a Decision Support
System, the optimization can be feed directly from real data. The question
is how frequent we should run the optimization. The answer depends on the
industry.
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Second example, provides the same behavior than the first one, the results
from the second strategy presents better results than the ones obtained by first
one .

We can appreciate under both examples, that the use of the second strategy
can improve the production and purchasing programming. The optimization-
simulation procedure is a good way to improve the decisions made by the com-
pany. In the future we plan to extend this model to an iterative process, where
the optimization process will be feedback at each period to adapt the results
better to the business environment.

7 Conclusions and directions of future research

In this work we present two mathematical models for a recoverable production
planning system for a production environment within an integrated logistics
network.

The first model considers a production plan at the aggregate level for a mul-
tiple factories environment. This allows factories to benefit from synergies of an
integrated logistics network, obtaining better results for all the partners within
the network. The model provides an aggregated production total schedule and
also a purchasing planning for each factory during the planning period. The
model was formulated as a integer linear programming model and was solved
using Lingo Software. The main contribution of this model is the considera-
tion of the integrated logistics network to produce the production planning and
purchasing schedule.

In the second model developed, we introduced the returns to the previous
production planning model. In this remanufacturing environment, each prod-
uct can be manufactured by different production processes, depending on the
materials used new, reusable or both. The set of production alternatives arising
from this different processes, bring to the companies the possibility to choose
less costly strategies to manufacture its products. Therefore, the optimization
model provides the best combination of manufacturing processes to reduce the
total costs for the company.

Given the uncertainty of the model, we have used a combination of opti-
mization and simulation procedures to solve it. We considered two different
examples under two different strategies and three different simulation scenarios.
In first strategy, we run the optimization model for all the periods and use its
results as inputs for the simulation model to obtain finally the total costs of the
production process and the inventory performance. In second strategy, we run
the optimization model, but the simulation process only for half of the periods.
With the results obtained from the simulation model, we feed the optimization
model and run it again for the remaining periods, adjusting the purchase and
manufacturing schedule. Finally, we run the simulation process for the sec-
ond half of periods. We have summarized the results from two strategies and
obtained some conclusions. The main contribution of this model is the intro-
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duction of the returns to the aggregate planning model, and the utilization of
the optimization+simulation procedure to solve it.

From the results we can conclude that the combination of the optimization
and simulation procedures can improve the performance of the planning pro-
cess for the companies. This combination of optimization + simulation give
made insights to the decision maker about how to produce a production plan-
ning. Also, it give insights on the relationship between the several elements of
the production process in terms of the quantity of product on inventory, the
production and purchasing schedule, and the total costs of the systems.

The examples used are low size problems, since the optimization + simula-
tion running time becomes too large when the size of the problem increase. For
practical purposes and as future research, we plan to develop a heuristic proce-
dure to find a good alternative to solve the optimization model in a reasonable
running time. We believe that combination of the heuristic procedure and the
simulation, could give us a very good solution for the planning process, more
useful for practical purposes.

It would be also interesting to use the optimization+simulation process in
a strategy where at each period optimization or heuristic procedures will be
feedback by the simulation process, resulting in a plan more accurate to the
possible behavior of the products returned.
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