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Abstract: In remanufacturing research, most researchers predominantly 

emphasized on the recovery of whole product (core) rather than at the 

component level due to its complexity. In contrast, this paper addresses 

the challenges to focus on remanufacturing through component 

recovery, so as to solve production planning problems of hybrid 

remanufacturing and manufacturing systems (RMS). To deal with the 

uncertainties of quality and quantity of product returns, the processing 

time of remanufacturing, remanufacturing costs, as well as market 

demands, a robust optimization model were developed in this research 

and a case study was used to evaluate its effectiveness and efficiency. 

To strengthen this research, a sensitivity analysis of the uncertain 

parameters and the OEM’s pricing strategy was also conducted. The 

research finding shows that the market demand volatility leads to a 

significant increase in the under-fulfilment and a reduction in OEM’s 

profit. On the other hand, recovery cost reduction, as endogenous cost 

saving, encourages the OEM to produce more remanufactured products 

with the increase of market demand. Furthermore, the OEM may risk 

profit loss if they raise the price of new products, and inversely, they 

could gain more if the price of remanufactured products is raised. 

 

Keywords: Production planning, Remanufacturing, Uncertainty, Robust 
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1. Introduction 

Remanufacturing is “an industrial process in which worn-out products are 

restored to like-new condition” (Lund 1983); it is regarded as an environmentally and 

economically sound means to achieve some of the goals of sustainable development 

(Guide et al. 2000). Many firms have adopted core (and very limited on component) 

recovery in practice, such as remanufacturing of automobile components, single-use 

cameras, furniture, mobile-phone and personal computers. Although remanufacturing is 

more sustainable than the traditional way of manufacturing, it involves more uncertainty 

(Ilgin et al. 2011). The uncertainty is raised from the fact that end-of-use products are 

collected from multiple origins and forwarded to a single destination, which leads to 

both the quantity and quality uncertainties of the returned products (Gungor et al. 1999). 

Meanwhile, producers are facing market demand volatility caused by the competition of 

new and remanufactured products and the OEM’S pricing strategy (Ilgin et al. 2011), as 

well as customers’ tolerance for remanufactured products (Geraldo et al. 2006). As a 

result, the demand for both of the new and remanufactured products varies, which adds 

to the complexity of the manufacturers’ decision strategy. 

       Most researchers emphasized only on remanufacturing of whole product (i.e. core) 

rather than at the component level due to its complexity. Dong et al. (2011) and Han et 

al. (2013) are at the forefront of this research field by taking into account the production 

planning for hybrid remanufacturing and manufacturing systems (RMS) with 

component and product recovery in a multi-period environment. This paper further 

contributes to the literature by considering the uncertainties of product return’s quality, 

remanufacturing costs, and market demands. To address these uncertainties, this 

research developed a robust optimization approach, so as to assist the original 

equipment manufacturers (OEMs) to seek for an optimal solution to maximize their 

http://en.wikipedia.org/wiki/Automobile
http://en.wikipedia.org/wiki/Photocopier
http://en.wikipedia.org/wiki/Photocopier
http://en.wikipedia.org/wiki/Personal_computer
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total expected profit while extensively considering the various uncertainties. 

Specifically, greater insights were developed in this paper by allowing the cores 

returned to be dissembled and the components obtained to be reused for 

remanufacturing. By further assuming components recovered from the same batch could 

be used in different periods, the proposed model in this study is more in line with the 

reality. Besides, the proposed model is also able to provide a more concrete production 

strategy when it comes to components planning problems and suggestions with regard 

to production and market condition changes.  

The rest of this paper is organized as follows: In Section 2, the literature in relation 

to the remanufacturing problems is reviewed and Section 3 presents the conceptual 

model of a hybrid RMS. A robust optimization model for the hybrid RMS with 

component recovery is formulated in Section 4. In Section 5, a calculation is 

constructed to analyze the effectiveness and efficiency of the proposed model. 

Following that, the sensitivity analysis will be conducted in Section 6, and finally, the 

conclusions and future works will be given in the Section 7.  

 

2. Literature Review 

The literature review can be categorized into two streams. The first stream is 

related to the optimal policy for production planning of a hybrid RMS under uncertain 

environment. The second falls under the consideration of component recovery in 

remanufacturing production problems. 

With regard to the first stream, some researchers take into account the uncertainties 

encountered during remanufacturing production planning (Fleischmann 1997, Dekker et 

al. 2004, Mula et al. 2006). To deal with the uncertainties in remanufacturing systems, a 

number of models have been proposed. Flapper et al. (2013) used Markov decision 
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processes to investigate the optimal production policy at the minimal total costs (except 

for disposal costs and setup times), where manufacturing and remanufacturing 

operations are executed by the same single server. Reveliotis (2007) managed 

uncertainties in the context of optimal disassembly planning through learning-based 

strategies. There are other research works focusing on uncertain returns or demands 

(Wei et al. 2010, DeCrorix and Zipkin 2005, Depuy et al. 2007, Leung et al. 2007, Jin 

et al. 2011), stochastic quantity of product returns (Ferguson et al. 2009, Nenes et al. 

2010, Denizel et al. 2010, Cai 2013), uncertain processing time (Depuy et al. 2007, 

Tang and Grubbstrom 2005) and random yield of recovery process (Bakal and Akcali 

2006). However, these research works focused only on product (core) recovery. Çapraz 

et al. (2015) studied the best operational level decisions for a recovery facility to receive 

and handle waste electrical and electronic equipment (WEEE) and presented a mixed 

integer linear programming model to determine the recycling methods, types and 

quantities, and to provide the maximum bid price offer. Although assembly components 

are considered, the focus was to balance the use between different recycling methods. 

This proposed research inherits this stream by considering both production planning and 

remanufacturing operations.  

In the second stream, while considering components recovered or new parts 

procured, the OEM has to balance on how many and when to either recover 

disassembled components or use new ones to produce remanufactured or brand new 

products in order to maximize their profit. Since end-of-use products are collected from 

multiple origins and delivered to a single destination, returned products incorporate both 

uncertainties of quantity and quality (Gungor et al. 1999). Some of the returned 

products with good conditions will directly be recovered (a.k.a. core recovery), while 

some with bad conditions will be disassembled to valuable components (i.e. component 
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recovery). Although all the cores or components can be recovered to the same quality 

level, the recovery cost varies due to the uncertain qualities of returned products. 

Meanwhile, remanufactured products are the substitution of new products, but are 

usually sold at a lower price (Swaminathan, 2010). Due to the above complexity, most 

exiting papers considered only product recovery and very limited on component 

recovery (Whrbark et al. 2001, Franke et al. 2006, Depuy et al. 2007, Dong et al. 2011, 

Guo et al. 2014, Han et al. 2013). Whrbark et al. (2001) and Depuy et al. (2007) used 

the material requirement planning (MRP) approach to solve component recovery. 

Whrbark et al. (2001) focused on the production planning problems with component 

recovery under the situation of uncertain supply of used components and uncertain 

demand for remanufactured products. Depuy et al. (2007) predominantly considered the 

quality of returns and processing time variation at each production or assembly 

operation, and proposed a component purchase schedule model to avoid shortages in 

future periods with a low probability of meeting demand. However, MRP method is 

limited to highly uncertain returns and demands encountered in the remanufacturing 

systems. Guo et al. (2014) developed a multi-period stochastic dynamic program to 

study a firm’s disposition decision for returned end-of-use products, which can either be 

remanufactured and sold, or dismantled into parts that can be reused. However, they 

only consider the uncertain quantity of return goods, and neglected the lead time of 

recovery and customer segmentation. Franke et al. (2006) presented a remanufacturing 

system of mobile phones, which was similar to the system in this paper. The system 

included both core as well as component recovery. As they used linear optimization 

approach to solve the production problems, all the parameters were deterministic and 

the uncertainties in the system had not been explored. Dong et al. (2011) and Han et al. 

(2013) took into account the production planning for a hybrid RMS with production 
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capacity constraints, the recovery of components and products, uncertain quality and 

processing time of return items in a multi-period setting. This research adopted their 

approach of classifying components according to whether they can be recovered and 

used in the current period or later period due to the components’ different quality 

conditions. They include customer’s preferences for new or remanufactured products 

and segment the customers into three groups, which are customers who accept new 

products only, buy remanufactured products only, and no preference for new or 

remanufactured products. This paper improves this aspect by introducing the utility 

function of customers with their preference for remanufactured products and the product 

price as input parameters, which jointly influence the market demand for new and 

remanufactured products. This paper also contributed to the literature by considering the 

uncertain quantity of product returns and remanufacturing costs, which are deterministic 

in Han et al. (2013) and Dong et al. (2011). Furthermore, this research is also able to 

provide justifiable suggestions to the OEMs with respect to component recovery 

arrangement and production plans when the production and market conditions changed.  

In summary, this research extends the existing knowledge in production 

management of remanufacturing system. To the best of our knowledge, this research is 

at the forefront taking into account the production planning for hybrid RMS with 

components and products recovery under uncertain quality of returns and uncertain 

market demand for new or remanufactured products in a multi-period setting. 

 

3. Framework of the robust optimization model 

Robust optimization, first proposed by Soyster (1973), incorporates an uncertain data 

set to deal with uncertain parameters by considering worst cases. It has been 

successfully implemented to address with uncertain data on production management 
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(Mulvey et al. 1995, Bertsimas et al. 2004, Iyengar 2005). Robust optimization aims at 

finding optimal solutions that are robust to the final realization of any scenario a firm 

may face. In the basic term, several scenarios are specified according to the business 

environment, i.e. “good”, “fair”, or “poor” a firm would face. The probability each 

scenario would occur and the parameters, such as manufacturing cost and market 

demand characterizing each scenario, are based on the firm’s historical data and 

prediction. For example, in a good scenario, a firm might face a boom in the market 

demand and a price reduction of a necessary material. Robust optimization is suitable 

for cases under which probabilities of different scenarios are relatively evenly 

distributed (e.g. 𝑝𝑠 = {0.3,0.3,0.4} ), and no scenarios dramatically dominate others 

while the difference between the scenarios will result in a significant yield. 

Here, this paper briefly introduces the framework of robust optimization, and more 

details on robust optimization can be referred to Mulvey et al. (1995) and Yu and Li 

(2000). The basic robust optimization model is: 

Max𝛷 = 𝐸(𝜉) − 𝜆𝐸((𝑑𝑒𝑣(𝜉))2) − 𝜔𝐸(𝑧(𝛿𝑠)) (1) 

. .s t Ax b  (2) 

, {1,2, , }s s s s sB x C y e s S   
 (3) 

0, 0,sx y s    (4) 

𝛷  is the objective function and 𝑠  belongs to the scenario set 𝛺 . Under each 

scenario 𝑠, the parameters related to the control constraints vary with probability 𝑝𝑠 . 

𝜉and 𝐸(𝜉) denote the net present value and the expected net present value respectively. 

𝑑𝑒𝑣(𝜉) denotes the deviation of the realized net present value from the expected value, 

and measures the solution robustness, namely how close the obtained optimal solution 

of this model will be robust for any realization of the scenario 𝑠. 𝑧(𝛿𝑠) denotes the 

infeasibility of the problem and measures the model robustness, i.e. the expected 
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infeasibility of the obtained optimal solution for any realization of the scenario. The 

importance of these two robustness to the decision makers is reflected by 𝜆, 𝜔, which 

are the penalty parameters for the two robustness. x is the design variable set and 

Constrain (2) represents the certain aspects of the problem, i.e. the aforementioned 

structural constrain. 𝑦𝑠  is the control variable set for scenarios s. Constrain (3) 

incorporates the uncertain parameters of the problem and allows for infeasibility with 

respect to the primary linear constrains by introducing auxiliary variables 𝛿𝑠 . In this 

paper, 𝛿𝑠 is mainly used in demand fulfilment constrains, which will be presented in 

Section 4.2. 

It is worth noting that this research will emphasize more on the solution robustness 

measurement, i.e. the second term in the objective function. Its quadratic form requires 

a good deal of computation work for solving the robust optimization model. Yu and Li 

(2000) verified an efficient method to replace the quadratic term and the objective 

function can take the following form: 

maxΦ = ∑ 𝒑𝑠𝜉𝑠
𝑆
𝑠=1 − 𝜆 ∑ 𝒑𝑠{𝜉𝑠 − ∑ 𝒑𝑠′𝜉𝑠′

𝑆
𝑠′=1 + 2𝜃𝑠}𝑆

𝑠=1 − 𝜔 ∑ 𝒑𝑠𝛿𝑠
𝑆
𝑠=1 （5） 

s. t.  𝜉𝑠 − ∑ 𝒑𝑠𝜉𝑠

𝑆

𝑠=1

+ 𝜃𝑠 ≥ 0, for all sϵΩ  

𝜃𝑠 ≥ 0 for all sϵΩ 

As it is decided by the decision makers, the penalty parameter 𝜔 with a zero value 

may lead to an infeasible solution, while if it is large, the infeasibility will decrease and 

may lead to a lower objective value. 

In this case, the OEM needs to find a trade-off among the procurement cost, 

production cost, remanufacturing cost in a hybrid system, and the customer satisfaction 

to deal with uncertainties, in order to ensure that their production plan is optimal as a 

whole for any realization of the scenarios. 
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4. Robust Optimization Model for Hybrid Remanufacturing and Manufacturing 

Systems (RMS) 

4.1 Conceptual model 

The production and inventory system which was considered in this paper has been 

successfully implemented in a large manufacturer of mobile phone in China. Used 

mobile phones are collected at the customer site and transported to a disassembly plant 

for disassembly into components. The components, such as batteries, plastic housings, 

that satisfy certain specific quality requirements, are remanufactured in a 

remanufacturing plant. The components that do not satisfy the quality standards for 

remanufacturing are either used as spare-parts for the second-hand market or being 

disposed of. Owing to the local legislation or other reasons, some components, e.g. 

liquid crystal displays, are not allowed to be remanufactured. Taking the facts above, 

this paper classified all components into two groups: remanufacturable component 

group (RCG), which consists of components that can be either remanufacturable or new 

components (e.g. batteries, plastic housings, printed circuit boards in the mobile phone); 

un-remanufacturable component group (UCG), which refers to new components only 

(e.g. liquid crystal displays in the mobile phone). 

The production planning model of a hybrid RMS is shown in Figure 1. The stages 

are as follows: (1) Upon arrival of the returned products, they are subject to a 

preliminary quality inspection; (2) If the quality of the returned products is in good 

conditions, they can be stocked for future use or renewed as a remanufactured product 

after core refurbishing, which are relatively simple and time saving; (3) Disassembling 

– the remaining returns will be split into remanufacturable components (unusable 

components are then being disposed); (4) Component recovery - considering the 

uncertainties of quality and recovery time of splitting components, this research 
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classifies two types of remanufacturable components, Type A and Type B, in the hybrid 

RMS. Type A components, which may come from a rather new return, can either be 

stored or recovered to be used or resold in the current period. However, Type B 

components, which come from reasonable old returns with poor quality, will subject to 

longer time for recovery and to be used or resold in the future period; (5) Assembling – 

if a product is all assembled by new components, it is regarded as a new product, else if 

there is more than one remanufactured component in the assembled product, it is then 

regarded as a remanufactured product; (6) Finally, both new and remanufactured 

products will be released to the market in the current period.  

In general, the market demand for new and remanufactured products is influenced 

by the customers with different preferences and willingness to pay for remanufactured 

products; remanufactured products are only partial substitutes for new products, namely 

0 < 𝜎 < 1  (Ferguson 2006). Let variable 𝜏  characterize the type of consumers 

according to their valuation of the new product, the willingness-to-pay of customer type 

𝜏 for a remanufactured product is σ𝜏. Two extreme cases exist when the customer will 

only buy new products (σ = 0), and new and remanufactured products are perfect 

substitutes (σ = 1). The demand of new and remanufactured products can be identified 

as a pricing function of 𝑝𝑛 and 𝑝𝑟. The utility function of customer type 𝜏 choosing a 

new product will be 𝑈𝑛 = 𝜏 − 𝑝𝑛, and choosing a remanufactured product will be 𝑈𝑟 =

𝜎𝜏 − 𝑝𝑟. When 𝑈𝑛 > 𝑈𝑟 > 0, which means that 𝜏 >
𝑝𝑛−𝑝𝑟

1−σ
, the customer will buy a new 

product. Then, the demand function of new products can be expressed as 𝑄𝑡 −
𝑝𝑛−𝑝𝑟

1−𝜎
; 

when 𝑈𝑛 < 𝑈𝑟and 𝑈𝑟 > 0, which means that 
𝑝𝑛−𝑝𝑟

1−𝜎
> 𝜏 >

𝑝𝑟

𝜎
, the customer will buy a 

remanufactured product. The demand function of remanufactured products can be 

expressed as  
𝑝𝑛−𝑝𝑟

1−𝜎
−

𝑝𝑟

𝜎
. 
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Figure 1 Manufacturing/remanufacturing hybrid system model 
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Some key assumptions should be made when modelling the hybrid RMS. Firstly, this 

research considered only the multi-period production of a single product, which is under 

capacity constraints. The remanufacturing operation will not affect the manufacturing 

operation. The quality and quantity of returned products are uncertain. The cores and 

components can be recovered to the same quality level but the recovery time varies. 

Secondly, the production processes of new components and new products are simplified. 

This research assumed that the supply of raw materials is always sufficient and the 

production of new components and products can be well scheduled, thus the inventory 

of raw materials and new components is not considered in the model. Finally, 

backorders are not considered in the hybrid RMS. 

 

4.2 Mathematical model 

Based on the conceptual model above, a robust optimization model for the production 

planning in hybrid RMS is formulated. Three scenarios, good, fair, and poor, are 

specified and incorporated the quantity and quality uncertainties of the returned 

products, the correspondingly different recovery cost, and the stochastic market demand 

considering the consumers’ preference for remanufactured products. In order to 

maximize the profit, the OEM needs to determine the quantity of both new and 

remanufactured products over each period to respond to any realization of different 

scenarios.  

Indices 

𝑡 Planning horizon, and 𝑡 = 1, ⋯ , 𝑇 

𝑚 The number of components in RCG 

𝑛 The number of components in UCG 
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𝑖 

Code of all components. When the component belongs to the cores, 𝑖 ∈ {0};  when it 

belongs to the RCG, 𝑖 ∈ {1,2, … , 𝑚} ; when it belongs to UCG, 𝑖 ∈ {𝑚 + 1, 𝑚 +

2, … , 𝑚 + 𝑛} 

Parameters 

𝑝𝑛 Price of new products, constant every period 

𝑝𝑟 Price of remanufactured products, constant every period 

𝑝𝑖
𝑐 Price of recovered component (or core) 𝑖 ∈ {0,1, … , 𝑚} resold to other manufacturers 

𝐶𝐴𝑡 Unit assembly cost in period 𝑡 

𝐶𝑃𝑋𝑡
𝑖 Cost of producing a new component 𝑖 ∈ {1, … , 𝑚 + 𝑛} in period 𝑡 

𝐶𝑅𝐶𝑡
𝑖,𝑠

 

Cost of recovering a remanufacturable component i ∈ {1, … , 𝑚 + 𝑛} in period t under 

scenario s 

𝐶𝐻𝑃𝑡 Cost of holding a new or remanufactured product in period 𝑡 

𝐶𝐻𝐶𝑡
𝑖 Cost of holding a new or recovered component (or core) 𝑖 ∈ {0, … , 𝑚} in period 𝑡 

CIPt Cost of inspecting a returned product in period 𝑡 

CDPt Cost of discarding a returned product in period 𝑡 

CDCt
i Cost of discarding a unusable componenti ∈ {1, … , 𝑚} in period 𝑡 

𝑁𝐶𝑖 The number of the component 𝑖 ∈ {1, … , 𝑚 + 𝑛} make up each product 

𝑀𝐼 The maximum inventory of new and remanufactured  products 

𝑀𝐶 The maximum inventory of recovered components 

𝐿𝑁𝐶𝑡
𝑖 

Average labour hours required to produce a new component 𝑖 ∈ {1,2, … , 𝑚, 𝑚 + 𝑛} in 

period 𝑡 

𝐿𝑅𝐶𝑡
𝑖 

Average labour hours required to recover a component (or core) 𝑖 ∈ {0,1,2, … , 𝑚} in 

period 𝑡 

𝐿𝐴𝐶𝑡 Average labour hours required to assemble a new or remanufactured product in 
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period 𝑡 

𝑀𝑁𝐶𝑡
𝑖 

Average machine hours required to produce a new component 𝑖 ∈ {1,2, … , 𝑚, 𝑚 + 𝑛} 

in period 𝑡 

𝑀𝑅𝐶𝑡
𝑖 

Average machine hours required to recover a component (or core) 𝑖 ∈ {0,1,2, … , 𝑚} 

in period 𝑡 

𝑀𝐴𝐶𝑡 

Average machine hours required to assemble a new or remanufactured product in 

period 𝑡 

𝑀𝐿𝑡 Maximum available labour hours in period 𝑡 

𝑀𝑀𝑡 Maximum available machine hours in period 𝑡 

Control Variables 

𝑄𝑡
𝑠 Size of the potential market in period 𝑡 under scenario 𝑠 

𝜎𝑠 Potential customers’ tolerance for the remanufactured product under scenario s 

𝛼𝐴𝑡
𝑖,𝑠

 

Rate of yield on component recovery by component 𝑖 ∈ {1,2, … , 𝑚} of Type A in 

period 𝑡 under scenario 𝑠 

𝛼𝐵𝑡
𝑖,𝑠

 

Rate of yield on component recovery by component 𝑖 ∈ {1,2, … , 𝑚} of Type B in 

period 𝑡 under scenario 𝑠 

𝛼𝐶𝑡
𝑠 Rate of yield on component recovery by core in period 𝑡 under scenario 𝑠 

𝑇𝐷0
𝑠 

The initial total quantity of new and remanufactured products at the start of the 

planning horizon under scenario 𝑠 (units) 

𝑁𝐺𝐼0
𝑠 

The initial inventory level of new products at the start of the planning horizon under 

scenario 𝑠 (units) 

𝑅𝐺𝐼0
𝑠 

The initial inventory level of remanufactured products at the start of the planning 

horizon under scenario 𝑠 (units) 

𝑅𝑃𝐼0
𝑖,𝑠

 The initial inventory level of recovered component (or core) 𝑖 ∈ {0,1,2, … , 𝑚} at the 
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start of the planning horizon under scenario 𝑠 (units) 

Decision Variables 

 𝑋𝑡 Number of new products produced from all new components in period 𝑡 

 𝐶𝑌𝑡 

Number of remanufactured products recovered from some new and recovered 

components in period 𝑡 

 𝑅𝑌𝑈𝑡 Number of remanufactured products recovered from the cores in period 𝑡 

 𝑅𝑌𝑆𝑡 Number of the remanufacturable cores stored in period 𝑡 

 𝑅𝑌𝑅𝑡 Number of the remanufacturable cores resold in period 𝑡 

𝑃𝑋𝑁𝑡
𝑖 

Number of new component 𝑖 produced and used for new products at period 𝑡, 𝑖 ∈

{1,2, … , 𝑚 + 𝑛} 

𝑃𝑋𝑅𝑡
𝑖 

Number of new component 𝑖 produced and used for remanufactured at period 𝑡, 𝑖 ∈

{1,2, … , 𝑚 + 𝑛} 

𝑃𝑌𝑈𝑡
𝑖 Number of recovered component 𝑖 used in period 𝑡,𝑖 ∈ {1,2, … , 𝑚} 

𝑃𝑌𝑅𝑡
𝑖  Number of recovered component 𝑖resold in period 𝑡, 𝑖 ∈ {1,2, … , 𝑚} 

𝑃𝑌𝐴𝑆𝑡
𝑖  Number of recovered component 𝑖 of Type A stored in period 𝑡, 𝑖 ∈ {1,2, … , 𝑚} 

𝑃𝑌𝐵𝑆𝑡
𝑖 Number of recovered component 𝑖 of Type B stored in period 𝑡, 𝑖 ∈ {1,2, … , 𝑚} 

𝑇𝐷𝑡
𝑠 

Total quantity of new and remanufactured products in the market in period 𝑡 under 

scenario 𝑠 (units) 

𝑅𝐷𝐼𝑡
𝑠 

Total quantity of returned products to be inspected in the hybrid RMS in period t 

under scenario s (units) 

𝑅𝐷𝐷𝑡
𝑠 

Total quantity of returned products to be disposed in the hybrid RMS in period t 

under scenario s (units) 

𝑁𝐺𝐼𝑡
𝑠 The inventory level of new products at the end of period 𝑡 under scenario 𝑠 (units) 

𝑅𝐺𝐼𝑡
𝑠 The inventory level of remanufactured products at the end of period 𝑡 under scenario 
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𝑠 (units) 

𝑅𝑃𝐼𝑡
𝑖,𝑠

 

The inventory level of recovered component (or core) 𝑖 ∈ {0,1,2, … , 𝑚}at the end of 

period 𝑡 under scenario 𝑠 (units) 

 

4.2.1 Objective function 

(a) Revenue 

𝑇𝑅𝑠 = ∑ 𝑝𝑛(𝑋𝑡 − 𝑁𝐺𝐼𝑇
𝑠 + 𝑁𝐺𝐼0

𝑠)

𝑇

𝑡=1

+ ∑ 𝑝𝑟(𝐶𝑌𝑡 + 𝑅𝑌𝑈𝑡 − 𝑅𝐺𝐼𝑇
𝑠 + 𝑅𝐺𝐼0

𝑠)

𝑇

𝑡=1

+ ∑ 𝑝0
𝑐𝑅𝑌𝑅𝑡

𝑇

𝑡=1

+ ∑ ∑ 𝑝𝑖
𝑐𝑃𝑌𝑅𝑡

𝑖

𝑚

𝑖=1

𝑇

𝑡=1

 

(6) 

Expression (6) is the revenue function. The first term is the total revenue of new 

products, the second term is the total revenue of remanufactured products, the third term 

is the total revenue of reselling remanufacturable cores, and the fourth term is the total 

revenue of reselling the recovered components. 

(b) Assembly cost 

𝑇𝐴𝐶 = ∑ 𝐶𝐴𝑡𝑋𝑡

𝑇

𝑡=1

+ ∑ 𝐶𝐴𝑡𝐶𝑌𝑡

𝑇

𝑡=1

 (7) 

As for the assembly costs function, depicted as Expression (7), the first term is the 

assemble costs of new products and the second term is the assembly costs of 

remanufactured products. 

(c) Production cost 

𝑇𝑃𝐶 = ∑ ∑ 𝐶𝑃𝑋𝑡
𝑖(𝑃𝑋𝑁𝑡

𝑖 + 𝑃𝑋𝑅𝑡
𝑖)

𝑚

𝑖=1

𝑇

𝑡=1

 (8) 

The production cost of new components in Expression (8), which includes the 

procurement, labour and manufacturing cost, equals to the numbers of production 

multiplied by the unit cost of production. 
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 (d) Recovery cost 

𝑇𝑅𝐶𝑠 = ∑ 𝐶𝑅𝐶𝑡
0,𝑠(𝑅𝑌𝑈𝑡 +  𝑅𝑌𝑅𝑡)

𝑇

𝑡=1

+ ∑ ∑ 𝐶𝑅𝐶𝑡
𝑖,𝑠(𝑃𝑌𝑈𝑡

𝑖 + 𝑃𝑌𝑅𝑡
𝑖)

𝑚

𝑖=1

𝑇

𝑡=1

 (9) 

Expression (9) is the recovery cost function, in which the first term is the total 

recovery cost of remanufacturable cores under scenario𝑠, and the second term is the 

total recovery cost of remanufacturable components under scenario 𝑠. 

(e) Inventory cost 

𝑇𝐻𝐶𝑠 = ∑ 𝐶𝐻𝑃𝑡(𝑁𝐺𝐼𝑡
𝑠 + 𝑅𝐺𝐼𝑡

𝑠)

𝑇

𝑡=1

+ ∑ ∑ 𝐶𝐻𝐶𝑡
𝑖𝑅𝑃𝐼𝑡

𝑖,𝑠

𝑚

𝑖=0

𝑇

𝑡=1

 (10) 

In Expression (10), the first term is the total inventory cost of new and 

remanufactured products under scenario 𝑠, and the second term the total inventory cost 

of recovered components under scenario 𝑠. 

(f) Inspection and disposal cost 

𝑇𝐼𝐷𝑆𝑠 = ∑ 𝐶𝐼𝑃𝑡𝑅𝐷𝐼𝑡
𝑠

𝑇

𝑡=1

+ ∑ 𝐶𝐷𝑃𝑡𝑅𝐷𝐷𝑡
𝑠

𝑇

𝑡=1

+ ∑ 𝐶𝐷𝐶𝑡
0(1 − 𝛼𝐶𝑡

𝑠)𝑅𝐷𝐼𝑡
𝑠

𝑇

𝑡=1

+ ∑ ∑ 𝐶𝐷𝐶𝑡
𝑖(1 − 𝛼𝐴𝑡

𝑖,𝑠 − 𝛼𝐵𝑡
𝑖,𝑠)

𝑚

𝑖=1

𝑁𝐶𝑖𝑅𝐷𝐼𝑡
𝑠

𝑇

𝑡=1

 

(11) 

In the inspection and disposal cost function, the first term is the total inspection 

cost of returned products to be recovered, the second term is the disposal cost of unused 

returned products, and the last two terms are the disposal cost of unused cores and 

components. For the reason that a component cannot be Type A and Type B at the same 

time, 𝛼𝐴𝑡
𝑖,𝑠 + 𝛼𝐵𝑡

𝑖,𝑠 ≤ 1 must be set up for each component. 

According to the framework of robust optimization, the objective function for 

production planning of hybrid RMS under the uncertainties of market demand and 

remanufacturing is formulated as follows: 
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max ∑ 𝒑𝑠[𝑇𝑅𝑠 − (𝑇𝐴𝐶 + 𝑇𝑃𝐶 + 𝑇𝑅𝐶𝑠 + 𝑇𝐻𝐶𝑠 + 𝑇𝐼𝐷𝑆𝑠)]

𝑆

𝑠=1

− 𝜆 ∑ 𝒑𝑠 {[𝑇𝑅𝑠 − (𝑇𝐴𝐶 + 𝑇𝑃𝐶 + 𝑇𝑅𝐶𝑠 + 𝑇𝐻𝐶𝑠 + 𝑇𝐼𝐷𝑆𝑠)]

𝑆

𝑠=1

− ∑ 𝒑𝑠[𝑇𝑅𝑠 − (𝑇𝐴𝐶 + 𝑇𝑃𝐶 + 𝑇𝑅𝐶𝑠 + 𝑇𝐻𝐶𝑠 + 𝑇𝐼𝐷𝑆𝑠)]

𝑆

𝑠=1

+ 2𝜃𝑠}

− 𝜔 ∑ ∑ 𝒑𝑠(𝛿𝑁𝑡
𝑠 + 𝛿𝑅𝑡

𝑠 )

𝑇

𝑡=1

𝑆

𝑠=1

 

(12) 

The first and second terms are the mean and variance of total profit respectively, 

which denote solution robustness. The third term is the measurement of infeasibility 

associated with control Constraints (24) to (25) under scenario 𝑠, which  denotes model 

robustness. 

 

4.2.2. Structure constraints 

(a) Market demand constraints 

𝑇𝐷𝑡
𝑠 = 𝑁𝐺𝐼𝑡−1

𝑠 +  𝑋𝑡 − 𝑁𝐺𝐼𝑡
𝑠 + 𝑅𝐺𝐼𝑡−1

𝑠 +  𝐶𝑌𝑡 +  𝑅𝑌𝑈𝑡 − 𝑅𝐺𝐼𝑡
𝑠,    ∀ 𝑡 ∈ 𝑇, 𝑠 ∈ 𝑆 (13) 

Constraint (13) represents the total quantity of new and remanufactured products in 

the market in period 𝑡 equals to the total quantity of new and remanufactured products 

produced and recovered from the hybrid RMS plus the inventory change of new and 

remanufactured products during period 𝑡.  

(b) Production constraints 

𝑁𝐶𝑖𝑋𝑡 = 𝑃𝑋𝑁𝑡
𝑖 ,    ∀ 𝑖 ∈ {1,2, … , 𝑚 + 𝑛}, 𝑡 ∈ 𝑇 (14) 

𝑁𝐶𝑖𝐶𝑌𝑡 = 𝑃𝑌𝑈𝑡
𝑖 + 𝑃𝑋𝑅𝑡

𝑖 ,    ∀ 𝑖 ∈ {1,2, … , 𝑚}, 𝑡 ∈ 𝑇, 𝑠 ∈ 𝑆 (15) 

𝑁𝐶𝑖𝐶𝑌𝑡 = 𝑃𝑋𝑅𝑡
𝑖 ,    ∀ 𝑖 ∈ {𝑚 + 1, 𝑚 + 2, … , 𝑚 + 𝑛}, 𝑡 ∈ 𝑇, 𝑠 ∈ 𝑆 (16) 

∑ 𝑃𝑌𝑈𝑡
𝑖

𝑚

𝑖=1

≥ 𝐶𝑌𝑡,    ∀ 𝑡 ∈ 𝑇 (17) 
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Constraint (14) represents the new products that are assembled by the 

corresponding number of new components. Remanufactured products are assembled by 

the components in RCG and UCG. Constraint (15) represents the RCG of 

remanufactured products that can either use new or recovered components, while 

Constraint (16) represents the UCG of remanufactured products that can use new 

components only. Constraint (17) determines the total amount of recovered components 

to be more than the amount of production of remanufactured products, which ensures 

that at least one recovered component can be used for assembling a remanufactured 

product. 

(c) Inventory constraints 

𝑅𝑃𝐼𝑡
0,𝑠 =  𝑅𝑌𝑆𝑡, ∀ 𝑡 ∈ 𝑇, 𝑠 ∈ 𝑆 (18) 

𝑅𝑃𝐼𝑡
𝑖,𝑠 = 𝑃𝑌𝐴𝑆𝑡

𝑖 + 𝑃𝑌𝐵𝑆𝑡
𝑖, ∀ 𝑖 ∈ {1,2, … , 𝑚}, 𝑡 ∈ 𝑇, 𝑠 ∈ 𝑆 (19) 

 𝑋𝑡 +  𝐶𝑌𝑡 +  𝑅𝑌𝑈𝑡 ≤ 𝑀𝐼,    ∀ 𝑡 ∈ 𝑇 (20) 

𝑅𝑃𝐼𝑡
𝑖,𝑠 ≤ 𝑀𝐶,    ∀ 𝑖 ∈ {0,1, … , 𝑚}, 𝑡 ∈ 𝑇, 𝑠 ∈ 𝑆 (21) 

Constraints (18) and (19) determine the inventory level of recovered cores and 

components. Constraint (20) ensures the inventory level of new and remanufactured 

products must not be greater than the maximum inventory level at the end of each 

period. Constraint (21) determines the inventory capacity limit of recovered components 

at the end of each period. 

 

(d) Labour and machining constraints 

𝐿𝐴𝐶𝑡𝑋𝑡 + ∑ 𝐿𝑁𝐶𝑡
𝑖(𝑃𝑋𝑁𝑡

𝑖 + 𝑃𝑋𝑅𝑡
𝑖)

𝑚+𝑛

𝑖=1

+ ∑ 𝐿𝑅𝐶𝑡
0(𝑅𝑌𝑈𝑡 +  𝑅𝑌𝑅𝑡)

𝑇

𝑡=1

+ ∑ ∑ 𝐿𝑅𝐶𝑡
𝑖(𝑃𝑌𝑈𝑡

𝑖 + 𝑃𝑌𝑅𝑡
𝑖)

𝑚

𝑖=1

𝑇

𝑡=1

≤ 𝑀𝐿𝑡,    ∀ 𝑡 ∈ 𝑇 

(22) 
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𝑀𝐴𝐶𝑡𝑋𝑡 + ∑ 𝑀𝑁𝐶𝑡
𝑖(𝑃𝑋𝑁𝑡

𝑖 + 𝑃𝑋𝑅𝑡
𝑖)

𝑚+𝑛

𝑖=1

+ ∑ 𝑀𝑅𝐶𝑡
0(𝑅𝑌𝑈𝑡 +  𝑅𝑌𝑅𝑡)

𝑇

𝑡=1

+ ∑ ∑ 𝑀𝑅𝐶𝑡
𝑖(𝑃𝑌𝑈𝑡

𝑖 + 𝑃𝑌𝑅𝑡
𝑖)

𝑚

𝑖=1

𝑇

𝑡=1

≤ 𝑀𝑀𝑡,    ∀ 𝑡 ∈ 𝑇 

(23) 

Constraint (22) ensures the labour hours required for manufacturing and 

remanufacturing cannot exceed maximum available labour hours, while Constraint (23) 

determines the machining time required for manufacturing and remanufacturing does 

not exceed the available machining time. 

 

4.2.3. Control constraints 

Market allocation constraints 

𝑁𝐺𝐼𝑡−1
𝑠 + 𝑋𝑡 − 𝑁𝐺𝐼𝑡

𝑠 + 𝛿𝑁𝑡
𝑠 = 𝑄𝑡 −

𝑝𝑛 − 𝑝𝑟

1 − 𝜎𝑠
, ∀ 𝑡 ∈ 𝑇, 𝑠 ∈ 𝑆 (24) 

𝑅𝐺𝐼𝑡−1
𝑠 + 𝐶𝑌𝑡 + 𝑅𝑌𝑈𝑡 − 𝑅𝐺𝐼𝑡

𝑠 + 𝛿𝑅𝑡
𝑠 =

𝑝𝑛 − 𝑝𝑟

1 − 𝜎𝑠
−

𝑝𝑟

𝜎𝑠
, ∀ 𝑡 ∈ 𝑇, 𝑠 ∈ 𝑆 (25) 

Constraints (24) and (25) determine whether the amounts of new and 

remanufactured products available in the hybrid RMS satisfy the market demand, i.e. 

stocks or shortages. If the total quantity of new (or remanufactured) products produced 

(or recovered) from the hybrid RMS during period 𝑡 plus previous stock of new (or 

remanufactured) products is greater than market demand, the stock of new (or 

remanufactured) products at period 𝑡  will be equal to 𝑁𝐺𝐼𝑡
𝑠 = 𝑁𝐺𝐼𝑡−1

𝑠 + 𝑋𝑡 − 𝑄𝑡 +

𝑝𝑛−𝑝𝑟

1−𝜎
 (𝑅𝐺𝐼𝑡

𝑠 = 𝑅𝐺𝐼𝑡−1
𝑠 + 𝐶𝑌𝑡 + 𝑅𝑌𝑈𝑡 −

𝑝𝑛−𝑝𝑟

1−𝜎
+

𝑝𝑟

𝜎
) and the deviation will be 𝛿𝑁𝑡

𝑠 = 0 

(𝛿𝑅𝑡
𝑠 = 0); otherwise, if the market demand is not satisfied, 𝑁𝐺𝐼𝑡

𝑠 = 0 (𝑅𝐺𝐼𝑡
𝑠 = 0) and 

𝛿𝑁𝑡
𝑠 = 𝑄𝑡 −

𝑝𝑛−𝑝𝑟

1−𝜎
− 𝑁𝐺𝐼𝑡−1

𝑠 −  𝑋𝑡  ( 𝛿𝑅𝑡
𝑠 =

𝑝𝑛−𝑝𝑟

1−𝜎
−

𝑝𝑟

𝜎
− 𝑅𝐺𝐼𝑡−1

𝑠 − 𝐶𝑌𝑡 − 𝑅𝑌𝑈𝑡 ). Thus, 

the obtained solution becomes infeasible. Note that no backorders are considered in the 

model, so both 𝛿𝑁𝑡
𝑠  and 𝛿𝑅𝑡

𝑠  are not carried over as extra demand to the next period. 
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4.2.4. Other constraints 

 (a) Robust optimization constraints 

𝑇𝑅𝑠 − (𝑇𝐴𝐶 + 𝑇𝑃𝐶 + 𝑇𝑅𝐶𝑠 + 𝑇𝐻𝐶𝑠)

− ∑ 𝝆𝑠[𝑇𝑅𝑠 − (𝑇𝐴𝐶 + 𝑇𝑃𝐶 + 𝑇𝑅𝐶𝑠 + 𝑇𝐻𝐶𝑠)] + 𝜃𝑠 ≥ 0

𝑆

𝑠=1

,    ∀ 𝑠 ∈ 𝑆 
(26) 

Constraint (26) is converted into a robust control constraint based on Constraint 

(12). 

(b) Non-negative integer constraints 

 𝑋𝑡 ,  𝐶𝑌𝑡,  𝑅𝑌𝑈𝑡,  𝑅𝑌𝑆𝑡,  𝑅𝑌𝑅𝑡 , 𝑃𝑋𝑁𝑡
𝑖, 𝑃𝑋𝑅𝑡

𝑖 , 𝑃𝑌𝑈𝑡
𝑖, 𝑃𝑌𝑅𝑡

𝑖 , 𝑃𝑌𝐴𝑆𝑡
𝑖 , 𝑃𝑌𝐵𝑆𝑡

𝑖 , 

𝑅𝐷𝐼𝑡
𝑠, 𝑅𝐷𝐷𝑡

𝑠, 𝑇𝐷𝑡
𝑠, 𝑁𝐺𝐼𝑡

𝑠 , 𝑅𝐺𝐼𝑡
𝑠, 𝑅𝑃𝐼𝑡

𝑖,𝑠 ≥ 0,    ∀ 𝑖, 𝑡 ∈ 𝑇, 𝑠 ∈ 𝑆 

(27) 

Constraint (27) ensures all the dependent variables are non-negative integers. 

 

5. Computational Result 

The data from an OEM of a mobile phone in Southern China was collected to study the 

performance of the proposed robust optimization model, and to explore the OEM’s 

optimal profits and production plan considering the possible scenarios. Three scenarios 

were specified, which are “good”, “fair”, and “poor”, with a probability of 0.4, 0.3, 0.3 

respectively. Note that Hause and Lund (2003) reported customers’ willingness-to-pay 

for remanufactured products were an average of 35-55% discount to new products, it is 

assumed that the customers’ tolerance for remanufactured products is 0.42, 0.47, 0.55 

accordingly. Different scenarios also incorporate the uncertainties that were previously 

mentioned, including quantity and quality uncertainties of the returned products, and the 

corresponding recovery costs, and the stochastic market demand taking into account 

consumers’ preference for remanufactured products. 
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The following is the description of decision making in the production planning process.  

(1) A product composed of four components was considered: Component 1, Component 

2, Component 3 and Component 4. Components 1, 2 and 3 belong to RCG and 

Component 4 belongs to UCG. 

(2) Six periods of production cycle are considered.  

(3) The price of the new product is 1500 and that of remanufactured product is 700. The 

available labour time is 2000h. 

(4) The OEM adopts a safety stock policy on products, components and raw materials. 

The initial inventory, including products, components and raw materials is zero. 

(5) It is assumed that the returned product quantity and the total market demand scales 

are all in normal distributions: 𝑅𝐷𝐼𝑡
𝑠~𝑛𝑜𝑟𝑚𝑎𝑙(300,50) , 𝑄𝑡

1~𝑛𝑜𝑟𝑚𝑎𝑙(2500,100) , 

𝑄𝑡
2~𝑛𝑜𝑟𝑚𝑎𝑙(3500,100)  and 𝑄𝑡

3~𝑛𝑜𝑟𝑚𝑎𝑙(4500,100) . The value for each period is 

generated by a normal distribution generator, as listed in Table 1. 

 

Table 1. Total market scale and returned product quantity 

 Scenario 
 Period 

 1 2 3 4 5 6 

Total market scale 

Good  4458 4421 4576 4527 4343 4434 

Fair  3423 3531 3640 3498 3438 3648 

Poor  2449 2554 2563 2424 2805 2584 

Returned products quantity  318 281 346 261 306 249 

 

(6) Since type B needs more time to recover than type A, the recovery cost of type B 

component was set higher than that of type A. Assume that component 

remanufacturing costs are subject to normal distribution, the costs under Scenario 2 

are 1.4 times more than Scenario 1, while under Scenario 3 are 1.4 times more than 

Scenario 2. The distribution of remanufacturing costs of Type A and type B are as 
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follows: 

𝛺(𝑐𝑜𝑠𝑡 𝑜𝑓 𝑇𝑦𝑝𝑒 𝐴) = {𝑁(𝜇, 𝜎) ∗ 1.4𝑛, [(0,1), (1,2), (2,3)]} 𝑛 = 0,1,2; 

𝛺(𝑐𝑜𝑠𝑡 𝑜𝑓 𝑇𝑦𝑝𝑒 𝐵) = {𝑁(𝜇, 𝜎) ∗ 1.4𝑛, [(3,4), (4,5), (5,6)]} 𝑛 = 0,1,2; 

 

 

Figure 2. Remanufacturing cost under different scenarios 

 

5.1 The Influence of uncertainties on the system 

To examine the influence of endogenous uncertainty (remanufacturing cost) and 

exogenous uncertainty (market demand) with respect to scenarios separately, this 

research firstly fixed both the remanufacturing cost and total market demand scale in a 

fair status and obtained the optimal solution (Experiment I). Then, the volatility of 

recovery cost for different scenarios was introduced to explore the way it influences the 

OEM’s profit and the production plan’s robustness (Experiment II). Next, the recovery 

cost in the fair status was fixed and the market demand variation’s influence on those 

indexes was examined (Experiment III). Finally, the system with mixed scenarios of 

uncertainties of both recovery cost uncertainty and total market demand scale was 

examined (Experiment IV). The profit and under-fulfilment of each experiment is 

shown in Table 2.  

It can be seen that the introduction of the market demand volatility brings a significant 

increase in the under-fulfilment and a reduction of profit in the OEM if comparing 
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Experiments III and IV with Experiments I and II, which exclude the uncertainty of 

market demand. However, if comparing Experiments III with IV, their difference in 

both profit and under-fulfilment is not significant. This result addresses the problems 

OEM faced to manage market demand uncertainties, which cause the manufacturing 

cost to rise in order to handle the satisfaction of customers under good, fair or poor 

scenarios. Therefore, the OEM should pay more attention to exogenous market demand 

variations and adjust production planning strategy accordingly. The details about 

OEM’s optimal solution obtained for such a hybrid RMS with uncertainties are 

discussed in the next section. 

 

Table 2. Experiments for introducing uncertainties into the system (ω = 500) 

 Market demand Recovery cost 
Expected Under-

fulfilment 
Expected Profit 

Experiment I Fixed Fixed 3213 6174268 

Experiment II Fixed Volatile 3212 6174858 

Experiment III Volatile Fixed 5635.8 4061702 

Experiment IV Volatile Volatile 5613.6 4059998 

 

5.2 OEM’s optimal solution  

Based on the mixed scenario which OEM most often faces in reality, this research 

further validated the obtained optimal solution of the system. The total cost and total 

profit under different scenarios are given in Table 3. Table 4 shows the under-fulfilment 

for each scenario.  

 

Table 3. Revenue, costs and profits under different scenarios 

Scenario Good fair poor 

Total revenue 9601000 9601000 9562500 

Total costs 5520728 5524197 5530312 

Total profits 4080272 4076803 4032188 

Expected profits 4059998 

Expected Under-fulfillment 5613.6 
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Table 4. Expected under-fulfilment for different scenarios 

 Scenario 

Period Expected 

under-

fulfilment 1 2 3 4 5 6 Total 

Shortage for 

New products 

Good 1731 1599 1745 1834 1270 1582 9771  

Fair 851 854 954 951 510 941 5061  

Poor 0 0 0 0 0 0 0 4449.6 

Shortage for 

Remanufactured 

products 

Good 480 483 478 485 453 296 2675  

Fair 235 238 233 240 208 51 1205  

Poor 0 0 0 0 0 0 0 1164 

Total Expected under-fulfilment 5613.6 

 

Based on Table 3, the good scenario yields the highest revenue and lowest 

manufacturing cost, and the most net profit. For both new and remanufactured products, 

the demand under poor scenario will be totally satisfied, while under fair and good 

scenarios there would be a certain amount of shortage. 

If further examine the production plan in Table 5, it shows that for new products, 

the poor scenario would be just satisfied, and for remanufactured products, the 

production would surpass the poor scenario demand and most of them come from core 

recovery. The reason is that new products incur higher costs. If the new products could 

not be sold, the corresponding procurement, inventory, assemble cost may badly affect 

the OEM’s expected profit. For component manufacturing and recovery plan, take 

Component 1 for example, the new Component 1 will just meet the production plan plus 

the safety stock, and a total of 180 recovered Component 1 are used for remanufactured 

products. 
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Table 5. Production plan (Component 1 as an example) 

Production type 
Period 

1 2 3 4 5 6 

New products 939 1044 1053 914 1295 1074 

Remanufactured products 25 22 27 20 90 171 

Recovered Core type A 25 22 27 20 24 19 

Recovered Core type B 0 0 0 0 38 0 

New component 1 produced 1039 1044 1053 914 1295 1074 

New used for remanufactured 

products 
0 0 0 0 0 0 

Recovered component 1 used 

for remanufactured products 
0 0 0 0 28 152 

 

Besides uncertain manufacturing and market conditions, the optimal production 

plan and the corresponding profit the OEM can make are also closely related to the 

OEM’s aversion to out-of-stock, which is represented by the penalty weight ω in the 

robust model. The following section would cover the influence of the out-of-stock 

penalty weight. 

 

5.3 The influence of the penalty weight on the system 

Robust optimization allows infeasibility in the control constraints. In the proposed 

model, the infeasibility goes to the under-fulfilment of the market demand representing 

the out-of-stock aversion of the decision maker. The penalty weight plays a role in 

finding a trade-off between solution robustness (close to an optimal solution) and model 

robustness (close to a feasible solution). When 𝜔 increases, the solutions of the model 

are more feasible, but get further away from optimal. 

Figure 3 shows the results of the trade-off between the robust solutions and the model 

robustness under the change of ω. A profit standard deviation is a measure of profit 

solutions for robustness; the greater the profit standard deviation is, the more deviation 

it would be from the optimal solutions. An unsatisfied demand expectation is used to 
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measure the model robustness; the smaller the expectation value is, the less quantity of 

unsatisfied demand would be, and hence, the model of solutions is more viable. 

 

  

 

Figure 3. Trade-off between robust solution and model robustness 

 

With the increase of ω, the profit standard deviation becomes larger, and the 

unsatisfied demand expectation reduced and corporate profits declined. A further 

analysis was conducted to the results as follow. Robust optimization allows the control 

constraints to be viable. If the constraints are not a viable option, the acts should be 

penalized. If ω=0, there is no punishment for the viable acts, and the unsatisfied demand 
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is maximum. At this point, the customer demand is totally satisfied under poor scenario, 

while the demands under general and good scenarios are not completely satisfied, and 

the unsatisfied demand will be at the highest. Increasing ω means stock penalties 

increased. If the punishing costs exceed the scope of OEM can bear, the OEM is bound 

to increase production to reduce the volume of unsatisfied customer demand. As 

production increased further, the customer demands are also met under fair scenario. 

Continue to increase ω, the production volume will continue to expand, and the poor 

and the fair scenarios will face the problem of oversupply. On one hand, under the poor 

and fair scenarios, the product revenue will be at maximum and will not continue to 

increase. On the other hand, the expansion of production makes the production cost and 

inventory cost increased under poor and fair scenarios. While the production under good 

scenario revenue is increased, yet it is less than the amount of the cost of sales have 

increased, therefore the total profits will decline.  

This is a different result from Mulvey and Ruszczynski (1995). In the hybrid RMS, 

unsatisfied demand expectation will not end with 0. Because the hybrid system has 

restrictions on the production capacity and the returns’ quantity, so the production 

volume is limited. Even if the penalty costs increased, enterprises have no more 

conditions to expand the production volume. Therefore, the OEM’s estimation of the 

loss of out-of-stock should be made meticulously in order to obtain a satisfactory 

solution. 

 

6. Sensitivity Analysis  

In previous sections, the uncertainties were analyzed with respect to different scenarios 

in the hybrid RMS that lead to difficulty for the OEM to manage production, and have a 

significant impact on their performance regarding to revenues, costs, profits and under-
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fulfilment. In this section, it is further investigated into how the range of these 

uncertainties affects the OEM’s optimal solution. 

 

6.1 Sensitivity analysis of the recovery cost 

Since remanufacturing cost constitutes a major part of the total production cost, the rise 

and fall of the recovery cost level may also have an influence on the optimal solution 

for the OEM. Therefore, the effect of the variation of recovery cost is also worth 

investigating. 

In the fourth period the OEM improves their remanufacturing technology and the 

recovery cost for the subsequent three periods was reduced by 20%. Table 6 shows the 

corresponding optimal revenues, costs and profits. Table 7 is the data of customer 

satisfaction, and Table 8 listed the updated production plan, with Component 1 as a 

representative for components. To highlight, the data that change comparing to when 

there is no cost savings was also listed (relative data in Tables 4 and 5 are in bold). 

With lower recovery cost in the latter three periods, production costs and total 

revenues have increased, leading to a higher profit. The explanation is that since 

remanufacturing becomes more profitable, from the fourth period, the OEM will 

naturally choose to assemble more remanufactured products to better meet the market 

demands. As shown in Table 7, the expected under-fulfilment for remanufactured 

products is reduced from 1164 units (see Table 4) to 983.4, the extra supply mainly 

contributing to the good and fair scenarios. 

Similarly, if comparing Table 8 from Table 5, the production plan would be to 

assemble 301 more remanufactured products with recovered components in the latter 

three periods. The amount of recovered Component 1 is also increased by 301 units. 
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Meanwhile, the amount of the un-remanufacturable component (i.e. Component 4), 

should be increased accordingly. 

So, if the OEM is able to predict technological improvement, preparations for 

production change can be made in advance, say procuring more un-remanufacturable 

components, so that the OEM can respond more rapidly. 

 

Table 6. Revenue, costs and profits with recovery cost savings under different scenarios 

Scenario Good Fair Poor 

Total revenue 9937700 9937700 9562500 

Total costs 5693949 5706092 5734137 

Total profits 4243751 4231608 3828363 

Expected profits 4115492 

Expected Under-fulfillment 5433 

 

Table 7. Expected under-fulfilment with recovery cost savings for different scenarios 

 Scenario 
Period Expected under-

fulfilment 4 5 6 

Shortage for 

Remanufactured 

products 

Good 331 306 296  

Fair 86 61 51  

Poor 0 0 0 983.4 

 

Table 8. Production plan with recovery cost savings (Component 1 as an example)  

Period 4 5 6 

Production quantity of 

remanufactured products 
174 237 171 

Recovered component 1 used for 

remanufactured products 
154 175 152 

 

6.2 Sensitivity analysis of product price  

The pricing strategy plays an important role as part of the OEM’s decision. According 

to the customers’ utility and preference for remanufactured products, the actual demand 
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for new or remanufactured products would vary for different prices. At the same time, 

the pricing also influences the sales revenues. So, this is how the range of prices 

affecting the system’s performance was investigated. 

Firstly, the new product price 𝑝𝑛 = 1500 was fixed to examine the effect of the 

remanufactured product price ranging. Figure 4 shows the sales revenue, total cost will 

increase as the price of remanufactured products increases. The reason is that when the 

price of remanufactured products goes up, the demand for them will shrink and the 

demand for new ones will grow. Thus, the OEM would produce more new products, 

which leads to higher production cost, sales revenue and higher profit. 

 

Figure 4. Total sales, costs and profits with different remanufacturing product price 

 

Secondly, the price of the new products was changed while fixing the price of the 

remanufactured products 𝑝𝑟 = 700. It is noticed from Figure 5 that when 𝑝𝑛 is smaller 

than 1600 and as the price of the new products goes up, the total revenue and total 

manufacturing costs will decrease, resulting in a lower profit. That is because the 

demand of new products shrinks for higher new product price while that of the 

remanufactured product would goes up, given the total market demand scale. 
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Consequently, the OEM would produce more remanufactured products and the net 

profit drops. If the price is high enough, say above 1600 in this study, the higher price 

can make up for sales revenue, and reverse slightly the decreasing trend of the net profit. 

To conclude, in this study, the OEM risks more profit loss if they raise the price of new 

products. However, they will gain more profit if the price of the remanufactured 

products grows. 

 

Figure 5. Total sales, costs and profits with different new product price 

 

7. Conclusions and Future Works  

In this paper, a production planning model was proposed for hybrid 

remanufacturing and manufacturing systems (RMS) with component recovery where 

the product returns have different quality levels and uncertain market demands. An 

extensive numerical study was conducted to illustrate the performance of the proposed 

model with respect to business indexes and response to exogenous and endogenous 

condition variations.  

Some managerial implications are as follows. Firstly, the market demand volatility 

brings a significant increase in the under-fulfilment and a drop in the OEM’s profit. To 
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deal with the scenario-based optimization problem, the general method is, for new 

products, to fill only the demand under the worst scenario, since new product 

manufacturing cost is high and pursuing low under-fulfilment will dramatically hurdle 

the net profit. On the other hand, remanufactured products can surpass the worst 

scenario’s demand to ensure market demand increase in better scenarios for the 

remanufacturing cost is lower. 

Secondly, the penalty weight ω represents the OEM’s attitude towards out-of-stock 

aversions. With the increase of ω, the production volume will expand, and the profit 

standard deviations became larger and unsatisfied demand expectations reduced. When 

ω is large enough, oversupply will occur in worse scenarios, under which the sales 

revenue will be at the maximum while the costs increase. If the market favour under 

good scenario cannot make up for the loss brought by more production, the total profit 

will decline. Therefore, the OEM’s estimation of the aversion of out-of-stock and their 

own cost structure should be made meticulously to obtain a satisfactory optimal 

solution. 

Endogenous cost savings, like recovery cost reduction, would encourage the OEM 

to produce more remanufactured products, contributing to making up the demand of 

better scenarios. Therefore, if a technological improvement is under process, the OEM 

can prepare more materials for un-remanufacturable components for production 

planning. 

As for the pricing strategy, in this study, the OEM risks greater profit loss if they 

raise the price of new products. This is due to the fact that there would be a certain drop 

in the new product market demand under which the reduction of the profit from the new 

products cannot be offset by the slight increase in the remanufactured product market. 

However, the OEM can gain more profit if they raise the price of the remanufactured 
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products, under which case the profit gain from the increased new product market 

surpass the loss from the remanufactured products. 

There are several potential future works beyond the current research. For instance, 

this paper considers only one type of product to be remanufactured, so a mixture of 

multiple products manufacturing/remanufacturing production planning can be made on 

the basis of this model extension. Furthermore, this proposed model was from the 

OEM’s standpoint and assumed that the price of remanufactured products and new 

products had little impact on the purchasing behaviour of customers, which in itself is a 

space for exploratory. Lastly, this study considers only robust optimization model under 

the condition of uncertain demand and fixed returned amount; production planning 

under uncertain demand and returns scenarios still remains a problem to be solved. 
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