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Abstract. This study proposes a basic model of closed-loop supply chains 

which includes not only traditional forward supply chains for the generation of 

products but also reverse supply chains for the reuse of products in considera-

tion of economic efficiency for MTO (Make to Order) companies. The model 

consists of four model components, i.e., clients, manufacturers, suppliers, and 

remanufacturers. A remanufacturer is added to the previous model of forward 

supply chains as a new model component which collects used products from 

clients and provides reusable parts to manufacturers. Remanufacturers as well 

as manufacturers and suppliers modify their schedules and negotiate with each 

other in order to determine suitable prices and delivery times of products. Re-

manufacturers stimulate clients to discard used products to meet the demand of 

reusable parts. They can increase the amount of reused products and reduce 

wastes by creating a balance between supply and demand of reusable parts. 

Keywords: Closed-loop supply chain, Reverse supply chain, Scheduling, Genet-

ic algorithm, Negotiation. 

1 Introduction 

In recent years, many companies focus on incorporating environmental concerns into 

their strategic decisions [1]. Green supply chain management (GSCM) has gained 

increasing attention within both academia and industry [2]. The green supply chain is 

an approach which seeks to minimize a product or service’s ecological footprint. The 

concept of the GSCM covers all the phases of a product’s life cycle, from the extrac-

tion of raw materials through the design, production and distribution phases, to the 

use of products by consumers and their disposal at the end of the product’s life cycle 

including reconditioning, reuse, and recycling of products [1]. Products and materials 

are returned from customers to suppliers or manufacturers through reverse supply 

chains in order to be recycled, reused or reconditioned. Gungor and Gupta [3] indicate 

that effort must be made for environmentally conscious manufacturing and product 

recovery systems to be profitable so that the incentive for development and planning 

of these systems continues.  

This study proposes a closed-loop supply chain model for parts reuse in considera-

tion of economic efficiency. A closed-loop supply chain includes not only traditional 



forward supply chains for the generation of products but also reverse supply chains 

for the reuse of products. Figure 1 shows a basic configuration of a closed-loop sup-

ply chain. Model components in the reverse supply chain collect used products from 

customers and provide usable parts to assembly manufacturers or parts suppliers. The 

components are referred to as remanufacturers in this study. This study also proposes 

a negotiation protocol which synchronizes the demand of reusable parts and the sup-

ply of used products among the model components in the closed-loop supply chain. A 

lot of used products become waste products in traditional recovery approaches, since 

the customers may discard products without consideration for reuse of products 

whenever they want. In the proposed new protocol, remanufacturers create a balance 

between supply of used products from customers and demand of reusable parts to 

remanufacturers. When manufacturers require usable parts for generating new prod-

ucts, remanufacturers stimulate customers to discard products for reuse by indicating 

high required prices for used products to customers. On the other hand, when manu-

facturers require few parts, remanufacturers indicate low required prices to customers 

in order to discourage customers from discarding products. Remanufacturers can in-

crease the amount of reused products and reduce waste products. 

The reminder of this paper is organized as follows. Section 2 reviews the previous 

supply chain models for forward supply chains. Section 3 describes a new model and 

a negotiation protocol for closed-loop supply chains. Finally, Section 4 demonstrates 

experimental results. 

2 Previous Supply Chain Model 

There are a large number of literatures on a closed-loop supply chain which involves 

studies on network design problems, product acquisition management, marketing-

related issues, etc. [4]. Design problems of closed-loop supply chain networks involve 

a high degree of uncertainty associated with quality and quantity of used products. 

Robust optimization, such as stochastic programming, is commonly used to deal with 

the uncertainty. However uncontrolled acquisition of used products results in exces-

sive inventory levels or stock-outs due to insufficient used products. Marketing-
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Fig. 1. Closed-loop supply chain 



related issues include the pricing of remanufactured products. Some researches devel-

op game theory-based models to determine prices of remanufactured products. 

Our previous studies have represented a framework for dynamically forming and 

reconfiguring a supply chain as a dynamic supply chain [5]. Each organization in the 

supply chains can change business partners for every order to find suitable business 

partners and enter into profitable contracts. A three-layered dynamic supply chain 

model consisting of clients, manufacturers, and suppliers has been proposed as a min-

imum model for the multi-layered dynamic supply chains which involve MTO (Make 

to Order) companies with no inventories [6]. The model provided a negotiation proto-

col to determine suitable prices and delivery times for ordered products through the 

iteration of the negotiation process between the organizations, as well as through the 

modification processes of production schedules. 

3 CLOSED-LOOP SUPPLY CHAIN MODEL 

3.1 Modeling of Remanufacturer 

In this study, a new model component, a remanufacturer, is added to the three-layered 

model in order to represent the negotiation protocol among organizations in closed-

loop supply chains. A minimum model for the closed-loop supply chains consists of 

four components: clients, manufacturers, suppliers, and remanufacturers, as shown in 

Fig. 2. Remanufacturers have neither stock of usable parts nor used products. 

Remanufacturer Rs generates an order and sends it to clients in order to collect a 

used product. The order includes information about the required price pcrOs,n of a used 

product. The required price is estimated on the required price pccOp,n of a new product 

by using the following equation. 
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Fig. 2. Closed-loop supply chain model 
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where 

! prs,n   A factor related to a required price of a used product 

The remanufacturer also generates an offer of a usable part. The offer includes the 

possible delivery time and the bid price of the usable part. The possible delivery time 

dtrFs,h,n and the bid price pcrFs,h,n are determined as shown in the following equations 

based on the modified schedule of the remanufacturer. 
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where 

! ctrs,h,n  Completion time of a usable part generated by remanufacturer Rs 

! tcrs,h,n  Total cost of a usable part 

! rwrs,h,n  Reward for a usable part required by remanufacturer Rs 

! pnrs,h,n  Penalty charge due to delay of a usable part 

! !pnrRvs,g  Penalty charge due to delay in delivery time of contracted orders 

! dcrs,h,n  Disassembly cost of a usable part 

! rcrs,h,n  Repair cost of a usable part 

! pprs,h,n  Purchase price of an used product 

! F(t)   Cumulative failure rate estimated based on the Weibull distribution 

! crs,h,n   A factor related to a repair cost of a usable part 

! kmh,n   Penalty charge factor representing penalty charge per unit time 

! dtmOh,n Required delivery time of a usable part for product NCp,n. 

3.2 Extension of Client Model 

A client provides a new function to determine discarding a used product in this study. 

The client decides when to discard a used product by using the following equation. 

 '','', npnp plcutc '  (8) 



where 

! utcp’,n’  A period of time when a product has been used by client Cp’ 

! plcp’,n’  Product’s life cycle estimated based on the Weibull distribution 

In general, a client independently discards a product which has been used beyond 

its life cycle. The product is dealt with as a waste, if it is not required to be reused. 

In the proposed model, a client firstly receives a requirement for reuse of a product 

from a remanufacturer as an order. The client receiving the order evaluates a motiva-

tion for discarding a product by using the following equations and determines which 

product is discarded. If some products satisfy the condition determined by Eq. (9), the 

client determines discarding a product which has the highest value of the motivation 

in Eq. (10). 
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where 

! mvp’,n’  Motivation for providing a product to remanufacturers for reuse 

! rn   Random numbers 

! pvp’,n’  Product’s value which decreases with time of use of a product from 

the initial price. It is estimated based on the Weibull distribution. 

! dccp’,n’  Cost for discarding a product by client Cp’ 

3.3 Negotiation Protocol 

In a conventional model, a client firstly determines which products should be discard-

ed by using Eq. (8), regardless of the requirements from remanufacturers. Remanufac-

turers can only reuse the products discarded by the client. When no remanufacturers 

require the discarded products during a certain period of time, they must be waste 

products. 

The proposed closed-loop supply chain model creates a balance between supply of 

used products from customers and demand of reusable parts for manufacturers. A 

remanufacture stimulates the intention of the client to discard a used product by 

providing the higher required price pcrOs,n, when the product is required for reuse. The 

client throws out the product easily, even if the product is not yet up to its life cycle 

described in Eq. (8). The remanufacturer deals with a client as a virtual warehouse. 

The amount of waste products decreases and a lot of used products are reused in the 

reverse supply chains. 

Steps in the negotiation process in the closed-loop supply chains are as follows:  

1. Manufacturer Mh sends a new order for a part to all suppliers and remanufacturers. 

2. Remanufacturer Rs creates a new order for a used product and sends it to all clients. 



3. Client Cp’ specifies candidates for discarding products by using Eq. (8), and gener-

ates an offer of the used product which is selected by Eqs. (9) and (10). 

4. Remanufacturer Rs improves a schedule by using a genetic algorithm (GA) after 

adding disassembly processes and repair processes of the used product. Then, the 

remanufacturer creates an offer for a usable part and sends it to manufacturer Mh. 

5. Manufacturer Mh selects one offer which has the lowest bid price. Then, the manu-

facturer improves a production schedule by using a GA after adding manufacturing 

processes of the selected part and generates an offer for client Cp. 

This negotiation process is repeated among the organizations in the closed-loop sup-

ply chains until the client accepts an offer from a manufacturer or cancels the order. 

4 COMPUTATIONAL EXPERIMENTS 

4.1 Experiments for Comparing Proposed Model with Conventional Model 

A prototype of a simulation system for closed-loop supply chains has been developed 

using Windows-based networked computers (Intel Core 2 Duo E8500 3.16 GHz CPU 

with 1.99 GB of RAM). Two suppliers, two manufacturers, a remanufacturer, and a 

client were implemented as agents on different six computers, as shown in Fig. 3. 

In the initial conditions, the suppliers and the manufacturers had same job-shop 

type production schedules consisting of 5 resources and 20 contracted parts, and 10 

resources and 20 contracted products, respectively [6]. The client continuously gener-
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Fig. 3. Prototype of simulation system 



ated 100 new orders and negotiated with two manufacturers during the experiments 

for about 6 hours. The manufacturers generated orders and negotiated among the two 

suppliers and one remanufacturer every 30 seconds of bidding time in order to gener-

ate offers for the client. Population size, crossover rate, and mutation rate of the GA 

were 30, 0.8, and 0.2, respectively. 

Ten experiments were carried out with the proposed model. The values of parame-

ters prs,n and crs,n used in Eqs. (1) and (5) was set to 0.15 and 0.01, respectively. The 

experimental results are summarized in Table 1. 

The experimental results were compared with the ones of a conventional model in 

which the client independently determines when to discard products. Ten experiments 

of the conventional model were also carried out on the same experimental conditions 

of the proposed method. The experimental results of the conventional model are 

summarized in Table 1. The remanufacturer of the proposed model can increase the 

rate of reused parts about 47 % more than the one of the conventional model. 

Table 1. Comparison of experimental results 

[average] Num. of 

Reused 

products  

Num. of 

Waste 

products

Rate of  

reuse to 

waste 

Rate of  

reused parts 

to new parts 

Profit of  

remanufacturer 

(*103 $) 

Proposed 

model 

43.2 37.7 53.4 % 54.6 % 89.7 

Conventional 

model 

5.7 50.2 10.2 % 7.8 % 40.7 

4.2 Simulation for Performance Measurement 

This prototype of a simulation system can be used for the organizations in the closed-

loop supply chains to make effective plans for reuse of products in consideration of 

economic efficiency. In this paper, about 100 experiments were carried out on 25 

experimental conditions by changing the values of parameters crs,n and prs,n which 

was used to determine a repair cost of a usable part and a required price of a used 

product, respectively. Figure 4 describes the least squares approximation of the rate of 

reuse which has been derived from the experimental results. As shown in this figure, 

the parts with higher repair costs decrease the rate of reuse. Not only the used prod-

ucts purchased at low prices but also the ones purchased at high prices decrease the 

rate of reuse, since the client cannot provide the used products at lower prices than the 

product’s value and the manufacturers cannot enter into a contract with the remanu-

facturer at higher price than the price which the manufacturer requires. 

5 Conclusion 

This study proposes a closed-loop supply chain model consisting of suppliers, manu-

facturers, remanufacturers, and clients, as a minimum model for the closed-loop sup-

ply chains. It also proposes a negotiation protocol among the organizations in the 



closed-loop supply chains. A prototype of a simulation system was developed to eval-

uate the effectiveness of the model and protocol. The proposed model was compared 

with a conventional model which discarded the used products without negotiation 

processes between remanufacturers and clients. The experimental results show that 

the proposed model can reuse products more than the conventional model. The proto-

type system can be used for performance measurement of closed-loop supply chains. 
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Fig. 4. Performance measurement of closed-loop supply chains 


