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Abstract 

BALANCING ACQUISITION AND SORTING POLICIES 

OF REMANUFACTURING 

 

Taeuk Kang, Ph.D. 

 

The University of Texas at Arlington, 2013 

 

Supervising Professor: Greg Frazier  

A remanufacturer struggles with uncertainty of returns and quality of products. With 

regard to the remanufacturing process, this study focuses on the determination of the following 

policies: a) Acquisition policy and b) Sorting policy. The purpose of this study is to find the 

optimality of both acquisition and sorting which, to meet demand with the maximization of profits 

over time, may need to be changed. More specific research questions are as follows: a) How 

much product returns should be obtained to meet demand through remanufacturing?, b) What 

level of sorting discrimination should be used for disassembly to meet demand at minimal cost?, 

c) How should constrained capacities be incorporated in the decision making model?, d) How 

should multiple suppliers with different quality mixes be incorporated in the decision making 

model?, and e) How should a secondary market for disassembled parts be incorporated in the 

decision making model?. For the model test, numerical example with sensitivity analysis is used. 
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Chapter 1  

Introduction 

 In a widespread context of sustainable development, the attention towards product 

recovery has naturally increased due to the tightening of governmental regulations, the increase 

in public pressure, and the economic attraction of recovered products. Such increasing attention 

has drawn many companies into strategic engagement with product recovery. 

 Starting with the return of used products, remanufacturing is a type of product-recovery 

that includes repair, refurbishing, cannibalization, and recycling in order to draw potential 

economic value from the returned products. Ferrer and Ayres (2000) show the macroeconomic 

impact of remanufacturing by confirming the reduction of raw material and the improvement of 

labor utilization, while Kerr and Ryan (2001) reveal the reduction of both resource consumption 

and waste generation. Franke et al. (2006) find that as much as 70% of the returned mobile 

phones in the US and Europe could have economic reuse; thus, the economic effects of 

remanufacturing have drawn many firms to be involved. However, the product recovery process 

is more complicated than the typical manufacturing process. Remanufacturing involves stages 

such as acquisition, sorting, disassembly, reassembly, and disposal, all in a highly dynamic 

relationship.  

 Compared to manufacturing, remanufacturing has greater uncertainty. For the 

remanufacturing process to be justified economically, a certain amount of returned product from 

the market is required. In this situation, the higher return rates of the returned product allow a 

remanufacturer to select products which are in optimum condition; the higher quality level of 

returns cause the remanufacturing processes to be more simplified by reducing the course of 

further processes such as disposal or disassembly. However, firms engaged in remanufacturing 

struggle with the uncertainty of returns and the quality of products, which cause a firm to have 

more difficulty in remanufacturing process management.  
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Addressing an inventory model with uncertain returns, De Brito and Van der Lann 

(2009) investigate the impact of imperfect information on inventory related costs and show that 

the most informed forecasting method does not even show best performance when imperfect 

information is given. Ostlin and Ekholm (2007) show the difficulties of remanufacturing in 

implementing the Lean production principle due to uncertainty of volume and the likely quality of 

the returned products. Besides the quality and quantity of returns, the returning time also affects 

the economic justification due to the shortened product life cycle (Guide et al., 2005). In addition 

to these factors, complex disassembly/reassembly processes, material recovery, and the 

reverse logistics network also complicate the remanufacturing processes (Guide, 2000; Guide & 

Jayaraman, 2000; Guide et al., 2000).    

 Markets have acknowledged the importance of product-return for environmental 

reasons (Ferrer & Ayres, 2000; Kerr & Ryan, 2001), which motivate markets to return used 

products. Since the amount voluntarily returned by markets is likely to be insufficient for the 

remanufacturing process to be economically justified, the remanufacturer unilaterally needs to 

stimulate a market to obtain necessary amounts of returned product throughout various 

acquisition activities. The offering of economic incentives to a market has been regarded as one 

of a number of popular acquisition activities, as Demirel and G k en (2008) show that the offer 

of such incentive is justified to stimulate more returns. 

 In determining an appropriate level of acquisition management, a remanufacturer needs 

to consider the perspectives of its market for the remanufactured products and its own capacity 

for processes and storage. Remanufactured products are sold at lower price levels than their 

new counterparts. The costs of both acquisition and remanufacturing are inherently associated 

with market prices. As a remanufacturer pays more to a market as an economic reward for 

returns, the price gap between new and remanufactured products narrows. Even though the 

price of a remanufactured product at the acceptable quality level is cheaper than new, the 

market perception is that the product quality is also less. Thus, a remanufacturer needs to 
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broaden the price gap between the two products in order to increase preference for the 

remanufactured product because of price difference; this is achievable through greater 

efficiency in remanufacturing processes and reduction of overall costs. An Original Equipment 

Manufacturer (OEM) selling both new and remanufactured products must consider the product 

life cycles (PLC) of these products in the context of cannibalization effects. The increase of 

remanufactured products may cannibalize a firm's market by switching customer preference, 

due to the reduced price, away from the non-remanufactured, new products (Ferguson & 

Toktay, 2006; Ferrer & Swaminathan (2010). In such context, Vorasayan and Ryan (2006) show 

that set pricing affects the overall profits generating from both new and remanufactured 

products due to different perceptions of those products.  

The acquisition-management of returned products, in the consideration of 

remanufacturing capacity, requires a set of coordinated activities to maintain appropriate 

inventory levels (Guide & Jayaraman, 2000). A higher return rate of used products does not 

always improve the remanufacturing process. Fleischmann et al. (2002) show that as the ratio 

of return is closed to one of demand, total costs steeply increase at a certain point. Each 

returned product, for example, has different quality levels. Returned products in best condition 

would be serviceable to meet the market demand. In most cases, however, some parts of 

returned products may be recoverable, while others are unrecoverable; this causes difficulties in 

inventory control.  In addition, the higher uncertainty of market demands for the remanufactured 

products augments the overall difficulties of the inventory control for finished goods. Thus, the 

uncertainty in volume and quality of the returned products and the market demand cause the 

remanufacturing process to be highly complicated.  

The quality of returned products depends on various factors, such as degree of usage 

and the condition of current markets. For example, the product may need to be scrapped if the 

technology used in the product is no longer part of the current market, and a product in the 

hands of a heavy user is less likely to be in optimum condition. As the amount of low quality 

javascript:endicAutoLink('various');
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products increases, a remanufacturer may obtain relatively fewer products, lowering profitability. 

Thus, a more elaborate disassembly process is needed to achieve recoverable parts, which are 

either sold to secondary markets demanding such parts or recycled as raw materials. Krikke et 

al. (1998) provide the model to determine what extent returned products need to be 

disassembled with the application of recovery and disposal options. They show how the quality 

level of returned products has a decisive effect on the determination of disassembly, recovery, 

and disposal. On the other hand, if a remanufacturer would like to achieve used products with 

high quality, the investment in acquisition activities needs to increase.  

Stricter governmental legislations force manufacturers to collect products at the end of 

their life cycle. In this case, the (re)manufacturer is powerless to control its acquisition 

management, as the quality level of products collected in such ways would be worse through 

long usage. These products require sorting to determine whether a part of a product is 

recoverable and which process should be followed. This simplifies remanufacturing processes 

due to early information. Even when products are collected through acquisition activities, 

controlling the inflow of returned products allows remanufacturers to limit products to be 

processed by classified quality level. Thus, a remanufacturer can improve the overall 

remanufacturing process by establishing appropriate sorting/inspection policies to achieve the 

necessary amount of products/parts for remanufacturing without additional investment in 

acquisition activities.  

Many studies associated with process recovery have focused on process time, product 

design, inventory management, production control, and the establishment of a reverse network. 

Addressing process time, Guide and Srivastava (1997) examine the use of safety stocks to deal 

with the inherently uncertain remanufacturing system.  They find that while safety stocks are 

useful against uncertainty, the effects are limited to the improvement of customer service levels; 

i.e., the shorter lead-time improves customer service. Van der Lann et al. (1999) consider the 

lead-time effects in either PULL or PUSH strategies under hybrid systems by showing that the 
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shorter lead-time may result in the cost-savings. Investigating whether the disposal option of 

recoverable items influences cost-savings for hybrid production systems, Teunter and Vlachos 

(2002) argue that cost-saving is achieved in the case of a slow-moving item, a higher recovery 

rate, and when the remanufacturing process is as expensive as the manufacturing one.  

Regarding product design, the standardization between products is one way to extend 

product life-cycle. Navin-Chandrs (1994) argue the importance of product design for product 

recovery with consideration of the disassembly problem. Ko et al. (2012) show that 

standardization between two substitutable products reduces the costs associating with sorting 

and collection and decreases inventory holding costs as well as the potential for lost sales 

between products.  

In the case of inventory management, Inderfurth and van der Laan (2001) investigate 

inventory control by the lead time of remanufacturing. Fleischmann et al. (2002) propose an 

inventory model with stochastic demand and return where the returned items can be directly 

used as finished goods without remanufacturing. Koh et al. (2002) present an inventory system 

model with known demand and returns that are all recoverable. Jaber and Saadany (2009) 

develop a manufacturing and remanufacturing inventory model considering different demand 

rates for new and remanufactured products under the condition of lost sales. Using simulation 

with uncertain demand and returns, Nenes et al. (2010) investigate an optimal inventory control 

and ordering process where unrecoverable products are filtered out of the return stream, and 

only recoverable products are considered. The result is that a policy with safety stock to meet 

fluctuations in demand increases costs, while implementation of the stock-out probability 

criterion reduces costs.  

Although the remanufacturing process can be improved, an inherent problem is against 

the uncertainty associated with the market demand and returns regarding available quantities in 

the market and quality of the products. Researchers on inventory control have proposed a 

deterministic model (Mabini, 1992; Richter, 1996a; Richter 1996b; Teunter, 2001), a periodic 
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review model (Mahadevan et al. 2003), and a continuous review model (Fleischmann and Kuik, 

2003). El Saadany and Jaber (2010) propose an inventory model considering both the 

acquisition costs and quality of returned products with deterministic demand and uncertain 

return and show that a pure strategy of either production or remanufacturing leads to optimality 

rather than hybrid one, which has optimality under a limited environment. Nakashima et al. 

(2004) show the optimal control of remanufacturing system where new and remanufactured 

products satisfy the market demand with stochastic characteristics and two types of inventories 

exist: the actual product inventory and the virtual inventory held by the market. Hsueh (2011) 

investigates the inventory policies which may need to be adopted in different product life cycle 

phases due to changes in demand.  

Regarding production planning, Dobos and Richter (2003, 2004) show a production 

model having the optimality of a pure strategy under certain environments. Dobos and Richter 

(2006) further investigate the condition where the quality of returns is considered, but all returns 

may not be serviceable. Kannan et al. (2010) develop a mixed integer linear programming to 

model a multi-echelon, multi-period, and multi-product closed loop supply chain for product 

returns to determine the material procurement, production, distribution, recycling and disposal. 

Ferrer and Swaminathan (2010) study the production strategy of (re)manufacturing in a multi-

period setting by considering a cannibalization effect. Li et al. (2009) provide stochastic dynamic 

programming to determine optimal production quantities. Li et al. (2009) propose a simulation 

model with batch and prioritized product return under problems of dedicated remanufacturing. 

Mahapatra et al. (2012) present a production planning model in hybrid remanufacturing settings 

with known quantity and stochastic quality of returns.  Kenné et al. (2012) use stochastic 

dynamic programming to address the production rate of re/manufacturing machines subject to 

random failures with deterministic return and demand. Based on game theory, Li et al. (2012) 

investigate the quantity decision and the value of the return-demand information between 

supplier and retailer.  
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Regarding reverse Logistics network, Fleischmann et al. (2001) present a model to 

establish the forward and reverse logistics network considering the facility location. Demirel and 

Gökçen (2008) develop a network with mixed integer programming by considering the offer of 

financial incentive for higher return rates. Aras and Aken (2008) propose a model to determine 

the number and location of collection by considering the willingness to return the product holder. 

Mutha and Pokharel (2009) consider the secondary market for used parts. Using mixed integer 

programming, Kim et al. (2006) show a general reverse logistics framework under deterministic 

demand and returns by considering facilities capacities. Sasikumar and Haq (2011) propose a 

closed loop supply chain network model considering the selection of third party reverse logistics 

providers. 

While studies associated with remanufacturing or the closed-loop supply chain have 

been extensive, relatively few studies have included acquisition and sorting. Also, many studies 

associated with remanufacturing processes have been considered as a type of hybrid 

production which satisfies market demands for both new and remanufacture products. Studies 

considering dedicated remanufacturing processes are still in the nascent stage (Li et al. 2009).     



8 

 

Figure 1 Remanufacturing Process 

 A schematic flow describing the process considered in this study is depicted in Figure.1. 

The overall remanufacturing process for the returned product studied here includes refurbishing, 

reassembly throughout disassembly and disposal processes. The business setting with the 

above remanufacturing processes is relevant to a remanufacturer who can easily assess the 

quality level of returned products after acquisition. For example, when an electronic device is 

returned, the inspector easily classifies its quality level using other inspection devices and 

determines the next process accordingly. If the returned product properly works with small 

damage, the product is refurbished with repairing or repackaging. If the product does not 

properly work and has exterior damage, its next process will be disposal. If the exterior of the 

product is clean with malfunction, the product is disassembled for its recoverable parts and then 
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reassembled with new parts procured from a supplier. A detailed explanation of the 

remanufacturing processes is provided in Section 3.  

 This study focuses on the determination of acquisition and sorting policies for the 

remanufacturing process. Galbreth and Blackburn (2006) provide a similar research focus to 

determine the optimal acquisition and sorting policy in a single period setting, with the 

assumption of a deterministic yielding rate and only two dispositions in sorting policies, 

remanufacture or scrap. Their study does not consider the refurbishing process for high quality 

products or the reassembly process, which may require new parts procured by an external 

supplier. Moreover, it does not show whether policies in acquisition and sorting change over 

time. Vadde et al. (2011) consider the sorting process with deterministic yield rates and show 

how disassembly and sorting yield affect profits, inventory level and disposal quantities. Loomba 

and Nakashima (2012) address the role of the sorting process before product recovery under 

the assumption of varying quality levels throughout the acquisition from a contractual logistical 

provider with known quality level and show optimal purchasing policies maximizing profits.  

 Most of these studies focus on a single perspective. For example, Tagaras and 

Zikopoulos (2008) consider the determination and the value of a sorting policy by the 

deterministic yielding rate and stochastic demand. However, their scenario does not consider 

the acquisition policy, refurbishing for products of high quality, or the inflow of new parts 

procured by an external supplier. Although studies such as that of Konstantaras et al. (2010) 

have incorporated the sorting process into the remanufacturing process, they consider the 

sorting process as a control mechanism of prior processes, rather than investigating the effects 

of the sorting policy. Moreover, previous studies assume that the returned product is recovered 

as a whole unit. El Saadany and Jaber (2011), however, stress the importance of inventory 

management for disassembled components. The returned products consist of a number of parts 

which also have different quality levels.  
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 The purpose of this study is to find the optimality of acquisition, sorting, and 

remanufacturing processes to best meet demand and maximize profits over time. The key 

research questions are follows:  

a. How much product returns should be obtained to meet demand through 

remanufacturing? 

b. What level of sorting discrimination should be used for disassembly to meet 

demand at minimal cost? 

c. How should constrained capacities be incorporated in the decision making model? 

d. How should multiple suppliers with different quality mixes be incorporated in the 

decision making model? 

e. How should a secondary market for disassembled parts be incorporated in the 

decision making model? 

 As a more general example, a stricter sorting policy, increasing the quality classification 

level, decreases the amount of products to be refurbished or remanufactured and increases the 

amount of discarded products. This reduces the inventory level for used parts and increases the 

level of procurements for new parts. Under such a sorting policy, a remanufacturer needs to 

obtain higher volume to meet market demand throughout remanufacturing, which requires 

more-intensive acquisition management. In another case, when a market has a particular 

preference for either new or remanufactured products, a remanufacturer may need to focus 

more on the improvement of quality level to attract customers, rather than relying on the product 

price. Thus, in this case, there may be a need to obtain products with higher volume and quality 

level under a stricter sorting policy.   

 The organization of the paper is as follows. The relevant studies associating with 

particular process are given in Chapter 2. Chapter 3 presents the problem description, 

assumptions, and model. Chapter 4 provides the extension of base model. Chapter 5 provides 

research methodology. Chapter 6, 7, and 8 present the sensitivity analysis and the results of 
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extension of base model, and the results of the model under uncertain environments. Chapter 9 

and 10 discuss the overall results, limitations, and future research. Chapter 11 suggests the 

contributions made by this study. 
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Chapter 2  

Literature Review 

In this section, research associated with acquisition, sorting, and other remanufacturing 

processes is reviewed. This study considers the existence of other supplier(s) who procure new 

parts as components in the reassembly process, along with the acquisition of returned products 

from supplier(s). Thus the research examined is associated with the disassembly process, 

where the aim is to obtain recoverable parts, and with the reassembly process, where either 

used or new parts are provided.  

 

2.1 Collection/Acquisition Management 

 When collecting returned products, a firm may depend on different sources: either the 

company itself or a contractual logistical party. When the company makes acquisitions, it can 

often provide economic incentives to individual customers in order to increase the return rates. 

The remanufacturer may add more complexity to the remanufacturing process due to 

uncertainty of the obtained volume. On the other hand, a remanufacturer may reduce the 

uncertainty of the acquired volume by depending on the logistical party with increased costs, as 

in the case of the cellular-phone industry (Guide et al., 2003) where returned products are 

purchased from third-party brokers. 

 Regarding the return rate and firm performance, Yuan and Gao (2010) provide 

deterministic inventory decision-making, under a closed-loop supply-chain framework, with the 

assumption that new and remanufactured products are equal in function and quality to disregard 

customer preference. Their results show that as the return rate increases, the profitability of the 

system also increases. Zikopoulos and Tagaras (2007) find that the quality of returns is 

unknown until the returns arrive at the refurbishing site. They show that the quality of returns 

significantly affects the profitability of the system. By investigating the impact of various 

uncertainties under stationary demand and return, Inderfurth (2005) shows that the uncertainty 
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in return and quality level is the main obstacle for efficient remanufacturing activities and thus 

emphasizes acquisition management.  

  Guide and Van Wassenhove (2001) propose a framework to assess the economic 

effects of reuse activities, starting with acquisition management. They state that legislation, 

economic incentive, or a firm’s voluntary decision may drive the take-back policy for returned 

products. Kaya (2010) considers the optimal value of the financial incentives for the return and 

the optimal production quantities under the setting of a stochastic demand met by both 

remanufactured and new products. Zhou and Yu (2011) investigate how the pricing policy by 

either exogenous or endogenous decision affects the inventory management and the endeavor 

of acquisition. They show that pricing by exogenous decision leads acquisition and inventory 

level to decrease. On the other hand, the endogenous decision also decreases selling prices 

while increasing acquisition efforts and decreasing the inventory level. 

 A remanufacturer’s return policy and product-design quality affect the results of 

acquisition activities. Mukhopadhyay and Setaputra (2007) suggest that return policy is based 

on the initial product design quality level. They studied the dynamic relationship between 

product design quality and a firm’s return policy. Results show that better product quality causes 

higher customer satisfaction with reduced returns. Mukhopadhyay and Setaputra (2011) show 

the benefit of financial incentives in order to obtain an adequate volume of returned products. 

They show that the more generous the return policy is, the more the amount returned is 

increased.  

 Scholars have also tried to determine the optimal acquisition policy regarding 

perspective of either quantities or cost. As the acquired quantities increase, a firm may have 

more opportunity to take back the product in the best possible condition. Correspondingly, the 

firm needs to consider costs and capacity for remanufacturing processes. As a perspective on 

acquisition costs, Atasu et al. (2013) discuss how the collection cost structure affects the choice 

of the reverse channel. 
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Klausner and Hendrickson (2000) suggest a model to determine the optimal unit cost 

and the optimal amount to spend on acquisition activities. Kanakayali et al. (2007) develop a 

model to determine pricing of agents for acquisition prices of returned products and selling 

prices of remanufactured products. Pokharel and Liang (2012) propose a model to jointly 

determine both optimal acquisition price and quantity policy for given demands on stochastic 

returns of quality and quantity. Shi et al. (2011) present a model to determine the acquisition 

prices and the production quantity of new and remanufactured products when the demand and 

return are uncertain. Teunter and Flapper (2011) provide a model for determining optimal 

acquisition policy by considering the uncertainty of the quality of returns. Liang et al.’s (2009) 

model links acquisition price to sales price in a setting of deterministic logistics and 

remanufacturing costs. By presenting a dynamic optimization approach, Minner and Kiesmüller 

(2012) show that the proactive acquisition policy rather than the passive one in general provides 

the optimality of the system. Sun et al. (2013) address a multiperiod acquisition-pricing problem 

for the remanufactured products with a single type of used-product quality class. Xu et al. 

(2013) consider a hybrid (re)manufacturing system in which the return of used product is 

stochastic and price-sensitive and investigate how a lead time of (re)manufacturing production 

affects the acquisition price. Hahler and Fleischmann (2013) show that the differentiation in 

acquisition price is reasonable policy in the decentralizing of reverse channels under uncertain 

quality of a product. As to perspective of quantities, Galbreth and Blackburn (2010) find optimal 

acquisition quantities within an uncertain returns setting by examining the trade-off of acquisition 

and scrapping costs against remanufacturing costs.  

 

2.2 Sorting 

 Since the shortened product life cycle strongly affects the value erosion of time-

sensitive products such as PCs in remanufacturing, the establishment of the appropriate 

disposition process and resale network maximizes the results of the potential value recovery 



15 

(Guide et al., 2005). Determining disposal or disassembly, sorting, and whether the returned 

product is worthwhile may be carried out at a collection center by a contractual service 

provider—or at a facility provided by a remanufacturer (Ferrer & Whybark, 2000). Sorting 

provides information on returned products; in this way, efficiency is improved, and the 

uncertainty of the remanufacturing process is reduced. Achillas et al. (2013), thus, argue that 

the sorting process is required for optimal recovery performance. Many scholars have 

incorporated the sorting process in their remanufacturing process. Chan et al. (2012) propose 

the framework for reverse logistics for the automobile industry by showing the role of sorting 

process categorizing as refurbishing, remanufacturing, recycling, and landfill in the production 

process from an unused vehicle to a new one. Zeballos et al. (2012) address a two-stage 

scenario-based modeling approach for the closed-loop supply-chain network under uncertain 

conditions by integrating sorting centers. Asmatulu et al. (2012) show how the sorting process is 

used in aircraft recycling.  

Several studies have highlighted the value of early information on the returning product. 

Ferrer (2003) argues that the ability to detect yield information reduces process costs. Ferrer et 

al. (2011) confirm the efficiency improvement of remanufacturing processes using RFID, 

emphasizing the value of information in reducing uncertainty. Flapper et al. (2012) show that the 

achievement of information for returns in advance affects the cost-savings. Robotis et al. (2012) 

consider the categorization of product quality prior to sorting and show that the effects of the 

remanufacturing cost depend on inspection capabilities: higher inspection capabilities provide 

an economic reason for investment by reducing the uncertainty and the remanufacturing costs. 

Li et al. (2011) show that better sorting management increases remanufacturing flexibility and 

helps a remanufacturer to overcome problems resulting from the uncertainty of returns and 

demands. Considering a number of independent collection centers, Van Wassenhove and 

Zikopoulos (2010) found that the quality of the returned products is classified by the metric of 

the remanufacturer’s quality classification. They show that misclassifying the quality level has a 
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negative influence on a firm’s profitability and that a remanufacturer can reduce such errors of 

classification by manipulating the acquisition price. 

 The quality of returned products depends on former users and on current market 

environments. Returned products are inspected and sorted according to a predetermined 

quality level. The sorting policy determines which process is followed: refurbishment, 

remanufacturing through disassembly and reassembly, or disposal. In the sorting process, 

determination of recoverable and unrecoverable parts (or products) depends on the costs 

associated with remanufacturing or disposing processes and the quality level. Krikke et al. 

(1999) present the determination of recovery strategies as accompanying an optimal degree of 

disassembly and show the significant results of cost reductions. Sorting during disassembly 

may be more beneficial for products with a long life cycle; however, for products with a shorter 

life cycle, processing time-reduction is largely associated with the profitability of a 

remanufacturing operation. If the information on a returned product is known in advance, the 

remanufacturer can estimate its quality level at an early stage. When products such as printers 

and photocopiers are returned, a remanufacturer assesses the quality level based on usage 

(Blackburn et al., 2004). This rough estimate of previous usage allows the sorting process to 

take place prior to disassembly and reduces the overall processing time.  

 Numerous studies have addressed sorting effects. Aras et al. (2004) show the impact 

on cost savings of early quality assessment of a returning product, amplified by increasing 

return rates and decreasing quality. Zikopoulos and Tagaras (2008) show the benefits of sorting 

for returns before disassembly. They state that the economic attractiveness of such sorting 

depends on other accompanied costs, such as disposal or disassembly, and sorting accuracy. 

Tagaras and Zikopoulos (2008) show the feasibility of early sorting by comparing three cases: 

1) no sorting; 2) local sorting; and 3) central sorting. They conclude that a single sorting from 

the most important collection center (local sorting) drives an optimal procurement decision as 

well as justification of the sorting process. Ferguson et al. (2009) consider a firm that leases a 
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new product and remanufactured products, the return rate of which is stationary. They show 

that a policy of grading returns into different quality classes contributes to cost savings. 

 By quality effects, the sorting process with predetermined categories contributes to 

cost-savings and improvement of the remanufacturing process. Konstantaras et al. (2010) 

provide an inventory system in which market demands are met with remanufactured and new 

items procured from an external system. Their view is that the sorting process determines either 

the refurbishment or the remanufacturing process, both of which focus on different markets with 

price differences for secondary and primary markets. Mahapatra et al. (2012) show that quality-

based sorting of returns affects the improvement of profitability due to the increase of the 

accurate estimation of resources. 

In addition to consideration of quality level, a remanufacturer may have returns of 

different types. Yamada et al. (2009) investigate reverse blocking, where the sorting process is 

blocked by the disassembly capacity. In their model, a single sorting station categorizes the 

products by type prior to disassembly. They find that there is appropriate capacity in sorting and 

disassembly to decrease the reverse blocking associated with the system performance.  

 

2.3 Disassembly and Scrap 

 Returned products below the predetermined quality level are to be disassembled or 

disposed. If parts are still recoverable, the product is disassembled to be reassembled later with 

the necessary used or new parts. Otherwise, unrecoverable parts from products classified for 

remanufacturing throughout disassembly are scrapped. Before disassembly, a remanufacturer 

cannot estimate the yield information in production. During the disassembly process, the yield 

information is estimated with better accuracy (Ferrer & Ketzenberg, 2004).  

 An efficient disassembly line affects the number of workstations, idle time, and potential 

value of returns. To establish an efficient assembly line, Lambert (1999, 2002) proposes 

disassembly sequence rules, while Guide et al. (2005) show the effect of priority rules on the 
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case that two products, one of whose components are shared, are in the process between 

disassembly and reassembly.  

With regard to the disassembly process, the sequence, scheduling, and degree of 

disassembly affect the improvement of recovery performance. Gupta and Taleb (1994) 

introduce an algorithm for disassembly scheduling by applying the material requirement 

planning (MRP) system. Complementing the algorithm of Gupta and Taleb (1994), Barba-

Guti rrez et al. (2008) present an algorithm to determine lot-sizing for disassembly scheduling 

by the level in the bill of material. Lambert (2006) introduces binary integer linear programming 

to obtain the global optimum in the disassembly sequence planning. Regarding the disassembly 

sequence, different approaches have been investigated such as dynamic programming (Penev 

& de Ron, 1996), linear programming (Sodhi et al., 1999), and integer programming (Knight & 

Sodhi, 2000). Based on Krikke et al. (1998), Teunter (2006) uses stochastic dynamic 

programming to determine the optimal disassembly process given the disassembly tree and 

information on recovery activities for disassembled parts. Krikke et al. (1999) show the optimal 

degree of disassembly effects in terms of cost-savings in disposal and in recovery-process 

performance. In addition, they demonstrate the selection of a product end-of-life, determining 

the recoverability or unrecoverability of parts, and how this is associated with disassembly. 

González and Adenso-Díaz (2006) propose a model to determine the end-of-life strategy and 

the disassembly sequence, considering the level of disassembly. Kongar and Gupta (2006) 

provide a multicriteria optimization model using fuzzy-goal programming to maximize the profits 

and minimize the overall remanufacturing costs under the disassembly-to-order system. Tian et 

al. (2013) address a chance constrained programming models for a disassembly sequence. Li 

et al. (2013) develop a particle swarm optimization algorithm for disassembly planning of liquid 

crystal display (LCD) products. Nakashima et al. (2012) propose the disassembly line model 

under multi-Kanban system. Özceylan and Paksoy (2013) develop a nonlinear mixed-integer 
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programming model to consider a distribution network and the number of disassembly 

workstations.  

The justification of the disposal process is shown in the following examples. Navin-

Chandrs (1994) consider the disassembly problem through the traveling salesperson problem. 

Rudi et al. (2000) provide a decision-support framework to determine the process of either 

product recovery or scrap. A disposal option may increase the profitability of a recovery system 

via cost reduction; such impact would be amplified by processing speed and the recovery rate 

(Teunter & Vlachos, 2002). Pince et al. (2008) show that the disposal for excess inventory or 

even for moderate return rates provide a substantial cost-savings as long as both fixed costs 

and demand variability are high. However, such economic justification of the disposal process 

depends on the overall quality of returns. While the availability of remanufacturing products 

increases the revenue, the increase of products with lower quality decreases the revenue due to 

the increased costs of disposal (Mitra, 2007).  

Scholars stress the need for disposal even when the quality is acceptable. Guide et al. 

(1999) argue that a firm has little control of returns and demand; it is likely that the level of 

inventories may uncontrollably increase. Thus, the disposal of some returned products is 

necessary in order to avoid excess inventory. In support of this argument, Sundin and Bras 

(2005) show that holding costs comprise a significant portion of overall remanufacturing costs. 

 

2.4 New Part Replenishment from Supplier for Reassembly 

 Part(s) left from the disassembly of a returned product require other used or new parts 

to be assembled as a finished product. Such new parts need to be procured from a supplier. In 

the disassembly process, a number of parts are disassembled to different degrees, since 

reasons for remanufacturing differ for each product. Ferrer and Whybark (2001) describe the 

material requirement planning handling such procurement for parts under a deterministic 

condition. For a remanufacturer to reassemble goods as finished, with disassembled part(s), the 
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availability of other parts needs to be considered, which affects the complexity of the 

remanufacturing process (Hammond et al., 1998). Guide (2000) and Guide and Jayaraman 

(2000) argue that one of the complexities of remanufacturing is the matching-up of material. 

Where a new and inexpensive part is required for reassembly, a remanufacturer can use a 

simple order system. On the other hand, a remanufacturer orders expensive part(s), as needed, 

to mitigate the risks between cost and uncertain demand (Guide, 2000). When a new part is 

ordered, the lead time procurement from a supplier must be considered. Ferrer (2003) shows 

that choosing a responsive supplier with short lead time provides more gains in remanufacturing 

when the yield variance is high, implying higher variance of the remanufacturing system. Tang 

et al. (2007) propose a model to determine how the disassembly lead time may be reassembled 

with new parts in order to satisfy customer-driven demand. El Saadany and Jaber (2011) 

consider the inventory management for a subassembly of returns, showing that disassembled 

products of different quality require different parts to be reassembled. Mukhopadhyay and Ma 

(2009) address the determination of the optimal procurement for yield rates and lead times. 

Robotis et al. (2005) show the economic justification of higher acquisition costs for the 

procurement of new part(s) due to the quality issues of returned products and more demand 

from secondary market.  

 The initiation of a product life cycle for remanufactured products starts and ends later 

compared with that of new products. Such remanufactured products have a longer service life 

cycle than product life cycle of new products. Remanufacturers may need to keep to a certain 

inventory level to meet customer demands. A certain inventory level is necessary for end-of-

production through a supplier providing new parts that are necessary for reassembly. The 

uncertainty of which parts are required for reassembly is high, and the purchase of such parts 

incurs additional costs, such as those from ordering. A remanufacturer with the purpose of 

improving product yield has another option in the achievement of part(s) of lower level bill-of-
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material, creating a more complex process. A remanufacturer controls this through sorting and 

disassembly.  
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Chapter 3  

Problem Description, Assumption, and Model 

3.1 Problem Description 

This study considers a remanufacturer represented in Figure 1. Reassembling and 

refurbishing are considered as separate processes. Finished products created through either 

process are identical from the perspective of quality and sell to the same market for the same 

price, although they have different processing costs. To improve the return rate, a 

remanufacturer needs to provide economic incentives for a market or an individual customer. As 

the remanufacturer pays more for the returned product, higher volumes of returned products are 

obtained.   

After returned products are received, they go through the sorting process, which 

determines whether returned products are classified for refurbishing, reassembling, or disposal. 

In the case of refurbishing, minor repairs such as software upgrading, repackaging or change in 

the exterior case are made so the final product can be considered as a finished good with a 

high level of quality. Products classified as reassembling have some parts that are considered 

recoverable, and products marked for disposal have insufficient recoverable parts. The level of 

sorting policy depends on the capacity for processing and inventory. For example, a stricter 

sorting policy may be based on constrained capacity due to the amount of returns in acquisition 

management or the improvement of efficiency of overall processes due to low market demand.   

There are three different inventory types: finished goods, used parts, and new parts. 

Finished goods are ready to be sold to market. When disassembled, recoverable parts are 

stocked as used parts, while new parts are kept separate, to be assembled with used parts as 

needed and replenished by a supplier. To be considered as a finished good, a returned product 

undergoes refurbishing or reassembly. 
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3.2 Assumptions 

The primary goal of the study is to understand acquisition and sorting policy. For the 

previous scenario to be represented in the model, the following assumptions for the base model 

are used.   

1) The quality levels of collected products are known ( , , and ). The quality is 

categorized into three levels: i) high quality (HQ): the quality of the product can be sold 

after simple refurbishing process; ii) medium quality (MQ): the product needs to be 

disassembled to acquire recoverable parts; and iii) low quality (LQ): the product cannot 

be efficiently recovered and needs immediate disposal.  

2) The fractions of bad and good parts after disassembly of products are known and are 

given as  and , respectively. 

3) The refurbishing process is preferable due its lower processing cost ( ). Other 

processes - disassembly, disposal, and remanufacturing - have different costs with their 

different levels.  

4) There are holding, ordering, and purchasing costs for . 

5) There is only holding cost for  and .  

6) All processes are done during the same time period. 

7) The products from refurbishing and reassembly have the same quality level. 

8) The capacities for processing and inventory are unlimited. 

9) The market demand is known.  

10) All returned products consist of N parts that are recoverable or disposed of. 
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3.3 Notation and Model 

In this section, variables and parameters that are used for the remanufacturing system 

to be represented in the model are introduced.   

3.3.1. Notation 

Decision Variables 

 :  Quantity of the returned product at period t. 

: Level of sorting between Disassembly and Disposal at period t, where :  

where ST=0 indicates all MQ products are disposed, and ST=1 indicates all MQ 

products are disassembled for recoverable parts to be obtained. 

Parameters:  

t : Time period (t= 1,2,…,T). 

: Market demand for finished goods at period t. 

: Price paid for returns. 

: Price of finished gods sold to market. 

: Ratio of HQ to all returns. 

: Ratio of MQ to all returns. 

: Ratio of LQ to all returns. 

: Fraction of bad parts after disassembly. 

: Fraction of good parts after disassembly. 

N : Number of component parts of the product. 

: Processing cost for refurbishing of high quality product. 

: Processing cost for disassembly of medium quality product. 

: Processing cost for disposal of low quality product. 

: Processing cost for disposal of unrecoverable parts after disassembly. 

: Reassembly cost. 
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: Overall processing costs associating with sorting, refurbishing, reassembly, 

disposal and disassembly processes at period t. 

: Holding cost per new part. 

: Ordering cost per new part. 

: Purchasing cost per new part. 

: Holding cost per used part. 

 : Holding cost per finished good. 

 

Other Variables 

 : Number of returns with high quality at period t. 

 : Number of returns with medium quality at period t. 

 : Number of returns with low quality at period t. 

: Number of products to be disassembled at period t. 

: Number of products to be disposed at period t. 

: Number of parts toward disposal after disassembly at period t. 

: Quantity of new parts needed to be assembled from  at period t. 

: Quantity of used parts after disassembly to be stocked to  at period t. 

: Quantity of used parts needed to be assembled from  at period t. 

: Quantity of new parts purchased at period t. 

: Quantity of finished products assembled with  and  at period t 

: Ending inventory level of new parts needed for assembling at period t. 

: Ending inventory level of disassembled parts at period t. 

: Ending inventory level of finished products at period t. 

: Beginning inventory level of new parts needed for assembling at period t. 

: Beginning inventory level of disassembled parts at period t. 
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 : Beginning inventory level of finished products at period t. 

 : Overall inventory costs associating with , ,  at period t. 

 

3.3.2. Model* 

Max Profits = Sales Revenue – (Acquisition cost + Processing costs + Inventory costs) 

        ------------- (1) 

Subject to: 

Quantity and Ratio within a system 

           ------------- (2)  

           ------------- (3) 

                 ------------- (4) 

                                 ------------- (5) 

        ------------- (6) 

                 ------------- (7) 

                       ------------- (8) 

)                     ------------ (9)

    

Reassembly 

                   ------------- (10) 

 

Inventory 

 =                                                          ------------- (11) 

 =                    ------------- (12) 

                  ------------- (13)
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Costs  

 ------------- (14)  

     ------------- (15) 

, , and     ------------- (16) 

                                               ------------- (17) 

 

* Appendix A. shows all variables, parameters, and associated costs (in parentheses).    

 

The objective function (1) represents profits for the given demand, considering all costs 

associating with acquisition, processing, and inventory. Constraints (2) to (4) represent the 

available quantity for a certain quality level in acquisition. Constraint (5) describes the quantity 

for the returned product to be disassembled by a certain sorting level. As increases, the 

quantity of products to be disassembled increases. Constraint (6) represents the total number of 

returns to be disposed of. As  increases, the quantity of products to be disposed decreases. 

Constraint (7) represents the total number of parts (both recoverable and unrecoverable) after 

disassembly. Constraints (8) and (9) represent the quantity of these parts that are either 

recoverable or unrecoverable.  

Constraint (10) represents the quantity of products to be assembled by pulling available 

parts from stocked inventories for used and new parts. Constraints (11) to (13) describe the 

inventory level for used and new parts and for finished products, respectively. Constraints (14) 

and (15) represent the total costs associated with processing and inventory, respectively. 

Constraint (14) includes the overall processing costs in the system, including refurbishing costs 

for , disassembling costs for , disposal costs for  that is sorted for products to be 

disposed, disposal costs for  that is unrecoverable part after disassembly, and reassembling 

cost for . Constraint (15) represents overall inventory costs, holding cost for  and 
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, and holding, ordering, and purchasing costs associating with . Constraint (16) 

and (17) represents the range of , , , and non-negative of all variables, respectively.  

 

3.4. Numerical Example for Base Model 

Table 1 presents parameter values for a numerical example to show the results of the 

base model. For the base model with known market demand and quality level of obtained 

products, a remanufacturer determines the acquisition of necessary quantities to meet the 

demand. If the remanufacturer cannot meet the demand with the returned products, then the 

necessary new part(s) must be obtained from suppliers.  

 

Table 1 Numerical Example 

Acquisition 
Costs 

Processing 
Costs 

Inventory 
Costs 

Quality 
& 

Disassembly 

Selling 
Price 

 5  

 

 

 

 

2 
5 
1 

0.5 
8 

 

 

 

 

 

1 
1 
4 
1 
2 

 

 
 

 

 

N 

0.3 
0.5 
0.2 
0.25 
0.75 

6 

 80 

 

With this numerical example, the model of when ST is either 1 or 0 indicating sorting 

processing is either fully utilized or not, can have the following quantity and processing cost 

functions.  

When sorting level is 1 and the procurement of a new part (P
NR

) is not achieved and the 

costs associating with inventory don’t occur, the cost structure can be simply represented as 

shown in Table 2. 
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Table 2 Cost and Quantity Structure with ST=1 

Initial 
Product 
Quality 

Classification 

Processing 
Specification 

Quantity Processing Cost Function 

βH Refurbishing AC*βH=AC*0.3 AC*βH*C
HQ

  = AC*0.3*2=0.6*AC 

βM 

Disassembling AC*βM=AC*0.5 AC*βM*C
MQ  

= AC*0.5*5=2.5*AC 

Disposal Cost for 
unusable Part 

γb*( AC*βM*N)= 
0.25*(AC*0.5*6)= 

0.75*AC 

γb*( AC*βM*N) * C
DD

= 
0.25*(AC*0.5*6)*0.5= 

0.375*AC 

Reassembling 
γg*( AC*βM) = 

0.75*(AC*0.5)= 
0.375*AC 

γg*( AC*βM) * C
AS 

= 
0.75*(AC*0.5)*8= 

3*AC 

βL 
Disposal Cost for 

Low Quality 
Product 

AC*βL = AC*0.2 
AC*βL*C

LQ
  =  

AC*0.2*1= 
0.2*AC 

Total Quantity of  
Finished Products 

AC*βH+ γg*( AC*βM) = AC*0.3+0.375*AC 
=AC*(0.675) 

 

In addition, if the procurement of a new part is achieved and the costs associating with 

inventory don’t occur, the structures for quantity and cost in Reassembling processing change 

as shown in Table 3.  

When sorting level is 0, meaning that returned products that have residual value need 

to be disposed, the structure for quantity and cost function changes as shown in Table 4.  
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Table 3 Cost and Quantity Structure with ST=1 and Procurement of New Part 

Initial 
Product 
Quality 

Classification 

Processing 
Specification 

Quantity Processing Cost Function 

βH Refurbishing AC*βH=AC*0.3 AC*βH*C
HQ

  = AC*0.3*2=0.6*AC 

βM 

Disassembling AC*βM=AC*0.5 AC*βM*C
MQ  

= AC*0.5*5=2.5*AC 

Disposal Cost for 
unusable Part 

γb*( AC*βM*N) = 
0.25*(AC*0.5*6)= 

0.75*AC 

γb*( AC*βM*N) * C
DD

= 
0.25*(AC*0.5*6)*0.5= 

0.375*AC 

Reassembling 

γg*( AC*βM) +  

=0.75*(AC*0.5) +  

=0.375*AC+  

[γg*( AC*βM) + ] * C
AS

 = 

[ 0.75*(AC*0.5) +  ]*8 = 

3*AC+ *8 

 

βL 
Disposal Cost for 

Low Quality 
Product 

AC*βL = AC*0.2 AC*βL*C
LQ

  = AC*0.2*1=0.2*AC 

Total Quantity of  
Finished Products 

AC*βH+ γg*( AC*βM) +  = AC*0.3+0.375*AC+  

=AC*(0.675)+  

 

Table 4 Cost and Quantity Structure with ST=0 

Initial Product 
Quality 

Classification 

Processing 
Specification 

Quantity 
Processing Cost 

Function 

βH Refurbishing AC*βH=AC*0.3 AC*βH*C
HQ

  = AC*0.3*2 

βM + βL 
Disposal Cost for 
Medium and Low 
Quality Product 

AC* (βM + βL) = 
AC*(0.5+0.2) 

AC*( βM +βL*)C
LQ

  = 
AC*(0.5+0.2)*1 

Total Quantity of  
Finished Products 

AC*βH=AC*0.3 

 

If the procurement of a new part is needed to meet demand, the total quantity of 

Finished Products in Table 4 is changed as  AC*βH  +  =AC*0.3 + , which represents that 

all demand is met with the refurbished products and the reassembled product by using only new 

parts. 
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Thus, the profit function when the value of sorting level is either o or 1, is represented by: 

 Profit  = Sales Revenue- {Acquisition Cost + Processing Cost + Inventory Cost} 

= =  

 

where Processing Cost (C
ALL

) regardless of Procurement of New part and Sorting Level 

= Refurbishing + Disassembling + Disposal for unusable part + Reassembling + 

Disposal for Low quality product  

=0.6*AC + 2.5*AC + 0.375*AC + 3*AC + 0.2*AC+ *8 

=6.675AC+ *8 

 

where Inventory Cost is 

     

=       

 
In the base model in a single period, the market demand is assumed as 1000, and the 

result of the profit generated by the above parameters is 62703. The production quantity to 

meet the market demand is met by all returned products rather than procurement of new parts. 

Using the given parameters in the base model, the resulting decision variable values are =1 

and =1481, resulting in that all products predetermined as  in the quality level are 

disassembled. The quantity of returned products obtained is 1481 with an acquisition cost of 

7407. The quantities of , , and  from total acquisition are 444, 740, and 296, 

respectively. After disassembly, the quantities of recoverable and scrapped parts are 3,333 and 

1,111, respectively. The total reassembled quantity with used parts ( ) is 555.5. All 

associated processing costs( ) are 9888. The process costs are 888, 3703, 296, 555, and 

4444 for refurbishing ( ), disassembling ( ), disposal of product ( ) and part ( ), and 

reassembly ( , respectively. All associated inventory costs are 0 by showing that no 
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inventory is left and that new parts are not procured. The market demand of 1000 units is met 

using 444 refurbished products ( ) and 555 reassembled products ( ), resulting from the 

acquisition of 1481 returned products. 
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Chapter 4  

Extension of Base Model 

With the given base model for this systematic process of returned products in product 

recovery processes, the model is extended in the following manifold cases. These consider 

constrained capacity and the existence of a secondary market for used part(s) and multiple 

suppliers for the acquisition of returned products. In this chapter, how each extended case is 

incorporated into the base model is introduced with additional variables, parameters, and 

constraints where some of the constraints are modified.  

 

4.1 Constrained Capacity 

Previous studies associated with capacity have extensively focused on inventory 

management. For example, Pan et al. (2009) address the lot sizing problem in the case of 

limited production, disposal, and remanufacturing capacities. They show that the decision to 

expand or contract the remanufacturing capacity depends on the length of the planning horizon 

for the returned products. If the returned product has a longer planning horizon, the expansion 

of capacities leads to cost savings. Considering the product life cycle, Li et al. (2009) indicate 

the residual product value and note that the capacity under dedicated remanufacturing 

production affects the determination of the possible production run size. Georgiadis et al. (2006) 

use system dynamics to address capacity planning for the product life cycle. Georgiadis et al. 

(2010) consider the case of two products with different product life cycles (PLCs) in capacity 

planning.  Franke et al. (2006) propose an integer linear program considering remanufacturing 

capacities for the mobile phone industry. Kim et al. (2006) show that there is an optimal 

remanufacturing capacity for the maximization of cost savings.   

To investigate how capacities can be integrated into the model, each capacity for 

processes and inventories is considered in this section. Due to constrained capacities for 

processes and inventories, the quantity of reassembled/refurbished products may not satisfy the 
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market demand. To represent some cases of constrained capacities for processing or inventory 

in the model, parameter M is commonly used in this chapter.  

Parameter 

M: Some very large positive number   

Some additional variables and parameters are introduced in corresponding cases.  

 

4.1.1. Constrained acquisition process  

A constrained Acquisition process causes the acquisition to be limited by preventing the 

inflow of returned products, which are the resources for remanufacturing. This leads the 

remanufacturer to maintain a higher inventory level for finished goods ( ) by assembling 

finished products with more new parts to avoid the chance to lose the demand,  or have stock-

out when the quantity of finished products does not meet the level of the demand. To represent 

this situation in the model, the following variable and constraint are added:  

Variable: 

: Capacity of Acquisition process 

         ------------- (18) 

 

Constraint (18) represents that the quantity of the product in acquisition depends on the 

capacity of the Acquisition process.   

 

4.1.2. Constrained refurbishing process:  

A constrained Refurbishing process causes some refurbishable products ( ) to be 

disassembled by blocking more inputs of the products with high quality ( ) beyond the 

capacity of the refurbishing process. For this consideration to be represented in the model, the 

following variables and constraint are added:   

Variables:  
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: Capacity of Refurbishing process 

: Binary variable (0 or 1) 

                   ------------- (19)

  where,  

 

Constraint (19) represents that the quantity of the product to be refurbished is limited by 

the capacity of the Refurbishing process. When the quantity of  is greater than , the 

quantity of the products to be disassembled increases since the constrained capacity of the 

Refurbishing process causes the excess products pre-determined as  to be disassembled 

with the products predetermined as . This condition requires Constraints (5), (6) and (14) to 

be modified as follows (5-a), (6-a), and (14-a): 

 

                ------------- (5-a) 

                ------------- (6-a) 

    

                          ------------- (14-a) 

 

Constraints (5-a), (6-a), and (14-a) represent increasing quantities of disassembled or 

scrapped products and the change of processing costs by the constrained capacity of the 

Refurbishing process. 

 

4.1.3. Constrained disassembly capacity:  

As the Disassembly process reaches its capacity, a constrained disassembly capacity 

causes excess products ( ) categorized as “disassembled” to be discarded. The market 
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demand is met by refurbished products and by reassembled products made with parts 

previously accumulated from the inventory for used parts ( ). For this case to be 

represented in the model, the following variable and constraint are added: 

Variables:  

: Capacity of Disassembly process 

: Binary variable (0 or 1) 

       ------------- (20) 

where,  

 

Constraint (20) represents that the quantity of the product to be disassembled is limited 

by the capacity of the Disassembly process. Also, as the quantity of the product to be 

disassembled is changed by the capacity limit of disassembly, Constraint (9) is modified as 

following: 

               ------------- (9-a) 

 

4.1.4. Constrained inventory capacity for used parts:  

When the inventory capacity for used parts reaches its capacity limit, this causes the 

quantity of parts to be disposed ( ) to increase as recoverable parts ( ) beyond its capacity 

limit need to be disposed. For this consideration to be represented in the model, the following 

variables and constraints are added.   

Variables: 

: Capacity of inventory for used parts 

: Binary variable (0 or 1) 

       ------------- (21) 



37 

where,  

 

Constraint (21) indicates that the inflow of the used part by disassembly is limited by the 

capacity of . In addition, the quantity of recoverable parts over the inventory capacity 

( ) needs to be scrapped. To represent this case in the model, Constraint (11) for the 

inventory for used parts ( ) and for (14) for the overall processing cost function ( ) are 

modified as follows (11-a) and (14-b): 

 

             ------------- (11-a) 

  

            ------------- (14-b) 

 

4.1.5. Constrained reassembly capacity:  

The constrained reassembly capacity causes the level of the inventory for used parts 

( ) and the level of inventory for new parts ( ) to be increased not by pulling more 

parts for reassembly. For this case to be represented in the model, the following variable and 

constraint are added: 

Variable:  

: Capacity of Reassembling process 

                 ------------- (22) 

Constraint (22) indicates that the quantity of reassembled products ( ) is restricted 

based on the reassembly capacity.  
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4.1.6. Constrained inventory capacity for new parts  

The constrained inventory capacity for new parts ( ) causes the procurement of 

the quantity of new parts demanded for reassembly to be limited and the necessary parts to be 

to be pull from inventory for used parts ( ) . For this case to be represented in the model, 

the following variable and constraint are added;  

Variable:  

: Capacity of inventory for new parts 

        ------------- (23) 

Constraint (23) indicates that the inflow of the new parts ( ) from supplier(s) is limited 

by the capacity of . 

 

4.1.7. Constrained inventory capacity for finished goods:  

The constrained capacity of finished goods (  may cause all prior processes to be 

blocked as well as reduce the amount of products sold. For the constrained capacity of finished 

goods (  to be incorporated with the base model, the following variable and constraint are 

added. 

Variable:  

: Capacity of inventory for finished products 

                     ------------- (24) 

Constraint (24) indicates that the quantity of finished products from reassembling or 

refurbishing is limited by the capacity of . To represent the stock-out case, i.e. when the 

remanufacturing system cannot meet the demand, the following variable and parameter are 

introduced 

Variable: 

 : Stock-out for the finished product at period t 

Parameter: 
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: Stock-out cost for the finished product 

The Objective function (1) and Constraint (13) is modified as (1-a) and (13-a) to 

represent the stock-out case  

MAX Profits =          ------------- (1-a) 

               ------------- (13-a) 

By incorporating each constrained capacity into the base model, it is investigated which 

capacity for process or inventory has more effects on the change in the performance. In the 

case of the system with less demand than the given capacity in single period, the 

remanufacturing process may not show how the system copes with the constrained capacity. 

Thus, five periods rather than a single period are considered so any constrained-capacity case 

to be induced. The demands for the five periods are given as 1000, 1200, 1000, 800, and 1000.  

The changing demands during given periods may cause the system to keep some level 

of inventory and sorting level to be changed to minimize all costs. For example, when demand 

at time period t increases compared to time period t-1, keeping some inventories from time 

period t-1 may show more cost-savings rather than acquisition at time period t. Also, such 

change of demand may prevent the system from meeting demand when demand at time period 

t increased compared to one at time period t-1. As the parameter of the cost for stock-out ( , 

16 or 20% of the selling price of the finished product ( ) is given. 

   

4.2. Multiple Suppliers 

 A remanufacturer may depend on contractual service providers to obtain a certain 

volume of returned products.  Acquisition costs may need to be paid differently to suppliers, 

which depends on the available quantity and quality of the products of the supplier. As the 

payment amount to the supplier in general increases, a remanufacturer may expect the 

procurement of returned products in higher volume or higher quality. Thus, a remanufacturer 
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needs to have acquisition management paid by the level of volume or quality of the service 

provider.  

In this case, each supplier ( ) has a different volume of returned products with different 

quality levels. For example,  represents the total amount of returned products from  

with a known quality level. For this case to be represented in the model, the following variables 

and constraint is added: 

Variables: 

: Total amount of returned products from  (i=1.2.,,,,M) 

: Binary Variable (0 or 1) 

Parameters: 

: Ratio of HQ to returns from  

: Ratio of MQ to returns from  

: Ratio of LQ to returns from  

        ------------- (25) 

where    

 

Constraint (25) represents that each supplier(i) has a different quality mix and that the 

sum of quantities from different suppliers is more than or equal to the total quantity of returned 

products to be obtained in acquisition.  

The objective function is modified as follows to represent different costs for selected 

supplier(s):  

MAX Profits =                ------------- (1-b) 

In addition to the change in objective function, Constraints (2) to (4) are modified to 

represent when each supplier has different quality levels:  

                     ------------- (2-a) 
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                   ------------- (3-a) 

                   ------------- (4-a) 

Constraints (2-a) to (4-a) represent that the total amounts of returned products obtained 

from different suppliers with different quality levels are separated by the quality level determined 

by the remanufacturer.  

 

4.3. Secondary Market for Used Parts 

Some remanufacturers have secondary markets demanding the part(s) with acceptable 

quality at cheaper prices instead of finished products. Li et al. (2009) argue that the 

determination for processing products or its components needs to be prioritized for demands 

from secondary markets. Regarding the existence of secondary markets, Ferrer and Whybark 

(2001), Robotis et al. (2005), and Mutha and Pokharel (2009) assume that the markets for 

remanufactured products and parts of the products exist. The remanufacturer may need more 

volume of returned products due to market diversity for both parts and finished products. When 

a remanufacturer faces this case, he or she may relax sorting policies due to the increased 

market demands. Moreover, this causes dynamic changes in the inventory levels.  Thus, the 

remanufacturer must decide whether to have more dynamic capacity management for inventory 

and parts or more active acquisition management. Thus, the following constraint (11-b) as well 

as additional variables and parameters are added: 

Variables 

: Demand for used parts from secondary markets at time period t 

 : Stock-out for the used part at period t 

Parameters 

: Selling price for used part 

: Stock-out cost for used part 

             ------------- (11-b) 
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Constraint (11-b) represents that the  at time period t is influenced by the 

demand for used parts. As numerical examples for , , and , 500, 15, and 3 are used, 

respectively. Also, the objective function is modified as (1-c). 

MAX Profits =  

       --- (1-c) 

Appendix B shows the processing flow for the extended model. 
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Chapter 5  

Research Methodology 

To test the proposed base model, LINGO is used. To investigate how the model 

performs under uncertain demand and quality level, 1,000 scenarios for each uncertainty in 

demand, quality level, or both cases are also generated throughout EXCEL. By linking both 

LINGO and EXCEL, all scenarios are tested. 

 

5-1. Sensitivity Analysis 

To gain some insight into the proposed model and to figure out which parameter has 

more impact for better estimates, sensitivity analyses are conducted for the following cases: 

disassembly and disposal processing costs for  and  inventory holding costs and 

for and  procurement costs for new part ( ); quality level ( , , and ) 

of returned products; and quality level of parts for disassembly (  and ). 

These costs dynamically affect the necessary amount for acquisition of returned 

products and the amount for procurement of new parts. For instance, as costs in disassembly, 

disposal and inventory holding for  increase, the amount of finished products could be 

met by procuring new parts rather than acquiring returned products. In addition, as the inventory 

cost ( ) for  and the procurement cost for new parts ( ) increase, the 

remanufacturer could reduce overall costs by increasing the amount of returned products 

acquired.  

The quality level of returned products obtained by acquisition affects the determination 

of the necessary amount of returned products. As  compared to  increases, overall 

disposal costs increase. In the case of the quality level of parts for disassembly, similar effects 

exist with the quality level of returned products acquired.   

The sensitivity analyses in disassembly and disposal processing costs, and 

procurement costs for new part ( ) are conducted by increasing and decreasing the unit cost 
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for each process and new part. For the inventory holding cost (  and ), the analysis also 

investigates by increasing and decreasing each inventory cost. To analyze the change in the 

quality level of returned products, the following ratios are used as shown in Table 5. The 

parameter for quality level used in the base model is identical with CASE 17.  

 

Table 5 Change in Quality Level 

CASE 1 2 3 4 5 6 7 8 9 10 11 12 

βH 0.8 0.7 0.7 0.6 0.6 0.6 0.5 0.5 0.5 0.5 0.4 0.4 

βM 0.1 0.2 0.1 0.3 0.2 0.1 0.4 0.3 0.2 0.1 0.5 0.4 

βL 0.1 0.1 0.2 0.1 0.2 0.3 0.1 0.2 0.3 0.4 0.1 0.2 

CASE 13 14 15 16 17 18 19 20 21 22 23 24 

βH 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 

βM 0.3 0.2 0.1 0.6 0.5 0.4 0.3 0.2 0.1 0.7 0.6 0.5 

βL 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 

CASE 25 26 27 28 29 30 31 32 33 34 35 36 

βH 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

βM 0.4 0.3 0.2 0.1 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 

βL 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

 

A change in the quality of parts is investigated by increasing and decreasing the ratio of 

the bad parts ( ). The results of sensitivity analysis are discussed in Chapter 6.  

 

5-2. Extension of Base Model  

In testing the extension of the base model to investigate whether a particular process is 

constrained by its capacity, 5 different time periods with different demand levels are used. The 

demand level is 1000, 1200, 1000, 800, and 1000 for time period 1, 2, 3, 4, and 5, respectively. 

In this test, two cases are tested: the process is constrained for 1) one time period and 2) 4 time 

periods. The capacity level for each process is based on the result of the extension of the base 

model.   

To investigate the case of multiple suppliers for the achievement of returns, the 

following numerical example for multiple suppliers is used. The assumed suppliers’ information, 

including total available suppliers, quality level, and costs, is shown in Table 6. As shown, as a 
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supplier has a higher portion in a higher quality level, the supplier has less available quantities 

and remanufacturers need to pay more compared to other suppliers.  

 

Table 6 Available suppliers for returned products 

  
 

 
 

 
 

 
 

 
 

Available Quantity 400 500 600 700 800 

Quality 
Level 

 0.5 0.4 0.3 0.2 0.1 

 0.3 0.5 0.4 0.5 0.8 

 0.2 0.1 0.3 0.3 0.1 

Cost for acquisition ( ) 5.2 5.1 4.9 4.8 4.6 

 

The results of the extension of the base model considering constrained capacity, 

multiple suppliers, and the existence of secondary markets are discussed in Chapter 7. 

 

5-3. Uncertainty In Model for Multi-Periods 

The uncertainty in the quality level of returned products and market demand is the most 

fundamental problem facing the remanufacturer. Chapter 8 investigates how the remanufacturer 

can efficiently cope with the uncertainty in demand and quality during multi-periods. The 

investigation under the uncertain situation analyzes how uncertain demand, quality level, and 

both affect acquisition quantities, sorting level, and profits during given periods. This analysis 

helps the remanufacturer to determine the correct acquisition quantities and sorting 

management at the correct time. 

 

5.3.1. Uncertain demand 

Compared to known demand, uncertain market demands create a more complex 

remanufacturing process. A remanufacturer with highly fluctuating demand may need to hold 

more inventories to meet market demand. If the market demand is uncertain, the 

remanufacturer has more difficulty in its process management. This may cause higher inventory 
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levels because more or less returned products are obtained than necessary to meet the 

expected demand. 

Using random numbers for the demand in multi-periods, the model investigates how the 

performance shows differences with uncertain demand. The randomly generated demands are 

based on the normal distribution with the assumption that the average and variation for demand 

is known. The value of the coefficient of variation (CV) is based on the mean for each demand 

level of each time period; 10% and 20% are used, which show relatively stable and very 

fluctuating demands, respectively. Five periods with the demands of 1000, 1200, 1000, 800, 

and 1000 are considered. Used for the investigation of the uncertain demand, the expected 

demands and a few examples of uncertain demand based on different CVs are shown in Table 

7. 1000 scenarios for each demand with different CVs were generated.  

Also, the allowance of the procurement of new parts (P
NR

) reduces the chance of the 

stock-outs while overall costs increase by the increase in inventory cost associated with the 

procurement of new parts. Thus, it is additionally investigated how the model under uncertain 

demand performs when the procurement of new parts is allowed or not-allowed.    

 

Table 7 Uncertain Demand 

 
Scenarios Period 1 Period 2 Period 3 Period 4 Period 5 

Demands with CV=10% 

1 872 1174 1024 790 1119 

…      

1000 1074 1186 1194 815 1136 

Demands with CV=20% 

1 1049 1350 1340 867 1347 

…      

1000 1188 1289 1272 841 919 

Expected Demand on Base Model 1000 1200 1000 800 1000 
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5.3.2. Uncertain quality 

The quality level of returned products is most likely uncertain. Consequently, this 

causes the determination of the acquisition quantity to differ. During multiple periods, such 

uncertain quality levels may cause the remanufacturer to keep more inventories to reduce the 

chance of stock-out as well as the situation of uncertain demand.  

For the uncertain quality level, two different cases are also tested with the assumption 

that the quality level of all returns follows the uniform distribution with MAX and MIN shown in 

Table 8. It is assumed that demand levels for 5 periods are stable as 1000, 1200, 1000, 800, 

and 1000, respectively.  

 

Table 8 Description of Used Quality Level of Returns 

Quality Level HIGH Medium Low 

Case Max Min Max Min Min 

I 0.35 0.25 0.55 0.45 
0.1 

II 0.4 0.2 0.6 0.4 

 

5.3.3. Uncertain demand and quality 

To investigate when both the demand level and the quality level of returns are uncertain, 

four cases are compared. Description of the four cases are shown in Table 9. In the case of 

Demand, it follows the same assumption used in the test of uncertain demand. In the case of 

Quality, LOW and HIGH represent Case I and Case II used in the test of the uncertain quality 

level of returns. 

 

Table 9 Description of 4 Cases of uncertainty of both demand and quality level 

CASE Demand (CV) Quality 

I 10% LOW 

II 10% HIGH 

III 20% LOW 

IV 20% HIGH 
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Chapter 6  

Sensitivity Analysis 

In this section, the sensitivity analysis for the change of proceeding/inventory cost 

compared to given parameters is summarized.  All results are shown in Appendix C.  

 

6.1. Change of Disassembly Processing Cost (C
MQ

) 

The change of Disassembly processing cost can affect the change of acquisition 

quantities as well as profits. As the disassembly processing cost increases above some point, 

the remanufacturing system becomes uneconomical rather than the traditional manufacturing 

system. As the disassembly processing cost decreases, on the other hand, it cause overall 

processing cost to reduce, causing better performance in profits. Also, the change of either the 

increase or decrease of disassembly processing costs may cause the sorting level to be 

changed for optimal performance.  

 

6.1.1. Decrease of disassembly processing cost ( ) 

As the disassembly cost reduces, it only affects the change of overall Disassembly 

processing cost (C
MQ

). When the cost in disassembly processing decreases from 5 to 4, total 

disassembly process cost (C
MQ

) decreases from 3703 of the base model to 2962. This 

difference in the cost is represented in both the increase of profits with 63444, and the decrease 

of overall processing cost 9148 without any change of other quantities and costs.  

 

6.1.2. Increase of disassembly processing cost (C
MQ

) 

On the other hand, the increase of the disassembly processing cost causes profits to 

decrease along with the increase of disassembly processing cost. When the cost in the 

disassembly process increases from 5 to 6, the overall processing costs are 10629 with the 

profits of 61962, and it does not show any difference in quantity.    
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More increases of disassembly processing cost (C
MQ

) cause the remanufacturing 

process to be uneconomical due to higher processing cost compare to the traditional 

manufacturing process. However, the system may only depend on the refurbishing process by 

maintaining the sorting level as 0, indicating that products initially classified as medium quality 

are disposed of. 

When the cost in C
MQ

 is above 11, the results show that the sorting level is determined 

as 0, where even products with residual values are disposed of, and that more quantities are 

required to meet the demand with only refurbished products. The profits and overall processing 

costs are 59000 and 4333, respectively.  

Two cases of disassembly processing cost with 10 and 11 have the same profits of 

59000. The difference between the two cases is the sorting level that affects the quantity on 

acquisition. The case in C
MQ

 with 10 maintains the sorting level as 1 while lesser quantities on 

acquisition are inflow. In this case, demand is met with the combined quantities of reassembled 

and refurbished products. On the other hand, the case of processing cost with 11 causes the 

sorting level to be 0 and all demands met by only refurbished products.  

 

6.2. Change of Disposal Processing Cost (C
LQ

) 

As disposal processing cost (C
LQ

) increases or decreases, this affects the changes of 

overall processing costs and the determination of whether the remanufacturing process is 

economical or not.  

 

6.2.1. Decrease of disposal processing cost (C
LQ

) 

When disposal processing cost decreases from 1 to 0.5, this only affects the reduction 

of overall disposal processing cost from 296 of the base model to 148. This causes the profit to 

be increased from 62703 of the base model to 62851 while overall cost decreases from 9888 to 
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9740. The optimal sorting level is maintained as the value of 1, indicating all returns with 

medium quality level are disassembled. 

  

6.2.2. Increase of disposal processing cost (C
LQ

) 

When the disposal processing cost increases from 1 to 1.5, profits decrease from 

62703 of the base model to 62555 while overall costs increase from 9888 to 10037.  

Like the case of an increase of disassembly processing cost (C
MQ

), the increase of 

disposal processing cost (C
LQ

) beyond a certain cost affects the determination of the 

economical remanufacturing process.  

While the result shows decreasing profits without any difference in processed quantities 

until disposal processing costs become 70, the disposal processing cost above 71 causes the 

model to block the inflow of returns to the system.  All demands are met by using new parts with 

6000. The result with 71 in the disposal processing cost shows the profits with 42000 and 

processing cost in 8000 only for the reassembling process.  

Overall, the change of the disposal processing cost (C
LQ

) only affects the change of 

profits along with the change of disposal processing cost (C
LQ

). In the sorting level, results keep 

the same sorting level with 1, indicating that all products classified with medium quality level are 

disassembled until the disposal processing cost is 70. However, with the disposal processing 

cost with 71, the system determines to use procurement of new parts to meet given demands.  

 

6.3. Change of Procurement Cost of New Part (C
NP

) 

As the procurement cost of new parts decreases, the remanufacturer is likely to have a 

chance to rely on procurement of new parts. On the other hand, as the procurement cost 

increases, the remanufacturer needs to focus more on acquisition management.  

As procurement costs decreased from 4 to 0.5, the remanufacturing system doesn’t 

require the returns from acquisition any more. All necessary parts to meet demand quantities 
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are procured with all new parts of 6000. Even in this case, the result shows the increase of 

profits from 62703 in the base model to 63000.  

 

6.4. Change of Inventory Holding Costs for Used Parts and New Parts 

For the cases of Inventory Holding Costs for Used Parts (C
UH

) and for New Parts (C
NH

), 

the sensitivity analysis is attempted with 0 as the parameter for C
NH

 and C
UH

.  The results, 

however, don’t show any difference with the result of the base model. The reason is that profits 

naturally decreased due to increasing acquisition cost as more acquisitions occurred. Thus, 

even if holding costs for C
NH

 and C
UH

 become 0, the model doesn’t obtain returns on acquisition 

more than the quantities to meet the given demand and maintains the level of inventory on used 

parts at 0. Also compared to acquisition costs, procurement costs for new parts are expensive, 

which may lead the overall cost to be increased. Thus for a given demand, any procurement 

doesn’t execute. This causes the system to maintain and hold 0 inventory level in new parts. 

 

6.5. Change of Quality Level 

In this section, how the quality level (high, medium, low) of obtained products affects 

the performance of the model is investigated. To do so, the model performance of when one 

among H, M, and L is constant while other quality levels are changed with an increase or 

decrease of 10% is compared. A total of 36 cases are tested with a condition that all quality 

levels are greater than or equal to 0.1, meaning that all processes for Refurbishing, 

Disassembly, and Disposal coexist.  
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Figure 2 Change in Profits by the Quality Level 

 

Figure 2 shows that how profits change by the variance of M when H is constant. The 

results show that the variation of profits increases as the level of H reduces.   

All cases of when the value of H is between 0.4 to 0.1 show that given demands are 

met by the returns via the acquisition process, except for CASE 36 when H, M, and L are 0.1, 

0.1, and 0.8 respectively. In CASE 36 with profits of 42000, demands are met by the 

reassembly process with new parts rather than acquisition.  When the value of H is between 

0.1 and 0.4, the results show that all sorting levels need to maintain the value of 1.  

In the following cases when the value is H is greater than or equal to 0.5, the sorting 

level is determined with the value of 0. In order to meet demand, the system increases the 

number of quantities in the acquisition process and given market demands are met with only 

refurbished products by increasing the quantity of returns in the acquisition process. Regardless 

of the change in M and L, obtained quantities at the same level of H are identical (1250 at 

0.8, 1428 at 07, 1666 at 0.6, and 2000 at 0.5). In these cases, even remanufacturing products 

are disposed of with the value of sorting level at 0. This result indicates that the existence of the 

remanufacturing process is not economical. The results in profits, however, are higher than in 
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other cases where the value of H is less than 0.5. All processing costs are identical at the 

same level of H. 

When the level of H is constant, it shows that profits also decrease as the level of M 

decreases. While the results of the level of H from 0.8 to 0.4 show maintaining or decreasing 

profits, the results when the level of H changes from 0.3 to 0.2 and from 0.2 to 0.1 don’t show 

consistently decreasing profits. For example, in the comparison between CASE 21 and CASE 

22 and 23, the profits increase even though the level of H decreases. Similar results are shown 

in CASE 29 compared to CASE 28. These cases indicate that more profits can be achieved 

from the remanufacturing process rather than relying on the refurbishing process.   

In the case of when L is greater than 0.8, the value in the sorting level is again 

determined as 0 with 42000, which is the least profits in all cases. Necessary parts to meet 

demand are procured from new parts rather than returns, indicating that the remanufacturing 

and refurbishing processes are not used.   

The cases of highest profits are 72333 in CASE 1 and 2 where the disassembly and 

remanufacturing processes are not necessary. The highest processing costs and acquisition 

cost are shown in CASE 39 with 13903 and CASE 38 with 25000.  

Overall, the quality level of returns affects the change of profits and determines the 

necessity of the sorting process or remanufacturing process. Even though the level in H mostly 

causes the profits to be higher, the level in M, which affects the change of profits via the 

remanufacturing process, is also one of the important factors affecting the increase of profits. 

 

6.6. Change of Quality Level of Parts 

In addition to the overall quality level of the products on acquisition, it is investigated 

how the quality level of parts from the returns classified as remanufacturable affect the 

performance of the model.  Figure 3 shows the change in profit as the quality level of parts 

changes.  
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Figure 3 Change in Profit by Fraction of bad part (γb) 

 

6.6.1. Decrease of the fraction of bad parts (γb) 

The results as the fraction of bad parts (γb) decreases indicate that the 

remanufacturable products possess more parts able to be used by assembling with either used 

or new parts. As the fraction in bad parts (γb) decreases from 0.25 to 0.15, for instance, the 
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1481 to 1600. The sorting level at 1 causes all remanufacturable products to be disassembled. 

The change in cost of C
DD

 is significantly increased from 555 to 840. While other costs increase, 

the costs for reassembling (C
AS

) are decreased from 4444 to 4160.     

When the fraction of bad parts is below 0.65, the results show that the model maintains the 

sorting level at 1, which requires all returns with a medium quality level to be disassembled. 

When the fraction of bad parts is above 0.65, the sorting level changes as the value is 0 and all 

demands are met by the refurbished products with profits of 59000. 
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Chapter 7  

Results of Extension of Base Model 

Before comparing with any constrained process and extended case, the results of the 

base model for 5 periods with different demands (1000, 1200, 1000, 800, and 1000, 

respectively) are shown in Appendix D. All demands are met via only the acquisition process. 

Overall profits and costs are 313518 and 86481, respectively. For all periods, the sorting level 

maintains at 1, representing that products classified as medium quality are disassembled. The 

costs for acquisition are 37037. The overall processing costs are 49444. The costs associated 

with inventory in new/used parts and finished goods are 0, indicating that demands per each 

period in the system are satisfied from the acquisition process and the procurement of new 

parts during the period.  All results for each of the extended cases are shown in Appendix D. 

Regarding processing/inventory capacity levels, two cases constrained during 1) one 

time period and 2) four time periods in the base model are tested.  

 

7.1. Constrained Acquisition Process (CAPS) 

7.1.1. Capacity level with 1700 

As the acquisition process is constrained at period 2, the model builds up the inventory 

level of finished goods at period 1 to meet demand at period 2 when the acquisition process is 

constrained at 1700.   

Compared to the base model, profits reduce from 313518 in the base model to 313413 

while overall processing cost does not show any difference. The built-up of inventory level in 

period 1 makes the profit difference. The sorting level over all periods maintains at 1, 

representing that all products classified as medium quality level are disassembled.  
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7.1.2. Capacity level with 1400 

The capacity of the acquisition process with 1400 causes 4 out of 5 periods to be 

constrained. The results show the decrease of profits from 313518 to 305851 while overall 

processing cost decreases from 49444 to 46775. In this case, the model determines to procure 

new parts to meet given demands during period 1, 2, and 3 with the procurement cost at 10950. 

This procurement causes the cost for procurement of new parts at 10950.  

For all periods, sorting levels are also maintained at 1, where all returns with a medium 

quality level are disassembled. In period 4, finished goods with the quantities of 55 are 

produced more to be used in Period 5. This remained inventory in finished goods causes the 

acquisition quantity in Period 5 to be reduced.  

Overall, a constrained sorting process affects processed quantities to be reduced while 

unmet demand is satisfied in the reassembling process via procurement of new parts. Since a 

constrained sorting process limits the inflow of returns, it causes all sorting levels to be 

maintained with a maximum level of 1.  

 

7.2. Constrained Refurbishing Process (CAPR) 

7.2.1. Capacity level with 500  

The result of when the capacity for the refurbishing process is reduced shows the 

decrease of profits from 313518 to 313368. Overall costs are increased from 86481 to 86631. 

While all processing cost (C
ALL

) and obtained quantity from returns (AC) don’t change, the 

inventory costs for finished goods increase by keeping 75 products in period 1. 

 

7.2.2. Capacity Level with 400  

The result shows the decrease of profits at 302966. When the capacity of 400 is used, 

all refurbishing processes for 5 periods are constrained. The constrained refurbishing process 

causes the inflow of necessary returns to be blocked. Thus, required quantities to meet given 
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demands are obtained from both the acquisition process and procurement of new parts. All 

sorting levels for 5 periods are hold with the value of 1 to obtain all useful parts to be achieved. 

Also, finished goods at 100 are held to meet the given demand for period 5.  

Overall, the constrained capacity for the refurbishing process cause profits to be 

decreased. This implies that the decision of appropriate capacity is one of the factors for the 

increase of profits, depending on only acquisition for meeting demand. 

 

7.3. Constrained Disassembly Process (CAPD) 

7.3.1. Capacity with 800  

As the capacity of the disassembly process is limited at 800, the profits decreased from 

313518 of the base model to 313210.  

The quantities on acquisition show a difference at period 1 and 2. Compared to the 

quantity on acquisition in the base model, it increases from 1481 to 1600 at period 1, and 

decreases from 1777 to 1733 at period 2. This causes the disassembly processing to be 

constrained at period 1 and 2. The sorting level at period 1 shows 0.92, where 92 % of products 

initially classified as having medium quality level are disassembled. To meet given demand for 

period 2, the inventory of finished goods at period 1 is built up.   

 

7.3.1. Capacity with 700  

The capacity at 700 causes disassembly processes in period 1, 2, 3, and 5 to be 

constrained. It shows the decrease of profits from 313518 to 312056. For period 1, 2, and 3, the 

sorting level of 0.88, 0.62, and 0.88 represents 88%, 62%, and 88% of products classified as 

having medium quality level to be disposed, respectively. To meet demand for period 5, finished 

goods produced in period 4 are held. This cause the acquisition cost in period 5 to be reduced 

while inventory holding costs are generated.   
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Overall, a constrained disassembly process capacity decreases profits by increasing 

the demanded quantity on acquisition. To meet given market demand, more acquisitions from 

returns, rather than depending on procurement of new parts, increase the profits. When the 

disassembly process is constrained by the limited capacity, the sorting level needs to be 

changed, rather than holding a full sorting level, to increase profits.  

 

7.4. Constrained Reassembly Capacity (CAPM) 

7.4.1. Capacity with 600 

This case causes all reassembly processing to be constrained. The result shows the 

decrease of profits to 313210 from 313518 of the base model. To meet given demand, more 

quantities from acquisition are obtained with costs of 37407. Overall processing costs are 

49222. While the sorting level at period 1, 3, 4, and 5 is determined as 1, the level at period 2 

shows 0.92, where 92% of products classified as βM are disassembled. To meet demand for 

period 2, inventory of finished goods at period 1 is built up with 80. These results show identical 

results in the constrained disassembly process with 800.   

 

7.4.2. Capacity with 500 

When the capacity for the reassembly process is reduced to 500, the profits decrease 

from 313518 to 311466. As the constrained reassembly process causes the quantities of 

reassembled finished products to be constrained, more quantities from acquisition are obtained 

to meet given demands. Thus, in this process, acquisition cost increases from 37037 to 41666 

while all processing costs decrease from 49444 to 46666.  

In this case, the constrained reassembly process cause the sorting level from period 1 

to period 3 to be changed to 0.8, 0.57, and 0.8, respectively.  This indicates that all products 

that are initially classified as being medium quality level are not disassembled.  
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The costs for inventory in finished goods are generated by holding 100 quantities in 

period 4. This excess is used for demand in period 5.  

Overall, a constrained reassembly process affects the change of sorting level and 

inventory level, and demands more returns from acquisition rather than depending on 

procurement of new parts.  

 

7.5. Multiple Suppliers 

The result in the case of when multiple suppliers for returns exist shows the increase in 

profits with 321883. In this case, supplier5 is not used for given time-periods. Even if supplier1 

and supplier2 require a higher acquisition cost with 5.2 and 5.2, these suppliers have a higher 

quality level on returns.  By using these suppliers with high quality, the system achieves more 

quantities in refurbishable products, demanding lower processing costs.  

The limited availability of quantities from supplier1 and supplier2 causes the system to 

use other suppliers to meet given demands by partially using the quantities of supplier3 and 

supplier4.  

At period 1, the inventory of finished goods is held with 38 quantities. This causes the 

system to partially use supplier4 while it fully uses supplier3 in period 2.  

Overall, these results show the selection of supplier is one of the factors for the 

improvement of the performance.  

 

7.6. Secondary Market for Used Part(s) 

The result when the secondary market for used parts exists shows the increase of profit 

from 313518 to 347145, although more quantities from acquisition are obtained. All demand for 

finished goods and used parts are met by only returns. All sorting levels for 5 periods are 

maintained as the value of 1, where products with medium quality are fully disassembled for the 

achievement of economical residual value.  
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In this case, reassembling costs decrease as the quantity of refurbished products 

increases by more quantities from acquisitions and less reassembled products are required to 

meet given demands. On the other hand, other processing costs increase as more parts or 

products are processed within the system. 

 

7.7. Constrained Inventory Capacity for Used Parts, New Parts and Finished Goods 

The results of each constrained inventory capacity don’t show any difference with the 

results of the base model. For 5 periods, the levels of all inventories are maintained at 0. 

Necessary quantities in parts and refurbished products to meet given demands are procured by 

only the acquisition process, leaving the procurement of new parts to be unnecessary. With the 

results of the base model, there is no inventories held, indicating that inventory with constrained 

capacity does not make any difference when other processes are not constrained. 
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Chapter 8  

Uncertainty 

8.1 Uncertainty in Demand 

To investigate the change of the performance with uncertain demand, each 1000 

scenarios with CV 10 % and 20% following demands of 5 multiple periods (1000, 1200, 1000, 

800, and 1000) are generated.  

To meet uncertain demands, a remanufacturer can use inputs from the following 

sources: acquisition of returns, procurement of new parts, or both. Since it is assumed that a 

remanufacturer forecasts stable demands during the 5 periods previously mentioned, the 

current system has been run with the same quantities of acquisition used in the base case. 

Thus, it causes the model to show one of two behaviors: either relying on the procurement of 

new parts or the loss of sales with stock-out costs when more parts are needed to satisfy 

demand. Thus, this section investigates how the model shows different performance for when 

the procurement of new parts is available or not if demand is uncertain. All results are shown in 

Appendix E. 

CASE I (CV 10% without the procurement of new parts):  In the results of this case, 

overall profits show an average (AVG) of 303066 with a standard deviation (STD) of 7990. An 

AVG 47664 with STD 1893 in processing costs is spent. All sorting levels over 5 periods are 

maintained with AVG 0.95. More acquisition quantities than demanded quantities build up the 

inventory level in finished goods, and therefore, an inventory cost with AVG 216 and STD 248 

results. Since given demand could not be met with the quantities from acquisition and the 

procurement of new parts is not allowed, these made the stock-outs of AVG 130 for given 

periods.  

CASE II (CV 10% with the procurement of new parts): The profit in the case where the 

procurement of new parts is allowed shows the values of AVG 310613 and STD 12104. Overall 

processing costs are AVG 48706 and STD 2526. The sorting levels for given periods keep the 
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value of AVG 0.95. The costs associating with an inventory increase to AVG 4117 and STD 

4036 as the procurement of new part generates added costs in INV
NEW

 with the purchasing cost 

of AVG 3901 and STD 4109. There is no change in costs associating with INV
FIN

 of AVG 216
 

and STD 248. The allowance of the procurement of parts does not generate any stock-outs.      

Comparing CASE II with CASE I where the procurement of new parts is not allowed, 

the profits increase from AVG 303066 to AVG 310612 as shown in Figure 4. Sorting levels over 

the periods in CASE I and II are identical, indicating all processed quantities in QD
MQ

, QD
LQ

, 

and Q
AS

 are the same after acquisitions with the same amounts are achieved. From the aspect 

of processing cost, CASE II causes the costs to be increased to AVG 48706 compared to AVG 

47664 in CASE I. While the procurement of new parts reduces stock-outs by increasing costs 

associating with inventory, this finally causes overall profits to be increased. 

CASE III (CV 20% without the procurement of new parts):  This case shows overall 

profits of AVG 292372 with STD 15378 and processing cost of AVG 45842 with STD 3678.  

Sorting levels over the 5 periods are maintained with AVG 0.90. Costs associated with inventory 

are AVG 414 with STD 478, where all were spent in INV
FIN

.  Overall stock-out quantities are 

AVG 264. 

CASE IV (CV 20% with the procurement of new parts): The profits in the case show 

AVG 307658 and STD 23924. Overall processing costs are AVG 47950 and STD 4983. The 

sorting levels for the given periods keep the same values as CASE III. The costs associating 

with inventory are AVG 8321 and STD 7895. The costs for purchasing of new parts are AVG 

7907 with STD 8038.  

Comparing CASE IV with CASE III, the profits increase from AVG 292371 to AVG 

307658 as shown in Figure 4. Like in CASE I and II, sorting levels over the periods in CASE III 

and IV do not change. From the aspect of all processing costs (C
ALL

), the case of where the 

procurement is allowed causes the costs to be increased to AVG 47950 from AVG 45842 in 

CASE III as shown in Figure 4. These cases are similar to the results of the CV 10 % ones 
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where the procurement of new parts reduces stock-outs by increasing costs associating with 

inventory as shown in Figure 5; this causes overall profits to be increased. 

 

 
Figure 4 Difference in Profits by Uncertain Demand 

 

The overall results when the demands are uncertain are that profits decreased as the 

level of the uncertainty of demand increases. The allowance of new parts (P
NR

), in CASE II and 

IV, causes the loss of profits to be avoided while the costs associating with inventory increase.  

In the comparison of CASE I and IV, the availability of P
NR

 affect the model to have better 

performance even though the uncertainty is higher. However, in the comparison of cases of 

where P
NR

 is not allowed in CASE I and III, the higher uncertainty makes the results of the 

model to have a large difference.    
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Figure 5 Differences in C

ALL
 and INV

COST
 

 

As shown in Figure 5, cases where P
NR

 is allowed show higher inventory costs and 

overall processing costs. The reason is that the availability of P
NR

 causes more quantities of 

new parts to meet given demands, causing the procurement and processing costs to increase.  

 

 
Figure 6 The Comparison in Sorting Level 
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The availability of P
NR

 does not affect the change of the sorting level. As shown in 

Figure 6, CASE I and II and CASE III and IV show the same sorting level since the quantities of 

obtained products are based on forecast demands. The results are that sorting level decreases 

as the uncertainty in demand increases.   

 

8.2. Uncertainty in Quality 

To investigate how the model shows the difference in performance when quality levels 

on obtained products are uncertain, two different cases are tested and compared with two 

assumptions: 1) the quality levels are uniformly distributed and 2) the level of lower quality is at 

least 0.1. The number of generated scenarios for each case is 1000 as shown in Table 10. All 

results are shown in Appendix F. 

 

Table 10 Description of Used Quality Data 

Quality Level HIGH Medium Low 

CASE Max Min Max Min Min 

I 0.35 0.25 0.55 0.45 
0.1 

II 0.4 0.2 0.6 0.4 

 

Compared to CASE II, CASE I has narrow ranges in High and Medium quality levels, 

which indicates that CASE II has more variance in obtained products.    

CASE I: The results of CASE I show the profits of AVG 313348 with STD 1670, which is 

slightly less than the result of the base model. To meet given demands for the next time period, 

finished products are held in INV
Fin

 at the prior time period with only obtained returns This 

causes costs associated with inventory to have AVG 145.  

CASE II: Overall profits show the decrease to AVG 312234 with STD 3227. With the 

chance for returned products to have more variance in quality, the results show a slight increase 

of costs in all processes. As returns also have different quality levels, the inventory levels on 
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finished goods are accumulated with AVG 3372 by depending on only returns without any 

procurement of new parts. 

Overall, it shows that the range of quality levels on returns is one of the factors 

affecting the change of profits. As the quality levels have higher uncertainty, the results show 

decreasing profits with a wide range in profits as shown in Figure 7. Even though the processing 

costs show little difference in two cases compared to the base model, the increase range in 

quality level of obtained products causes the model to keep some inventories in finished goods. 

 

 
Figure 7 Change in Profits by Uncertain Quality 

 

Also, in the comparison of the sorting level, CASE II compared to CASE I shows less 

sorting levels with less STD, which indicates that worse quality levels require the system to 

have more flexible sorting levels as shown in Figure 8. 
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Figure 8 Change in Sorting Level by Uncertain Quality 

 

8.3.Uncertainty in Both Demand and Quality Levels 

In this section, it is investigated how the model shows a difference when both demand 

and quality levels are uncertain with 4 different cases as shown in Table 11. In the case of 

quality level, the data are generated by following Table 11 in Chapter 5.  

In the remanufacturing system, both demand and quality for obtained products are the 

critical factor affecting the system. From this investigation, which factor affects the change in 

performance is studied and it allows a remanufacturer to focus more on the improvement of 

performance.  

Table 11 Description of Used Data 

CASE Demand (CV) Quality 
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III 20% LOW 

IV 20% HIGH 
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CASE I: The results show profits of AVG 309680 with STD 13096. Overall costs are 

AVG 48304 with STD 2963. The values of average sorting level are 0.98, 0.94, 0.94, 0.86, and 

0.94 for 5 periods. 

CASE II:  Compared to CASE I, this case has a higher uncertainty in quality. Overall 

results show the decrease of profit to AVG 306183 with STD 13013. Overall costs are 48678, 

which is slightly increased. As the quality has higher uncertainty, costs for INV
New

 increased to 

meet demand rather than making any stock-outs. Sorting levels are determined as 0.98, 0.96, 

0.95, 0.89, and 0.94 for 5 periods. 

CASE III : When this case is compared to CASE II, the result shows a small difference 

in profits with AVG 306901 while the STD value has a large difference with the increase to 

25256 from 13013 of CASE II. The AVG sorting levels for the 5 periods are 0.95, 0.90, 0.90, 

0.84, and 0.87. 

CASE IV : This case with higher uncertainty in both demand and quality shows the 

profits of AVG 304415 with STD 24979. The AVG sorting levels for the 5 periods are 0.96, 0.91, 

0.91, 0.87, and 0.88. The costs for INV
New

 are AVG 10782 with STD 9694.  

Overall, the higher level of uncertainty causes the profits to be decreased and costs 

associated with inventories in the procurement of new parts and finished goods to be increased 

as shown in Figure 9, while overall costs don’t show a large difference. From only the demand 

perspective, the results show a small difference in STD (CASE I and II vs. CASE III and IV). 

This may imply that the forecasting for demand is a more critical factor affecting the overall 

performance if the quality levels for obtained products are maintained within a certain range.   
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Figure 9 Change in Profits by Uncertainties 

 

 
Figure 10 Change in Inventory Costs 

 

As shown in Figure 10, overall inventory costs increase as the system has more 

uncertainty. Increasing uncertainties which the system faces also causes procurement of new 
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Figure 11 Sorting Levels for Each Time Period 

 

As the levels of uncertainty in demand and quality increase, the sorting levels are 

slightly lower than in other cases as shown in Figure 11. The increased uncertainty also causes 

the sorting level to have higher variations. 
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Chapter 9  

Conclusion to Dissertation 

9.1. Discussion 

9.1.1 Sorting 

The utilization of sorting process allows the system to have more accurate information 

to meet demand with minimal overall costs. The full utilization in sorting leads the system to 

obtain less quantity from acquisition. However, the results of sensitivity analysis of the 

disassembly processing cost (C
MQ

) and quality level of used products and disassembled parts 

show that all used products classified as being medium quality are not disassembled. Higher 

disassembly processing cost (C
MQ

) and the lower quality level of used products and 

disassembled parts cause all used products with medium quality to be disposed of rather than 

disassembled and all demands to be met with reassembled products made with only new parts. 

The better quality level of used products causes all demand to be met with only refurbished 

products and all used products classified as medium quality level to be disposed of.  

The results of constrained capacity, along with uncertain demand and quality level, also 

show that some used products with medium quality are not to be disassembled, representing 

the sorting process as not fully utilized. In the case of the reassembly process being 

constrained, for instance, the constrained process causes the sorting process to not be fully 

used. This causes the demand to be satisfied with the use of both returned products from 

acquisition and the procurement of new parts. 

As the results of uncertain demand and quality level show, the sorting level depends on 

the uncertainty levels in both demand and quality. As the uncertainty level increases, it causes 

more returned products classified as medium quality to be disposed of and more inventories for 

finished goods to be in stock.  

The overall results for sorting level suggest that some level of flexibility is required to 

avoid the loss of profits in consideration of constrained capacity and uncertain environment.  
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9.1.2 Acquisition 

The level of demand primarily determines the quantity from acquisition as the results of 

the sensitivity analysis and the extension of the base model show.  

While the increase of the disassembly processing cost (C
MQ

) and the quality level of 

disassembled parts (γb) affects the increase of quantity from acquisition, the higher disposal 

processing cost (C
LQ

), the lower procurement cost for new parts (C
NP

), and the lower quality 

level of used products lead the system to rely on the procurement of new parts to meet given 

demands rather than obtaining used products on the acquisition process.  

The results of the extension of the base model show that the constrained capacity 

causes more used products to be purchased than the actual quantity required at unconstrained 

time periods as shown in the case of constrained capacity in the disassembly and reassembly 

processes. On the other hand, the constrained capacities in the acquisition and refurbishing 

processes cause the purchased quantity of used products to be reduced and to purchase new 

parts to obtain the necessary quantity of reassembled product.  

The results under uncertainty show no difference in the quantity from acquisition since 

overall demand levels for given time periods are the same while they show the differences in 

inventory levels for finished goods. Higher uncertainty causes the model to keep more 

inventories of finished goods and increasing costs associated with inventories. 

 

9.1.3 Capacity 

The results of constrained capacity in the process show that one constrained process 

affects overall remanufacturing processes. For instance, the constrained capacity on the 

acquisition process causes less quantity of parts or products to be processed on later 

processes associated with the determination of the capacities of later processes. The 

constrained capacities on acquisition and refurbishing processes cause new parts to be 
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procured. The constrained capacities on disassembly and reassembly processes cause the 

sorting process not to be fully utilized in some time periods.  

Overall results show that the constrained capacity of one process affects the capacity 

utilization of other processes as well as the sorting level and the quantity on acquisition.  

 

9.1.4 Multiple Suppliers 

Relying on multiple suppliers, a remanufacturer needs to consider both quality level and 

the acquisition cost for returns. Using multiple suppliers, however, shows that even if a supplier 

is able to furnish returns at a cheaper price, a remanufacturer puts more emphasis on quality 

level than price. One reason why the quality level of return is more important than the 

acquisition price would be the processing cost of the remanufacturing system. Compared with 

the processing cost for reassembled finished goods, the cost of refurbished finished goods is 

less. Thus, on the selection of better suppliers, the processing cost of the remanufacturing 

system also needs to be considered.  

 

9.1.5 Secondary Market 

 The results show that the existence of a secondary market for disassembled parts 

contributes to increased profits. It causes the demands for finished goods to be met with more 

refurbished products than reassembled ones, while the demands for disassembled parts are 

satisfied with products classified as medium-quality level. As the quantity of used products and 

the capacity of processes are sufficient, the secondary market helps the remanufacturing 

system to increase profits by maximizing the quantity of disassembled parts and to expect more 

refurbished products resulting in the reduction of the quantity of reassembled products.  
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9.2 Limitations and Future Research 

In developing the model, this study made a number of assumptions that could be 

relaxed in future research.  

While the proportion of quality levels for returns is known as βH, βM, and βL, the quality 

level of each returned product can be more complicated. As mentioned before, different factors 

such as the degree of usage by the end-user would solely or synthetically affect the quality level 

of returns. In a similar vein, it is assumed that all usable parts after disassembly are the same 

quality level. Each part would actually have a different fraction in either γb or γg. Thus in future 

research, the assumption for known quality level could be relaxed.  

While acquisition cost is considered to be the same for all time periods, the acquisition 

cost could vary depending on the market demand for remanufactured products, availability, or 

quality level as multiple suppliers in the extension of the base model are considered. Similarly, 

the cost for new parts is considered to be the same regardless of which part is required, while 

the necessary parts would be different. Each new part would be purchased at a different price, 

and its inventory cost would need to be differently managed.  

In this study, the differences in processing time have not been considered. For the 

remanufacturer, each returned product may have a different processing time based on its 

quality level. The difference in each processing time also causes returned products or 

disassembled parts to be queued, causing inventories on used or new parts to be stocked.  

The demand levels for finished goods and used parts are arbitrarily given in the 

extension of the base model. The demand level of remanufactured products would follow a 

general product life cycle or different pattern. Thus different demand cycles in future research 

could be considered.  

Products throughout refurbishing or reassembling processing are considered to be the 

same finished good. These products would be differently recognized by markets, causing the 
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remanufacturer to consider multiple markets. This may require different inventory management 

for refurbished or reassembled products.  

The determination of capacity level in each processing process is based on the results 

of the base model. The capacity level of one process is correlated with other processes. For 

instance, a lower capacity level for the acquisition process causes the required capacity level of 

other processes to be lower due to reduced quantities in the following processes. The capacity 

management for processes would need to be differently managed with different processing 

times and costs. There would be some optimal balances among different processes.  

In the consideration of multiple suppliers, each supplier has different quality levels and 

available quantities. Suppliers may also have different quantity and quality levels in different 

time periods. Such differences affect the capacity utilization of a remanufacturer. For instance, 

when one supplier has a higher proportion of βH and the remanufacturer highly depends on that 

supplier, a higher capacity level in the refurbishing process would be required. In a similar vein, 

the remanufacturer needs to differently manage for different suppliers with different acquisition 

costs by considering the required quantity and capacity level.  

 

9.3 Contributions 

This study provides important insights associated with the remanufacturing processes. 

Even though previous studies on remanufacturing have been extensively done on various 

facets, such studies have shown limitations in fully understanding the complicated 

remanufacturing process or in applying them in different remanufacturing environments based 

on their assumptions. Also, most studies in their models consider that market demand is met 

with remanufactured and new products. Li et al. (2009) argue that the study of the dedicated 

remanufactured processes is still in a nascent stage, but this study shows that the simultaneous 

consideration of the relationships among acquisition, sorting, and remanufacturing processes 
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should contribute to a better understanding of the dynamic characteristics in dedicated 

remanufacturing processes.  

The growing recognition of the importance of remanufacturing from a strategic 

perspective has caused intense competitiveness in the remanufacturing market. The shortened 

product life cycle requires flexible processes within a remanufacturing facility, which would be 

an additional constraint on a remanufacturer besides the uncertain returns and quality. 

Understanding of the dynamic relationships among processes is critical for a remanufacturer to 

improve its process by overcoming potential problems coming from such environments. For 

instance, the achievement of quick processing using optimal sorting policies for acquisition of 

returned products is a critical factor affecting the remanufacturing performance for a 

remanufacturer handling time-sensitive products. Thus, from a practical point of view, this study 

may provide the decision maker with the guidelines to understand such dynamic relationships in 

the remanufacturing process as a decision-making tool by various what-if analyses. 
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Appendix A 

Remanufacturing Process 
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Appendix B 
 

The Extension of Base Model
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Appendix C 

The Results of Sensitivity Analysis 
 
 



 

 

8
3

 

The Output in Base Model 

Profits Sort 
Quantity Costs 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

62703 1 1481 444 740 296 555 0 7407 9888 4444 888 3703 296 555 0 0 0 

 

6.1. The Change of Disassembly Processing Cost (C
MQ

 ) 

C
MQ

 
per 
unit 

Profits Sort 
Quantity Costs 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

4 63444 1 1481 444 740 296 555 0 7407 9148 4444 888 2962 296 555 0 0 0 

5 62703 1 1481 444 740 296 555 0 7407 9888 4444 888 3703 296 555 0 0 0 

6 61962 1 1481 444 740 296 555 0 7407 10629 4444 888 4444 296 555 0 0 0 

7 61222 1 1481 444 740 296 555 0 7407 11370 4444 888 5185 296 555 0 0 0 

•••                   

10 59000 1 1481 444 740 296 555 0 7407 13592 4444 888 7407 296 555 0 0 0 

11 59000 0 3333 1000 0 2333 0 0 16666 4333 0 2000 0 2333 0 0 0 0 

 
6.2. The Change of Disposal Processing Cost (C

LQ
) 

C
LQ

 
per 
unit 

Profits Sort 
Quantity Costs 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

0.5 62851 1 1481 444 740 296 555 0 7407 9740 4444 888 3703 148 555 0 0 0 

1 62703 1 1481 444 740 296 555 0 7407 9888 4444 888 3703 296 555 0 0 0 

1.5 62555 1 1481 444 740 296 555 0 7407 10037 4444 888 3703 444 555 0 0 0 

•••                   

70 42259 1 1481 444 740 296 555 0 7407 30333 4444 888 3703 20740 555 0 0 0 

71 42000 1 0 0 0 0 1000 6000 0 8000 8000 0 0 0 0 0 0 0 

 

  



 

 

8
4

 

6.3. The Change of Procurement Cost ( ) from 1 to 0.5 

Profits Sort 
Quantity Costs 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

63000 1 0 0 0 0 0 6000 0 8000 8000 0 0 0 0 0 9000 0 

 

  



 

 

8
5

 

6.5. The Change of the quality level ( H,M, L)  

CASE from 1 to 12 

CASE 1 2 3 4 5 6 7 8 9 10 11 12 

βH 0.8 0.7 0.7 0.6 0.6 0.6 0.5 0.5 0.5 0.5 0.4 0.4 

βM 0.1 0.2 0.1 0.3 0.2 0.1 0.4 0.3 0.2 0.1 0.5 0.4 

βL 0.1 0.1 0.2 0.1 0.2 0.3 0.1 0.2 0.3 0.4 0.1 0.2 

Quantity 

Sorting 0 0 0 0 0 0 0 0 0 0 1 1 

AC 1250 1428 1428 1666 1666 1666 2000 2000 2000 2000 1290 1428 

Q
HQ

 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 516 571 

Q
DHQ

 0 0 0 0 0 0 0 0 0 0 645 571 

Q
DLQ

 250 428 428 666 666 666 1000 1000 1000 1000 129 285 

Q
AS

 0 0 0 0 0 0 0 0 0 0 483 428 

P
NR

 0 0 0 0 0 0 0 0 0 0 0 0 

Profits and Costs 

Profits 71500 70428 70428 69000 69000 69000 67000 67000 67000 67000 64806 64714 

C
AC

 6250 7142 7142 8333 8333 8333 10000 10000 10000 10000 6451 7142 

C
ALL

 2250 2428 2428 2666 2666 2666 3000 3000 3000 3000 8741 8142 

C
AS

 0 0 0 0 0 0 0 0 0 0 3870 3428 

C
HQ

 2000 2000 2000 2000 2000 2000 2000 2000 2000 2000 1032 1142 

C
MQ

 0 0 0 0 0 0 0 0 0 0 3225 2857 

C
LQ

 250 428 428 666 666 666 1000 1000 1000 1000 129 285 

C
DD

 0 0 0 0 0 0 0 0 0 0 483 428 

INV
Used

 0 0 0 0 0 0 0 0 0 0 0 0 

INV
NEW

 0 0 0 0 0 0 0 0 0 0 0 0 

INW
Fin

 0 0 0 0 0 0 0 0 0 0 0 0 

  



 

 

8
6

 

CASE from 13 to 24 

CASE 13 14 15 16 17 18 19 20 21 22 23 24 

βH 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.2 

βM 0.3 0.2 0.1 0.6 0.5 0.4 0.3 0.2 0.1 0.7 0.6 0.5 

βL 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 

Quantity 

Sorting 1 1 1 1 1 1 1 1 1 1 1 1 

AC 1600 1818 2105 1333 1481 1666 1904 2222 2666 1379 1538 1739 

Q
HQ

 640 727 842 400 444 500 571 666 800 275 307 347 

Q
DHQ

 480 363 210 800 740 666 571 444 266 965 923 869 

Q
DLQ

 480 727 1052 133 296 500 761 1111 1600 137 307 521 

Q
AS

 360 272 157 600 555 500 428 333 200 724 692 652 

P
NR

 0 0 0 0 0 0 0 0 0 0 0 0 

Profits and Costs 

Profits 64600 64454 64263 63000 62703 62333 61857 61222 60333 61068 60538 59869 

C
AC

 8000 9090 10526 6666 7407 8333 9523 11111 13333 6896 7692 8695 

C
ALL

 7400 6454 5210 10333 9888 9333 8619 7666 6333 12034 11769 11434 

C
AS

 2880 2181 1263 4800 4444 4000 3428 2666 1600 5793 5538 5217 

C
HQ

 1280 1454 1684 800 888 1000 1142 1333 1600 551 615 695 

C
MQ

 2400 1818 1052 4000 3703 3333 2857 2222 1333 4827 4615 4347 

C
LQ

 480 727 1052 133 296 500 761 1111 1600 137 307 521 

C
DD

 360 272 157 600 555 500 428 333 200 724 692 652 

INV
Used

 0 0 0 0 0 0 0 0 0 0 0 0 

INV
NEW

 0 0 0 0 0 0 0 0 0 0 0 0 

INW
Fin

 0 0 0 0 0 0 0 0 0 0 0 0 

  



 

 

8
7

 

 
CASE from 25 to 36 

CASE 25 26 27 28 29 30 31 32 33 34 35 36 

βH 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

βM 0.4 0.3 0.2 0.1 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 

βL 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Quantity 

Sorting 1 1 1 1 1 1 1 1 1 1 1 1 

AC 2000 2352 2857 3636 1428 1600 1818 2105 2500 3076 4000 0 

Q
HQ

 400 470 571 727 142 160 181 210 250 307 400 0 

Q
DHQ

 800 705 571 363 1142 1120 1090 1052 1000 923 800 0 

Q
DLQ

 800 1176 1714 2545 142 320 545 842 1250 1846 2800 0 

Q
AS

 600 529 428 272 857 840 818 789 750 692 600 1000 

P
NR

 0 0 0 0 0 0 0 0 0 0 0 6000 

Profits and Costs 

Profits 59000 57823 56142 53545 59000 58200 57181 55842 54000 51307 47000 42000 

C
AC

 10000 11764 14285 18181 7142 8000 9090 10526 12500 15384 20000 0 

C
ALL

 11000 10411 9571 8272 13857 13800 13727 13631 13500 13307 13000 8000 

C
AS

 4800 4235 3428 2181 6857 6720 6545 6315 6000 5538 4800 8000 

C
HQ

 800 941 1142 1454 285 320 363 421 500 615 800 0 

C
MQ

 4000 3529 2857 1818 5714 5600 5454 5263 5000 4615 4000 0 

C
LQ

 800 1176 1714 2545 142 320 545 842 1250 1846 2800 0 

C
DD

 600 529 428 272 857 840 818 789 750 692 600 0 

INV
Used

 0 0 0 0 0 0 0 0 0 0 0 0 

INV
NEW

 0 0 0 0 0 0 0 0 0 0 0 30000 

INW
Fin

 0 0 0 0 0 0 0 0 0 0 0 0 
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6.6. The Change of Quality level of Parts (  and ) 

ϒb Profits Sort 
Quantity Costs 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

0.05 64290 1 1290 387 645 258 613 0 6452 9258 4903 774 3226 258 97 0 0 0 

0.15 63552 1 1379 414 690 276 586 0 6897 9552 4690 828 3448 276 310 0 0 0 

0.25 62703 1 1481 444 740 296 555 0 7407 9889 4444 888 3703 296 555 0 0 0 

0.35 61720 1 1600 480 800 320 520 0 8000 10280 4160 960 4000 320 840 0 0 0 

0.45 60565 1 1739 522 870 348 478 0 8696 10739 3826 1043 4348 348 1174 0 0 0 

0.55 59190 1 1905 571 952 381 429 0 9524 11286 3429 1143 4762 381 1571 0 0 0 

0.65 59000 0 3333 1000 0 2333 0 0 4333 4333 0 2000 0 2333 0 0 0 0 

0.75 59000 0 3333 1000 0 2333 0 0 4333 4333 0 2000 0 2333 0 0 0 0 

0.85 59000 0 3333 1000 0 2333 0 0 4333 4333 0 2000 0 2333 0 0 0 0 

0.95 59000 0 3333 1000 0 2333 0 0 4333 4333 0 2000 0 2333 0 0 0 0 
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Appendix D 

The Results of The Extension of Base Model 
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Extension of Base Model with Multi-Periods 
 
 

Time Demand Sort 
Quantity Inventory Level 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 INV
Used

 INV
New

 INV
Fin

 

1 1000 1 1481 444 740 296 555 0 0 0 0 

2 1200 1 1777 533 888 355 666 0 0 0 0 

3 1000 1 1481 444 740 296 555 0 0 0 0 

4 800 1 1185 355 592 237 444 0 0 0 0 

5 1000 1 1481 444 740 296 555 0 0 0 0 

 

Profits 
Costs 

C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

313518 37037 49444 22222 4444 18518 1481 2777 0 0 0 
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7.1 Constrained Acquisition Process (CAPS) 
7.1.1. Capacity with 1700 
 

Time Demand Sort 
Quantity Inventory Level 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 INV
Used

 INV
New

 INV
Fin

 

1 1000 1 1559 468 780 312 585 0 0 0 53 

2 1200 1 1700 510 850 340 638 0 0 0 0 

3 1000 1 1481 444 741 296 556 0 0 0 0 

4 800 1 1185 356 593 237 444 0 0 0 0 

5 1000 1 1481 444 741 296 556 0 0 0 0 

 

Profits 
Costs 

C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

313414 37037 49444 22222 4444 18519 1481 2778 0 0 105 

 
 
7.1.2. Capacity with 1400 
 

Time Demand Sort 
Quantity Inventory Level 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 INV
Used

 INV
New

 INV
Fin

 

1 1000 1 1400 420 700 280 580 330 0 0 0 

2 1200 1 1400 420 700 280 780 1530 0 0 0 

3 1000 1 1400 420 700 280 580 330 0 0 0 

4 800 1 1266 380 633 253 475 0 0 0 55 

5 1000 1 1400 420 700 280 525 0 0 0 0 

 

Profits 
Costs 

C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

305851 34333 46775 23520 4120 17166 1373 2575 0 10950 110 
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7.2. Constrained refurbishing process (CAPR) 
 
7.2.1. Capacity with 500 

Time Demand Sort 
Quantity Inventory Level 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 INV
Used

 INV
New

 INV
Fin

 

1 1000 1 1592 477 796 318 597 0 0 0 75 

2 1200 1 1666 500 833 333 625 0 0 0 0 

3 1000 1 1481 444 740 296 555 0 0 0 0 

4 800 1 1185 355 592 237 444 0 0 0 0 

5 1000 1 1481 444 740 296 555 0 0 0 0 

 

Profits 
Costs 

C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

313368 37037 49444 22222 4444 18518 1481 2777 0 0 150 

 
 
 
 
7.2.2. Capacity with 400 

Time Demand Sort 
Quantity Inventory Level 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 INV
Used

 INV
New

 INV
Fin

 

1 1000 1 1333 400 666 266 600 600 0 0 0 

2 1200 1 1333 400 666 266 800 1800 0 0 0 

3 1000 1 1333 400 666 266 600 600 0 0 0 

4 800 1 1333 400 666 266 500 0 0 0 100 

5 1000 1 1333 400 666 266 500 0 0 0 0 

 

Profits 
Costs 

C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

302966 33333 48500 24000 4000 16666 1333 2500 0 15000 200 
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7.3. Constrained Disassembly Process (CAPD) 

7.3.1. Constrained Disassembly Process with 800 
 

Time Demand Sort 
Quantity Inventory Level 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 INV
Used

 INV
New

 INV
Fin

 

1 1000 1 1600 480 800 320 600 0 0 0 80 

2 1200 0.92 1733 520 800 413 600 0 0 0 0 

3 1000 1 1481 444 741 296 556 0 0 0 0 

4 800 1 1185 356 593 237 444 0 0 0 0 

5 1000 1 1481 444 741 296 556 0 0 0 0 

 

Profits 
Costs 

C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

313210 37407 49222 22044 4489 18370 1563 2756 0 0 160 

 
 
 
 
 
7.3.2. Constrained Disassembly Process with 700 
 

Time Demand Sort 
Quantity Inventory Level 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 INV
Used

 INV
New

 INV
Fin

 

1 1000 0.88 1583 475 700 408 525 0 0 0 0 

2 1200 0.62 2250 675 700 875 525 0 0 0 0 

3 1000 0.88 1583 475 700 408 525 0 0 0 0 

4 800 1 1266 379 633 253 474 0 0 0 54 

5 1000 1 1400 420 700 280 525 0 0 0 0 

 

Profits 
Costs 

C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

312056 40416 47416 20600 4850 17166 2225 2575 0 0 109 
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7.4. Constrained reassembly capacity (CAPM):  

7.4.1. Constrained reassembly capacity (CAPM) with 600:  
 

Time Demand Sort 
Quantity Inventory Level 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 INV
Used

 INV
New

 INV
Fin

 

1 1000 1 1600 480 800 320 600 0 0 0 80 

2 1200 0.92 1733 520 800 413 600 0 0 0 0 

3 1000 1 1481 444 741 296 556 0 0 0 0 

4 800 1 1185 356 593 237 444 0 0 0 0 

5 1000 1 1481 444 741 296 556 0 0 0 0 

 

Profits 
Costs 

C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

313210 37407 49222 22044 4489 18370 1563 2756 0 0 160 

 
 
 
 
 
 
 
 
 
7.4.2. Constrained reassembly capacity (CAPM) with 500:  
 

Time Demand Sort 
Quantity Inventory Level 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 INV
Used

 INV
New

 INV
Fin

 

1 1000 0.8 1666 500 666 500 500 0 0 0 0 

2 1200 0.57 2333 700 666 966 500 0 0 0 0 

3 1000 0.8 1666 500 666 500 500 0 0 0 0 

4 800 1 1333 400 666 266 500 0 0 0 100 

5 1000 1 1333 400 666 266 500 0 0 0 0 

 

Profits 
Costs 

C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

311466 41666 46666 20000 5000 16666 2500 2500 0 0 200 

 
 
 
 
 
 
 
 
 
 
 
 



 

 95 

 
 
7.5. Multiple Suppliers 
 
Information for Available Suppliers 

  

 

 

 

 

 

 

 

 

 

Available Quantity 400 500 600 700 800 

Quality 
Level 

 0.5 0.4 0.3 0.2 0.1 

 0.3 0.5 0.4 0.5 0.8 

 0.2 0.1 0.3 0.3 0.1 

Cost for acquisition ( ) 5.2 5.1 4.9 4.8 4.6 

 
Outputs for Multiple Suppliers 

Time 
Suppliers 

S1 S2 S3 S4 S5 

1 400 500 600 0 0 

2 400 500 600 217 0 

3 400 500 538 0 0 

4 400 500 204 0 0 

5 400 500 538 0 0 

Cost For Supplieri 10400 12750 12148 1043 0 

 

Time Demand Sort 
Quantity Inventory Level 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 INV
Used

 INV
New

 INV
Fin

 

1 1000 1 1500 580 610 310 458 0 0 0 38 

2 1200 1 1717 623 719 375 539 0 0 0 0 

3 1000 1 1438 561 585 291 439 0 0 0 0 

4 800 1 1104 461 452 191 339 0 0 0 0 

5 1000 1 1438 561 585 291 439 0 0 0 0 

 

Profits 
Costs 

C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

321883 36341 41700 17702 5574 14752 1459 2213 0 0 75 
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7.6. Secondary Market for Used Part 
 

Time Demand Sort 
Quantity Inventory Level 

AC Q
HQ

 QD
MQ

 QD
LQ

 Q
AS

 P
NR

 INV
Used

 INV
New

 INV
Fin

 

1 1000 1 1604 481 802 320 518 0 0 0 0 

2 1200 1 1901 570 950 380 629 0 0 0 0 

3 1000 1 1604 481 802 320 518 0 0 0 0 

4 800 1 1308 392 654 261 407 0 0 0 0 

5 1000 1 1604 481 802 320 518 0 0 0 0 

 

Profits 
Costs 

C
AC

 C
ALL

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
Used

 INV
New

 INV
Fin

 

347145 40123 50231 20740 4814 20061 1604 3009 0 0 0 
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Appendix E 

The Results under Uncertain Demand 
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8

 

 

 
CASE 

 
TIME 

ST 
Quantity 

Q
HQ

 QD
MQ

 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

I 
AVG 0.97 0.96 0.96 0.95 0.93 444 533 444 356 444 717 853 712 565 691 

STD 0.08 0.09 0.08 0.09 0.10 0 0 0 0 0 59 77 56 51 76 

II 
AVG 0.97 0.96 0.96 0.95 0.93 444 533 444 356 444 717 853 712 565 691 

STD 0.08 0.09 0.08 0.09 0.10 0 0 0 0 0 59 77 56 51 76 

III 
AVG 0.94 0.93 0.92 0.90 0.86 444 533 444 356 444 695 825 678 532 639 

STD 0.14 0.15 0.17 0.19 0.21 0 0 0 0 0 107 134 127 111 153 

IV 
AVG 0.94 0.93 0.92 0.90 0.86 444 533 444 356 444 695 825 678 532 639 

STD 0.14 0.15 0.17 0.19 0.21 0 0 0 0 0 107 134 127 111 153 

 

 
CASE 

 
TIME 

Quantity 

QD
LQ

 Q
AS

 P
NR

 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

I 
AVG 320 391 325 264 346 538 640 534 424 518 0 0 0 0 0 

STD 59 77 56 51 76 44 58 42 39 57 0 0 0 0 0 

II 
AVG 320 391 325 264 346 580 675 555 437 537 252 211 127 79 111 

STD 59 77 56 51 76 85 95 69 55 81 366 371 271 187 266 

III 
AVG 342 419 359 298 398 521 619 509 399 479 0 0 0 0 0 

STD 107 134 127 111 153 80 101 95 83 115 0 0 0 0 0 

IV 
AVG 342 419 359 298 398 600 690 554 430 517 475 424 269 187 226 

STD 107 134 127 111 153 158 180 148 121 165 690 749 559 423 543 

AVG : Average & STD : Standard Deviation 
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CASE 

 
TIME 

Quantity 

INV
USED

 INV
NEW

 INV
FIN

 Stock-Outs 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 WF1 WF2 WF3 WF4 WF5 

I 
AVG 0 0 0 0 0 0 0 0 0 0 22 33 31 22 0 42 35 21 13 18 

STD 0 0 0 0 0 0 0 0 0 0 42 54 49 40 0 61 61 45 31 44 

II 
AVG 0 0 0 0 0 0 0 0 0 0 22 33 31 22 0 0 0 0 0 0 

STD 0 0 0 0 0 0 0 0 0 0 42 54 49 40 0 0 0 0 0 0 

III 
AVG 0 0 0 0 0 0 0 0 0 0 43 63 55 46 0 79 71 45 31 38 

STD 0 0 0 0 0 0 0 0 0 0 83 102 95 82 3 115 125 93 70 90 

IV 
AVG 0 0 0 0 0 0 0 0 0 0 43 63 55 46 0 0 0 0 0 0 

STD 0 0 0 0 0 0 0 0 0 0 83 102 95 82 3 0 0 0 0 0 

 

CASE  PROFITs 
Costs 

C
ALL

 INV
COST

 C
AC

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
USED

 INVNEW INVFIN 

I 
AVG 303066 47664 216 37036 21229 4444 17691 1647 2654 0 0 216 

STD 7990 1893 248 0 1056 0 880 176 132 0 0 248 

II 
AVG 310613 48706 4117 37036 22270 4444 17691 1647 2654 0 3901 216 

STD 12104 2526 4036 0 1791 0 880 176 132 0 4109 248 

III 
AVG 292372 45842 414 37036 20212 4444 16843 1816 2526 0 0 414 

STD 15378 3678 478 0 2053 0 1711 342 257 0 0 478 

IV 
AVG 307658 47950 8321 37036 22320 4444 16843 1816 2526 0 7907 414 

STD 23924 4983 7895 0 3543 0 1711 342 257 0 8038 478 
AVG : Average & STD : Standard Deviation 
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Appendix F 

The Results under Uncertain Quality Level  
 
 
 



 

 

 

1
0
1

 

CASE TIME 
ST 

Quantity 

AC Q
HQ

 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

I 
AVG 1 1.00 0.99 0.99 0.99 1517 1774 1469 1199 1455 455 533 439 361 435 

STD 0 0.06 0.09 0.08 0.08 230 320 249 232 224 88 109 82 82 68 

II 
AVG 1 0.96 0.94 0.94 0.94 1786 1792 1433 1210 1256 530 547 438 371 374 

STD 0 0.20 0.24 0.23 0.23 608 909 801 741 568 255 322 276 263 174 

 
 
 
 

CASE TIME 

Quantity 

QD
MQ

 QD
LQ

 Q
AS

 P
NR

 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

I 
AVG 757 886 734 599 727 305 356 296 239 294 568 665 550 449 545 0 0 0 0 0 

STD 114 160 124 120 110 81 105 85 68 90 85 120 93 90 83 0 0 0 0 0 

II 
AVG 872 873 699 593 616 384 372 295 246 266 654 654 525 445 462 0 0 0 0 0 

STD 290 436 384 356 282 158 218 193 163 161 218 327 288 267 211 0 0 0 0 0 

AVG: Average & STD: Standard Deviation 
  



 

 

 

1
0
2

 

CASE TIME 

Quantity 

INV
USED

 INV
NEW

 INV
FIN

 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

I 
AVG 0 0 0 0 0 0 0 0 0 0 23 20 10 20 0 

STD 0 0 0 0 0 0 0 0 0 0 164 140 87 140 0 

II 
AVG 0 0 0 0 0 0 0 0 0 0 184 185 148 164 0 

STD 0 0 0 0 0 0 0 0 0 0 455 403 330 370 0 

 
 
 

CASE PROFITs 
Costs 

C
ALL

 C
AC

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
USED

 INV
NEW

 INV
FIN

 

I 
AVG 313348 49437 37071 22214 4447 18511 1489 2777 0 0 145 

STD 1670 989 978 529 132 441 186 66 0 0 536 

II 
AVG 312234 49015 37388 21922 4519 18268 1564 2740 0 0 1363 

STD 3227 2392 1776 1325 331 1104 333 166 0 0 1439 

AVG: Average & STD: Standard Deviation 
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Appendix G 

The Results under Uncertain Demand and Quality Level 
 
 
 
 
 
 
 



 

 

1
0
4

 

CASE TIME 
ST 

Quantity 

Q
HQ

 QD
MQ

 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

I 
AVG 0.98 0.94 0.94 0.86 0.94 423 539 440 399 436 687 845 691 567 677 

STD 0.07 0.11 0.10 0.15 0.10 39 51 41 39 42 57 104 82 101 81 

II 
AVG 0.98 0.96 0.95 0.89 0.94 410 525 427 384 417 677 840 685 580 666 

STD 0.06 0.10 0.10 0.15 0.11 77 99 83 73 80 83 121 100 113 99 

III 
AVG 0.95 0.90 0.90 0.84 0.87 422 539 438 397 432 669 807 658 558 632 

STD 0.14 0.19 0.19 0.22 0.20 41 52 42 39 41 101 171 144 147 148 

IV 
AVG 0.96 0.91 0.91 0.87 0.88 410 529 427 382 416 664 805 661 567 622 

STD 0.12 0.18 0.18 0.20 0.21 78 99 78 70 81 113 182 146 141 158 

 

CASE TIME 

Quantity 

QD
LQ

 Q
AS

 P
NR

 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

I 
AVG 298 411 338 362 336 594 674 550 429 521 469 239 191 24 78 

STD 64 104 81 95 78 97 115 93 81 75 499 426 360 111 229 

II 
AVG 322 431 357 365 365 607 693 561 445 530 597 377 284 59 180 

STD 95 121 102 101 92 112 129 110 92 102 614 572 487 190 393 

III 
AVG 317 451 373 373 385 618 681 551 433 502 700 456 348 85 166 

STD 105 172 143 142 146 175 206 174 128 145 844 779 673 284 446 

IV 
AVG 334 462 381 380 411 632 695 565 447 510 803 549 413 127 264 

STD 114 178 141 137 148 183 217 180 129 167 910 888 752 353 587 
AVG : Average & STD: Standard Deviation 
 
 
  



 

 

1
0
5

 

CASE TIME 

Quantity 

INV
USED

 INV
NEW

 INV
FIN

 Stock-Outs 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 WF1 WF2 WF3 WF4 WF5 

I 
AVG 0 0 0 0 0 0 0 0 0 0 11 27 14 44 0 0 0 0 0 0 

STD 0 0 0 0 0 0 0 0 0 0 30 50 36 60 0 0 0 0 0 0 

II 
AVG 0 0 0 0 0 0 0 0 0 0 14 33 26 51 0 0 0 0 0 0 

STD 0 0 0 0 0 0 0 0 0 0 37 64 56 71 0 0 0 0 0 0 

III 
AVG 0 0 0 0 0 0 0 0 0 0 28 55 38 67 0 0 0 0 0 0 

STD 0 0 0 0 0 0 0 0 0 0 65 100 77 103 3 0 0 0 0 0 

IV 
AVG 0 0 0 0 0 0 0 0 0 0 30 61 47 74 0 0 0 0 0 0 

STD 0 0 0 0 0 0 0 0 0 0 70 113 90 112 2 0 0 0 0 0 

 
 

CASE   PROFITs 
Costs 

C
ALL

 INV
COST

 C
AC

 C
AS

 C
HQ

 C
MQ

 C
LQ

 C
DD

 INV
USED

 INV
NEW

 INV
FIN

 

I 
AVG 309680 48304 5195 37253 22143 4475 17340 1745 2601 0 5003 192 

STD 13096 2963 4605 0 2064 192 1126 214 169 0 4662 234 

II 
AVG 306183 48678 7737 37253 22686 4325 17241 1840 2586 0 7488 249 

STD 13013 3164 6053 0 2314 370 1266 227 190 0 6144 300 

III 
AVG 306901 47746 9150 37253 22281 4456 16617 1899 2493 0 8775 375 

STD 25256 5380 8594 0 3791 198 1944 380 292 0 8725 468 

IV 
AVG 304415 48175 11207 37253 22793 4328 16598 1967 2490 0 10782 424 

STD 24979 5524 9534 0 4003 366 1963 364 294 0 9694 520 

AVG: Average & STD: Standard Deviation 
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