

  sustainability-09-00256




sustainability-09-00256







Sustainability 2017, 9(2), 256; doi:10.3390/su9020256




Article



The Resource Benefits Evaluation Model on Remanufacturing Processes of End-of-Life Construction Machinery under the Uncertainty in Recycling Price



Qian-wang Deng, Hao-lan Liao *, Bo-wen Xu and Xia-hui Liu





State Key Laboratory of Advanced Design and Manufacturing for Vehicle Body, Hunan University, Changsha 410082, China









*



Correspondence:







Academic Editor: Marc A. Rosen



Received: 12 October 2016 / Accepted: 8 February 2017 / Published: 11 February 2017



Abstract

:

In the process of end-of-life construction machinery remanufacturing, the existence of uncertainties in all aspects of the remanufacturing process increase the difficulty and complexity of resource benefits evaluation for them. To quantify the effects of those uncertainty factors, this paper makes a mathematical analysis of the recycling and remanufacturing processes, building a resource benefits evaluation model for the end-of-life construction machinery. The recycling price and the profits of remanufacturers can thereby be obtained with a maximum remanufacturing resource benefit. The study investigates the change regularity of the resource benefits, recycling price, and profits of remanufacturers when the recycling price, quality fluctuation coefficient, demand coefficient, and the reusing ratio of products or parts are varying. In the numerical experiment, we explore the effects of uncertainties on the remanufacturing decisions and the total expected costs. The simulated analysis shows when the quality fluctuation coefficient is approaching to 1, the values of the profits of remanufacturer, the maximal resource benefits and recycling price grade into constants.
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Highlights


	
Build up a resource benefits evaluation model on the remanufacturing of end-of-life products.



	
Five uncertainty factors in remanufacturing process were taken into account in the model.



	
The optimal recycling price and profits were obtained with maximization of resource benefits.



	
Change regularity of resource benefits and profits were obtained as other factors varied.



	
The study aims to provide government and manufacturers with decision support.



	
These findings suggest that the uncertainty factors existing in remanufacturing can be controlled within a reasonable range.







1. Introduction


In recent decades, in order to decrease the costs and improve the utilization rate of resources and reduce the impacts on environment during the manufacturing processes, the remanufacturing of end-of-life (referred to as EOL in the rest of this article) products has experienced great development recently [1,2]. Though the remanufacturing industry in China is in its initial stage, it possesses great potential and rapid development speed. For example, in 2012, the automotive parts remanufacturing reached 8 billion Yuan and the reuse rate of recycled parts was 71.2%. Compared with new product manufacturing, remanufacturing can save the costs by more than 50%, energy consumption by 60%, materials consumption 70% and reduce the emissions by 80%, In recent years, the average annual growth rate of global remanufacturing industry reached 10%, the scale of the industry this year is expected to reach 250 billion Yuan, the quality and performance of remanufactured products can equal to or exceed over the new one, but its costs is only about 50% of them [3]. Furthermore, remanufacturing industry, as an important role of green economy, has been included in the “China manufacturing 2025” strategy. The Chinese government has formulated a series of policies, regulations and measures to promote it. Nonetheless, the remanufacturing processes of EOL construction machinery is a complicated system, which includes a series of processes such as delivering, cleaning, testing, disassembly, repairing, etc. [4]. The processes are accompanied with some uncertainty factors as quality, price, quantity of the recycled products, customer demands and their recognition to remanufactured products. Those factors do add the complexity of the resource benefits (including the energy benefits and the material benefits) evaluation during the remanufacturing processes of EOL construction machinery and cause additional costs and resource consumption. On the other hand, as a rational entity, the manufacturer, who wants to get more profits from remanufacturing, has to give greater consideration to the uncertainty factors in remanufacturing processes other than the resources and environmental benefits. These uncertainty factors in the remanufacturing processes add the difficulties to the evaluation of remanufacturing profits and environment benefits, therefore to calculate the maximum resource efficiency from the resource perspective becomes comparatively complicated but meaningful. For the government and remanufacturing enterprises, the common challenge is how to improve the resource benefits as much as possible under the constraints of ensuring the profits of the manufacturer.



The current research on evaluation of remanufacturing products are more focused on product design, logistics, sales models, and remanufacturing process. Among them that involving the uncertainty analysis are mainly about the pricing of EOL products, the economic evaluation of remanufacturing and the analysis of uncertainty factors existing in the benefits evaluation of EOL products.



(1) Research on price decision models [5] researched the remanufacturing and pricing strategies under uncertainty factors such as random yield and demand [6] studied the price decision, recycling policy and order strategy under the fixed and unfixed conditions of requirements and recovery rate [7] considered the joint pricing problem of new products and remanufactured products under uncertain demand and utilized the substitution of two product newsvendor models to solve the problem [8] develop and test a profits maximization model by simultaneously integrating recovery option selection and disassembly planning considering the quality of EOL components, and then develop an improved co-evolutionary algorithm (ICA) to search for an optimal EOL solution. The results show that the proposed approach offers a strong and flexible decision support tool for intelligent recovery management in a ubiquitous information environment.



(2) Research on the economic evaluation of remanufacturing. In the relevant literature about the economic evaluation of remanufacturing [9,10], respectively established decision models of used parts through different optimization algorithms, such as the recursive algorithm and genetic algorithm, in order to analyze the optimal scheme involving remanufacturing from technical and economic perspectives, and studied how to develop a recycling strategy when the supply and quality of recycled products are not determined [11] conducted an analysis on the economic viability of remanufacturing with the graph theoretic method, and obtained the maximum and minimum value of remanufacturing benefits [12] assessed the sustainability and maturity of remanufacturing enterprises from economic, environmental, and social dimensions. Several researchers explored the impacts of remanufacturing on resources and the environment through different models [13,14,15,16]. Based on a real disassembly of a passenger jet [17], develop a model to accurately evaluate the disassembly easiness of an airframe quantitatively incorporating both product and process features. In addition, the cutting and thrust force vectors are selected to evaluate and find the best operation sets. Such quantitative evaluation can help to proceed with a viable EOL strategy and implement newer approaches [18] model a retailer oriented closed-loop supply chain network for construction machinery remanufacturing and solve the network configuration with an improved genetic algorithm-based heuristic method to study the impact of collection ratio and capacity level on the configuration [19] examine the case of an automotive component manufacturer that wants to investigate product end of life (EOL) management, then estimate and create Sankey diagrams of the downstream flows of two components made of low-alloyed steel, to seek improvements in automotive EOL components [20] apply scenario-based hybrid Life Cycle Assessment(LCA) to calculate the economy-wide carbon footprints of seven electricity generation technologies.



(3) Research on the uncertainty factors in remanufacturing. The studies on uncertainty factors, which exist in remanufacturing processes, focused on the impact of remanufacturing on economic benefits, rather than ecological benefits (including resource benefits and environmental benefits) [21,22,23,24] made empirical analysis of critical elements of reverse logistics in Chinese manufacturing industry [13] studied the production and remanufacturing plan of manufacturers in a single cycle, and came to the conclusion: the lower the quality of the remanufactured product is, the higher the costs of the remanufacturing processes will be [25] found that there is a clear difference in customer preference as to whether to buy new or remanufactured products, after a study on the different consumption willingness of consumers between those two kinds of products [26] introduced the utility function into the remanufacturing system, and then studied the problem of the recycling price of EOL products under the stochastic demand and production rate [27] establish a decent model of a remanufacturer-driven closed-loop supply chain with multi-dimensional reverse channel within the framework of game theory, to characterize the uncertainty in the quality of collected used products for a closed-loop supply chain and give guidance to the construction machinery remanufacturing firms when facing with the quality uncertainty.



Most studies of existing literatures are focused on the analysis of uncertainty factors in remanufacturing or the economic evaluation of remanufacturing, yet little effort has been devoted to evaluating the resource benefits or the uncertainty factors which affect these [28,29]. Furthermore, although many related models on the remanufacturing process have acknowledged that remanufacturing does bring considerable benefits to resources [30,31,32], few of them have built a quantitative model to validate this proposition, or analyzed the internal evolution mechanism of remanufacturing resource benefits. In addition, the uncertainty factors accompanying remanufacturing processes, has brought a lot of challenges to the evaluation of the resource benefits of EOL products.



Considering the problems above and based on uncertainty of recycling price, to fill the gap of the lack of research on the quantification of environment and economic benefit evaluation for remanufacturing, this paper has not only constructed a quantitative model of resource benefits evaluation on remanufacturing processes of EOL construction machinery, but also made a mathematical analysis of recycling price and profits of remanufacturers under the maximization of resource benefits. Furthermore, the study in this paper has also covered the change regularity of resource benefits, recycling price and the profits of remanufacturers when recycling price, quality coefficient, requirement coefficient, and reusing ratio of products and parts are varying, and try to determine the equilibrium price, to provide relevant recommendations for enterprises and government, such as subsidies to the remanufacturers and appropriate marketing regulation of the recycling price, etc.




2. Model Establishing


2.1. Problem Description


Construction machinery is a generic term for construction machines used in engineering construction such as architecture, water conservancy, electricity, roads, mines, ports, national defense and other fields. The working environment of these machines is relatively harsh compared to other kinds of machines [33].



After being recycled by factory at acquisition price, the EOL construction machinery will either be put into storage directly or disassembled into parts for use after going through the processes of cleaning and testing, remanufacturers put them into storage or on market after simple treatment, otherwise disassemble them into parts for use. As for those disassembled parts, they are to be scrapped, reused or repaired in accordance with the result of testing. If being scrapped, the parts are disposed and some of them will be recycled as raw material in terms of the standard program; those parts that are reusable will be directly put into storage or on market after simple treatment. Those processes are shown in Figure 1 below.



Figure 1 describes the remanufacturing processes of EOL construction machinery. According to the quality status of recycled products, the machine or its components are processed through two ways: reused directly or reused after repairing. By this measure, the remanufacturing processes of EOL construction machinery should be divided into three categories: (1) the machine can be reused directly; (2) the machine cannot be reused directly but its crucial components can be used after repairing; (3) neither the machine nor its crucial components can be remanufactured.



In the processes of recycling and remanufacturing, the uncertainties include recycling time, recycling quality, customer demand and their recognition on remanufactured products, these uncertainties lead to low efficiency and complexity for environment evaluation. In addition, with the different type and complex material composition of crucial components [34,35], they subsequently bring forth challenges to the efficiency of recycling and remanufacturing. These uncertainties not only cause a great waste of resources, but also affect the accuracy of government policy. It is necessary to establish a quantitative evaluation model for the remanufacturing processes to find out the potential uncertain factors and their intrinsic function mechanism for evaluating the resource benefits of remanufacturing.



According to the source of uncertainty in the remanufacturing system, in Section 2.1 we divide the uncertainties in recycling and remanufacturing into three categories: uncertainty in recycling, in remanufacturing and in new remanufactured products (no new products are taken into accounts). These uncertainty factors are presented in Figure 2.



In the processes of recycling and remanufacturing, the uncertainties of recycling time, recycling quality and customer demand lead to low efficiency and negative effects for remanufacturing. In addition, after the different types and complex material composition of crucial components are taken into accounts [34,35], the uncertainties in them will as well affect the overall efficiency of recycling and remanufacturing. EOL Based on Figure 2 and combined with the remanufacturing flowchart described in Figure 1, we choose five uncertainty factors (quality fluctuation coefficient, recycling price, demand coefficient, fill rate of customer demand, direct reusing rate of EOL construction machinery and reusing rate after repairing of crucial components) to establish the resource benefits model of remanufacturing processes.




2.2. Model Establishing


First, we define the variables with a set of concise and inerratic symbols. For the convenience of writing, we make some general rules for the symbols, such as C denotes costs (    C a     represents the costs for the acquisition of unit EOL item), P denotes profits (    P m     represents the unit profits in remanufacturing,     P M     represents the total profits for remanufacturing),    α    denotes relationship (    α Y X     denotes the relationship between customers’ demands   X   and the quantity of EOL products   Y  , i.e., demand satisfaction coefficient),   θ   denotes rate (    θ g     denotes the recognition rate of new remanufactured products by customers,), superscript p denotes processing, subscript i denotes in case i, e.g.,     C i p     denotes processing costs (cleaning, testing, disassembly, etc.) of unit EOL product in case i,     θ i r     denotes direct reuse rate of unit EOL product in case i, and     Q ∗ m     denotes the optimal quantity of manufactured cores, etc. The variables set in the model are listed in Table 1.



According to the process analysis and characteristics of EOL product, the study in this paper made several assumptions as follows.



Assumption 1. There are   i   kinds of crucial components in an EOL product and   j   kinds of materials can be recycled in the remanufacturing processes.



Assumption 2. Remanufacturers do not participate in recycling process and only purchase them at price     C a    ,     C a     is defined as acquisition costs.



Assumption 3. The demand of new remanufactured product decreases with the rise of the selling price, and the selling price rises with the recycling price and the profits of remanufacturers     P m     (    P m    denotes the revenue of unit EOL product). According to the equation of the relationship between customer demand and recycling price proposed by Li et al. in literature [5], we set the quantity of remanufacturing products that demanded by customers as    X =  X 0  ⋅  θ g  ⋅  α X  ⋅    (   C a  +  P m   )    − ε      , here     α X     is demand coefficient   ( 0 ≤  α X  ≤ 1 )    and it reflects the relationship between the market demand and the acquisition costs.     θ g     is the recognition rate of new remanufactured products by customers,     X 0  > 0    and    ε > 1    are constants representing the market scale and the price-elasticity index [5].



Assumption 4. The acquisition quantity of EOL products purchased by remanufacturers is proportional to the demand by customers, namely    Y =  θ Y X  X   , here     θ Y X  ( 0 ≤  θ Y X  ≤ 1 )    is the fill rate of customer demand, this assumption is consistent with [5].



Assumption 5. The additional input caused by the uncertainty of products quality and crucial components brings negative benefits to resources, set the negative benefits as     C  u n   (  C  u n   ≥ 0 )   ; for the recycling price goes up with surplus value of EOL products in recycling process [22], so it is always reflected by product quality. When the recycling price is higher, the quality of EOL products is comparatively stable, and the value of     C  u n      is smaller [13]. Moreover, the value of     C  u n      is in an interval, namely     C  u n   ∈ (  C L  u n   ,  C R  u n   )    , here     C L  u n      and     C R  u n      represents the left end point and right end point of the interval respectively. The assumption of this interval conforms to the real situation of remanufacturing. Here we assume


    C  u n   =  {     a 1  −  θ q  ⋅  C a  ,    W h e n   a n   e n d − o f − l i f e   c o n s t r u c t i o n   m a c h i n e r y   c a n   b e   r e u s e d   d i r e c t l y      a 2  −  θ q  ⋅  C a  ,   W h e n   t h e   e n d − o f − l i f e   c o n s t r u c t i o n   m a c h i n e r y   c a n n o t   b e   r e u s e d   d i r e c t l y   ,                                                                     b u t   some   of   t h e   c r u c i a l   c o m p o n e n t s   c a n   b e   r e u s e d   a f t e r   r e p a i r i n g      a 3  −  θ q  ⋅  C a  ,   N e i t h e r   t h e   p r o d u c t   n o r   i t s   c r u c i a l   c o m p o n e n t s   c a n   b e   r e m a n u f a c t u r e d       








where     a 1    ,     a 2    ,     a 3     are constants, which represent the upper limits of the additional resources inputting(due to the instability of the quality), and those three upper limit values can be obtained according to the historical data of the enterprise [36].     θ q     is the quality fluctuation coefficient   ( 0 ≤  θ q  ≤ 1 )   ; the greater the value of     θ q     is, the better the quality status of EOL construction machinery, and the smaller the additional resources input in the remanufacturing processes will be.



When the market demand is satisfied in a single period, the overall resource benefits shall be set as     P U    , the profits of remanufacturers as     P M    . In this model, resource benefits is evaluated mainly from the perspectives of energy and materials, the resource benefits     P U     is consisted of energy benefits and material benefits. There are three cases in Figure 1, then the resource benefits and the profits of remanufacturer can be divided into three parts as Figure 2 shows:

	Case 1:

	
When EOL construction machinery can be reused directly,     P 1 U     and     P 1 M     represent the remanufacturing resource benefits and the profits of remanufacturer.




	Case 2:

	
When EOL construction machinery cannot be reused directly while its crucial components can be reused after repairing,     P 2 U     and     P 2 M     denote the remanufacturing resource benefits and the profits of remanufacturer.




	Case 3:

	
Neither the product nor its crucial components can be remanufactured,     P 3 U     and     P 3 M     represent the remanufacturing resource benefits and the profits of remanufacturer. This is reasonable in practice. When recycling EOL products, the remanufacturer usually set certain requirements and only products above the condition threshold are recycled or remanufactured. The rates of these three cases are shown as Figure 3.









For case i, the overall resource benefits is     P i    U  = Y ⋅  θ i r  ⋅  P i    u  = Y ⋅  θ i r  ⋅  (   P i    e  +  P i    l  −  C i     u n    )    , the profits of remanufacturers is     P i    M  = Y ⋅  θ i r  ⋅  P i    m  = Y ⋅  θ i r  ⋅  (   P i    r  −  C i p  −  C a   )    , i = 1, 2, 3, here     P i    e     is the energy saving of unit EOL product in case i,     P i    l     is the material saving of unit EOL product in case i.



Case 1: When EOL construction machinery can be reused directly.



    C 1    p     denotes the processing costs(cleaning, testing, etc.) of unit EOL construction machinery in Case 2,     P 1    m     the net profits of unit EOL construction machinery.


      P 1    U  = Y ⋅  θ 1 r  ⋅  P 1    u  =  α Y X  X ⋅  θ 1 r  ⋅  (   P 1    e  +  P 1    l  +  P 1    θ  −  C 1     u n    )      =  X 0   α Y X   α X   θ g    (   C a  +  P r   )   − ε   ⋅  θ 1 r  ⋅ ( z  p m  +   ∑ i    x i    2   p m    +   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m  −  C 1     u n   )             



(1)






    P 1    M  = Y ⋅  θ 1 r  ⋅  P 1    m  =  X 0   α Y X   θ g   α X     (   C a  +  P 1    r   )    − ε   ⋅  θ 1 r  ⋅ (  P 1    r  −  C 1    p  −  C a  )   



(2)







Where     P 1 e  = z  p m  +   ∑ i    x i    2   p m       denotes the energy saving of unit EOL product in case 1,    z  p m     represents the energy profits brought by the reduction of assembly processes in remanufacturing and      ∑ i    x i    2   p m       represents the energy benefits brought by the reduction of manufacturing processes in remanufacturing;     P 1    θ  =   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m             denotes the material profits of unit EOL product in case 1, in which     P 1    l  =   ∑ i     ∑ j    m  i j    p j    2         represents the material benefits brought by the direct reusing of key parts in remanufacturing;      ∑ i     ∑ j    m  i j    x j    1   p m         represents the resource benefits brought by the material savings of key parts in remanufacturing;     C 1     u n   =  a 1  −  θ q  ⋅  C a     represents the additional input of material and energy caused by the uncertainty in quality of products and crucial components.     P 1    t  −  C 1 p  −  C a     represents the profits obtained from unit EOL construction machinery product in case 1.



Case 12 When the EOL construction machinery cannot be reused directly, but some of its crucial components can be reused in remanufacturing after repairing.



Let     C 2 p     denote processing costs(cleaning, testing, disassembly, etc.) of unit EOL construction machinery and its crucial components in case 2,     v i 1     denote profits obtained by remanufacturers from the   i  th crucial component of unit EOL construction machinery,     w j 1     denote profits obtained by remanufacturers from the  j  th recyclable material of unit EOL construction machinery,     C d     denote disposal costs of unit EOL product. The remanufacturing resource benefits     U 2     and the profit of remanufacturer     M 2     are:


      P 2    U    = Y ⋅  θ 2 r  ⋅  P 2    u  =  α Y X  X ⋅  θ 2 r  ⋅  (   P 2    e  +  P 2    l  +  P 2    θ  −  C 2     u n    )       =  X 0   α Y X   α X   θ g    (   C a  +  P t   )   − ε   ⋅  θ 2 r  ⋅ (   ∑ i    x i    2   p m    +   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m  −  C 2     u n   )             



(3)






    P 2    M  = Y ⋅  θ 2 r  ⋅  P 2    m  =  X 0   α Y X   θ g   α X     (   C a  +  P 2    r   )    − ε   ⋅  θ 2 r  ⋅ (   ∑ i    v i 1  +   ∑ j    w j 1  −  C 2 p  −  C 2 d  −  C a  )       



(4)







Where      ∑ i    x i    2   p m       represents the energy benefits brought by the reduction of manufacturing processes in remanufacturing;     P 2    l  =   ∑ i     ∑ j    m  i j    p j    2         represents the material benefits brought by the direct reusing of key parts in remanufacturing;     P 2    θ  =   ∑ i     ∑ j    m  i j    x j    1   p m         represents the resource benefits brought by the material savings of key parts in remanufacturing;     C 2     u n      represents the additional input of material and energy caused by the uncertainty in quality of products and crucial components;     P 2    m  =   ∑ i    v i 1  +   ∑ j    w j 1  −  C 2 p  −  C 2 d  −  C a         represents the net profits obtained from unit EOL product.



Case 3: Neither the product nor its crucial components can be remanufactured.



Let     C 2    p     denote processing costs (cleaning, testing, disassembly, EOL disposal, etc.) of unit EOL product and its crucial components,     w j 2     denote profit obtained from the   j  th recyclable material of unit EOL product,     C 3 d     denote disposal costs of unit EOL product. The remanufacturing resource benefits     P 3 U     and the profits of remanufacturer     P 3 M     are:


      P 3    U    = Y ⋅  θ 3 r  ⋅  P 3    u  =  α Y X  X ⋅  θ 3 r  ⋅  (   P 3    e  +  P 3    l  +  P 3    θ  −  C 3     u n    )       =  X 0   α Y X   α X   θ g    (   C a  +  P t   )   − ε   ⋅  θ 3 r  ⋅ (   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m  −  C 3     u n   )             



(5)






    P 3 M  = Y ⋅  θ 3 r  ⋅  P 3    m  =  X 0   α Y X   θ g   α X     (   C a  +  P 3    r   )    − ε   ⋅  θ 3 r  ⋅ (   ∑ j    w j 2  −  C 3 p  −  C 3 d  −  C a  )     



(6)







Where      ∑ i     ∑ j    m  i j    x j    1   p m         represents the resource benefits brought by the material savings of key parts in remanufacturing;      ∑ i    x i    2   p m       represents the energy benefits brought by the reduction of manufacturing processes in remanufacturing;      ∑ i     ∑ j    m  i j    p j    2         represents the material benefits brought by the direct reusing of key parts in remanufacturing;     C 3     u n      represents the additional input of material and energy caused by the uncertainty in quality of products and crucial components.     P 3    m  =   ∑ j    w j 2  −  C 3 p  −  C 3 d  −  C a       represents the profits obtained from unit EOL construction machinery product.



Therefore, let     P U  =  P    1   U  +  P    2   U  +  P    3   U     and     P U  =  P    1   M  +  P    2   M  +  P    3   M    , functions of the resource benefits and remanufacturer profits brought by remanufacturing are as follow:


     max  P U  =    X 0   α Y X   α X   θ g    (   C a  +  P r   )   − ε   ⋅  θ 1 r  ⋅ ( z  p m  +   ∑ i    x i    2   p m    +   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m  −  C 1     u n   )         +       X 0   α Y X   α X   θ g    (   C a  +  P t   )   − ε   ⋅  θ 2 r  ⋅ (   ∑ i    x i    2   p m    +   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m  −  C 2     u n   )         +       X 0   α Y X   α X   θ g    (   C a  +  P t   )   − ε   ⋅  θ 3 r  ⋅ (   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m  −  C 3     u n   )             



(7)






     max    P M     P U  →  P     max    U      = Y ⋅  θ 1 r  ⋅  P 1    m  =  X 0   α Y X   θ g   α X    (   C a  +  P 1    r   )   − ε   ⋅  θ 1 r  ⋅ (  P 1    r  −  C 1 p  −  C a  ) +      Y ⋅  θ 2 r  ⋅  P 2    m  =  X 0   α Y X   θ g   α X    (   C a  +  P 2    r   )   − ε   ⋅  θ 2 r  ⋅ (   ∑ i    v i 1  +   ∑ j    w j 1  −  C 2 p  −  C 2 d  −  C a  )     +      Y ⋅  θ 3 r  ⋅  P 3    m  =  X 0   α Y X   θ g   α X    (   C a  +  P 3    r   )   − ε   ⋅  θ 3 r  ⋅ (   ∑ j    w j 2  −  C 3 p  −  C 3 d  −  C a  )       



(8)







The definition of parameters used in Equations (7) and (8) are as follows:



    x j    1     denotes the energy consumption when producing a unit of the   j  th recycling material (converted into standard coal);     p m     denotes the market price of standard coal;     p j    2     denotes the market price of the   j  th recycling material.     x i    2     denotes the energy consumption when producing the   i  th crucial component;   z   denotes the energy consumption during the assembling process of a unit product.     m  i j      denotes the consumption of the   j  th recycling material when producing the   i  th crucial component.     C i    p  ( i = 1 , 2 , 3 )    denotes processing costs(cleaning, testing, disassembly, disposal, etc.). According to the actual operation in remanufacturing enterprises, set     C i p     as a step function of the quality fluctuation coefficient     θ q    . For example, when     θ q     varies in the interval [0.1–0.2], the value of     C i p     is     C 1 p    ; when     θ q     varies in the interval [0.3–0.6], the value of     C i p     is     C 2 p     , where     C 1 p     and     C 2 p     are constants. Let the rate of the direct reusing of EOL construction machinery be     θ 1 r  ( 0 ≤  θ 1 r  ≤ 1 )   ; the reusing rate after repairing of the crucial components be     θ 3 r  ( 0 ≤  θ 3 r  ≤ 1 )   .


   Constraints :   s   . t .    {     C 3 p  ≥  C 2 p  ≥  C 1 p  > 0    ( 9 )       v i 1  > 0    ( 10 )       w j 1  ≥  w j 2  > 0    ( 11 )       C 3 d  ≥  C 2 d  > 0    ( 12 )       a 1  ,  a 2  ,  a 3  ,  θ q  ,  C a  ,  α X    a l l   a r e   b i g g e r   t h a n   0   ( 13 )       











For the constraints, constraint (9) represents the non-negative costs constraints in these three remanufacturing cases above; Constraint (10) represents the benefits constraint of the ith component in the case that the EOL construction machinery cannot be reused directly, but some of its key components can be reused after repairing; Constraint (11) represents the non-negative benefits constraint; Constraint (12) represents the costs constraint of waste disposal.



Obviously, many parameters, including constants and variables, are defined in this model. The values of those constants can be obtained through the survey on the actual operations in remanufacturing factories. However, the forecast values of the variables are obtained through some statistical methods. For example, the forecast values of the variables are obtained through some statistical methods, the demands of current period are unknown but predicable, for the demands of past periods are known, then by using moving average method we can predicate the demands of current period. Set the annual demands of customers be     M t     (  t   denotes the number of year),   n   denotes the number of periods. Then the demands predictions of current period     a  t + 1      can be obtained by the expression as follow:


    a  t + 1   =  M t   ( 1 )    =    a t  +  a  t − 1   + … +  a  t − n    n    



(14)









3. Model Solving


When taking the derivative of objective function, let    ∂  P U  / ∂  C a  = 0   , then we get     C ∗ a    ,     P U     get the maximum value at this point (refer to Appendix A for the detailed solving process). When the recycling price of EOL construction machinery is     C ∗ a    , the overall resource benefits     P U     brought by remanufacturing reach a maximum, and then the demands of customers can be decided accordantly. When     C a  ≤  C ∗ a     , the resource benefits     P U     increases with recycling price     C a    , when     C a  ≥  C ∗ a     ,     P U     decreases with the increasing of     C a    . However, when     C a  =  C ∗ a    , whether the value of     P 1 M    , is positive or negative is unknown. Therefore, further analysis of profits function is needed to find the relationship between profits and the recycling price.



Set    ∂  P M  / ∂  C a  = 0   , if     C a  =   ε ( l − d ) −  P r    ( ε + 1 )   =  C  ∗ ∗  a    , the profits in a single period reaches its minimum at this point,     P  min  M  =  X 0   θ Y X   θ g   α X   [    l − d −  P r    ε + 1    ]     [     l ′  +  θ q   P r     θ q  ( ε − 1 )   ⋅ ε  ]    − ε     . Obviously, when     P  min  M     < 0, the marginal profits is zero for remanufacturers, it means the remanufacturing is unprofitable and it is impossible to continue. Therefore, the optimal solution     C  ∗ ∗  a     is an invalid solution, but with overall profits function being taken into account, the conclusion can be drew as: when     C a  ≤  C  ∗ ∗  a    ,     P U     is increasing with the decreasing of     C a    ; when     C a  ≥  C  ∗ ∗  a    ,     P U     increases with the increasing of     C a     (here government subsidies for remanufacturing companies are not taken into consideration) .



The conclusion drawn by taking the derivative of     P U     and     P M     shows that the impact on remanufacturer’s profits and resource benefits imposed by recycling price, on this basis, further analysis for the plus or minus of profits and benefits is needed.



By     {     P U  = Y ⋅ (  l ′  +  θ q   C a  )      P M  = Y ⋅ ( l − d −  C a  )        and set     P M     equals zero, then we get     C a  = l − d   ; set     P U     equals zero, then     C a  =   −  l ′   b    .



Therefore, for     P M   (   C a   )  ≥ 0   , meet the condition     C a  ≤ l − d   . Meanwhile, for     P U   (   C a   )  ≥ 0   , meet     C a  ≥   −  l ′   b    . When     P M   (   C a   )  ≥ 0    and     P U   (   C a   )  ≥ 0   , based on the above inequalities, the conclusion can be drawn as follows:



When     C ∗ a     meet the following conditions, then for any     C ∗ a    , the model satisfies     P U   (   C 0 a   )  ≥ 0    and     P M   (   C 0 a   )  ≥ 0   . That is     C 0 a  ∈  [  0 , l − d  ]    .



In the actual production process, the raw material and energy consumed by unit product or component, the prices of raw material and unit standard coal are known, namely the value of   d  ,   l  ,     l ′     are fixed. If there is recycling price     p 0     to make     P U   (   C 0 a   )  ≥ 0    and     P M   (   C 0 a   )  ≥ 0   , then the value of     C 0 a     is dependent on the quality fluctuation     θ q    , the direct reusing rate of EOL construction machinery     θ 1 r     and the reusing rate of the crucial components     θ 2 r    .



From the description above we can draw the conclusion as that: in the process of recycling EOL products, once the quality of products is confirmed, namely the quality fluctuation coefficient, the rate of the direct reusing of EOL machinery and its component are determined, and then the recycling price can be determined. Conversely, with the actual recycling price, it is feasible to choose EOL products of better quality (the quality fluctuation coefficient     θ q     is larger) from recycling merchants.



The expression of the resource benefits     P M    , the profits of remanufacturer     P U     and the recycling price     C a     contain not only many variables that represents uncertainty factors, such as     α Y X    ,     θ g    ,     α X    ,     θ q    ,     θ 1 r    ,     θ 2 r    ,     θ 3 r    , but also a lot of constants, like     m  i j     ,    z   ,   j  ,     p j    2    . Once we get the exact values of these constants and variables, the value of     P U    ,     P M     and     C a     can be quickly obtained according to the expression. In the actual remanufacturing activities, some of those parameters can be obtained directly through the survey in the remanufacturing factory, and some other parameters can be obtained by using some statistical methods (such as moving average method, exponential smoothing method) to deal with the historical data of the remanufacturing enterprise.




4. Impact Analysis of the Uncertainty Factors


In this model, the fill rate of customer demands     α Y X    , the recognition coefficient of new remanufactured products from customers     θ g    , the quality fluctuation coefficient     θ q    , customer demands     α X    , the direct reusing rate of EOL products     θ 1 r     and the reusing rate after repairing of the crucial components     θ 2 r    , those all have different impact on the resource benefits maximum     P ∗ U    , the recycling price     C ∗ a     and profits of remanufacturers     P 1 M     under the maximization of resource benefits. However, the extent to which they have an impact needs to be further analyzed.



4.1. Analysis of the Uncertainty Factors Associated with Customer Demand


The demand for remanufacturing products is directly reflected by customer demands coefficient     α X    , the fill rate of customer demands     α Y X     and the recognition coefficient of new remanufactured products from customers     θ g    . They exert significant influence on remanufacturers profits and resource benefits during remanufacturing processes; Based on mathematic expression as follows:


    {     P ∗ U  =  X 0   α Y X   θ g   α X     θ q   P r  −  l ′    ε − 1     [    ε  l ′  +  θ q  ε  P r     θ q  ( ε − 1 )    ]   − ε        P 1 M  =    θ q   P r  −  l ′    ε − 1    [  ( l − d ) −    θ q   P r  −  l ′    ε − 1    ]    [    ε  l ′  +  θ q  ε  P r     θ q  ( ε − 1 )    ]   − ε        C ∗ a  =    θ q   P r  − ε  l ′     θ q  ( ε − 1 )           (  θ q  )  2  − 4 a c     



(15)







The demand coefficient     α X    , the fill rate of customer demands     α Y X     and the recognition coefficient of new remanufactured products from customers     θ g     are proportional to the resource benefits and the profits of remanufacturers, while they have no effect on recycling price. In other words, the higher the recognition degree and fill rate of customer demands are, the larger the resource benefits of remanufacturing and the profits of remanufacturers are becoming.



Meanwhile, in the actual process of remanufacturing, the fill rate of customer demands     α Y X     in current period is often influenced by other periods, and it may also bring a measure of influence on the fill rate of customer demands in upcoming periods. Therefore, it is necessary to make analysis for     α Y X     in multi-period.



As for manufacturing enterprises, the customer demand changes during different periods will bring a measure of influence on the allocation of production resources and manufacturing adjustment, and whether the demands of current period are satisfied also has effects on how the demands are satisfied during next period. Here we assume when the demands during current period are satisfied, then in next period the probability that the demands are satisfied is   δ  ; when the demands during current period are not satisfied, then in next period the probability that the demands are satisfied is   σ  . Meanwhile, whether the demands are satisfied in next period is independent on previous events, only related to current state.



The remanufacturing system above makes up a two-state Markov chain (please refer to Appendix B for the detailed solving process). By solving the chain Markov, we can conclude that under such condition whether the demand in the next period are satisfied or not is independent on previous state and only related to current state, the limiting probability about customer demands satisfaction converges to a fixed value     σ  1 + σ − δ      and is independent on the state of current period.



Despite its great difficulty and lower accuracy when predicting the customer demands during a long term according to historical data, the limiting probability of the fill rate for customer demands converges to a fixed value. Where   δ   and   σ   can be obtained by the statistical remanufacturers business data, here it is taken as a constant. Therefore, it serves as a reference for the remanufacturers who want to predict the long term demands of customers.




4.2. Analysis of the Quality Fluctuation Coefficient


The quality fluctuation coefficient   b   denotes the quality condition of recycled EOL construction machinery and its crucial components, the value of     θ q     determines the impact on environment and resource input during the process of remanufacturing. Therefore, to make analysis of     θ q     is becoming important and meaningful.



In analysis of previous section, Equation (15) has shown that the quality fluctuation coefficient     θ q     exerts significant influence on the value of     P ∗ U    ,     P 1 M     and     C ∗ a    , but the specific impact of     θ q     on     P ∗ U    ,     P 1 M     and     C ∗ a     remain to be further analyzed.



Please refer to Appendix C for the detailed solving process, from the result of solving process, we can get, there is     θ ∗ q    , When     θ ∗ q  =    l ′  ε    P r  ( ε − 1 )     , the resource benefit     P U     reaches its minimum. Moreover, when     θ q  ≤  θ ∗ q    ,     P U     decreases with the increasing of     θ q    ; when     θ q  ≥  θ ∗ q    , it increases with the increasing of     θ q    .



From the expression of     θ ∗ q     we can draw the conclusion: when the resource benefits is minimum, the value of quality fluctuation coefficient     θ ∗ q     is related to     l ′    , and     θ ∗ q     is proportional to     l ′    . According to the previous definition,     l ′     is a function of the direct reusing rate of EOL products     θ 1 r     and the reusing rate after repairing of the crucial components     θ 2 r     , that is to say,     θ 1 r     and     θ 2 r     directly decide the value of     θ ∗ q    . Therefore, once the impact of     θ 2 r     and     θ 2 r     on     l ′     are recognized, the change regularity of     θ ∗ q     on the condition that when     θ 1 r     and     θ 2 r     are varying can be got (further analysis has been made in Section 4.3). Meanwhile, the expression of     θ ∗ q     shows the larger the profits of remanufacturer     P r     and the price-elasticity index   ε   are, the smaller the value of     θ ∗ q     will be. Therefore, when recycling the EOL construction products, remanufacturers should choose those products that their quality is comparatively low but the parts of them can be reused directly, which can ensure not only low recycling price but also larger quantity of reusable parts to increase the remanufacturing profits.




4.3. Analysis of the Direct Reusing Rate of EOL Product and Its Components


By     {     l ′  =  θ 3 r  (   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m  −  a 1  ) +          θ 2 r  (   ∑ i     ∑ j    m  i j    p j    2  +            ∑ i     ∑ j    m  i j    x j    1   p m  +   ∑ i    x i    2   p m  −  a 2    )     +  θ 1 r  ( z  p m  +   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m  +   ∑ i    x i    2   p m    −  a 3  )             l =  θ 3 r    ∑ j    w j 2  +    θ 2 r  (   ∑ i    v i 1  +   ∑ j    w j 1  ) +      θ 1 r   P r      d =  θ 3 r  (  C 3 p  +  C 3 d  ) +  θ 2 r  (  C 2 p  +  C 2 d  ) +  θ 1 r   C 1 p         and the expressions of     P ∗ U     and     P 1 M     we get Equation (15):



As a matter of convenience in follow-up analysis, here     l ′    ,   l   and   d   are parameters as resource benefits of unit remanufacturing product, profits and costs of unit remanufacturing product.



From Equation (15) it can be concluded that     θ 1 r     and     θ 2 r     finally exert influence on     P 1 M    ,     X ∗    and     C ∗ a     by affecting parameters of     l ′    ,   l   and   d  . Considering the parameters of   l  ,     l ′     and   d   defined in this model have some special meanings, which represent profits of unit remanufacturing product, total resource benefits and costs of unit remanufacturing product, here we first analyze the impact that   l  ,     l ′     and   d   have on the optimal values of     P ∗ U    ,     P 1 M    ,     X ∗     and     C ∗ a    , then the impact that     θ i r     have on   l  ,     l ′     and   d  , which is more meaningful than iterating     θ i r     directly into the optimal values.



For the impacts of   l  ,     l ′     and   d   on the optimal values, please refer to Appendix D.1 for detailed solving process.



For the impacts of     θ i r     on   l  ,     l ′     and   d  , please refer to Appendix D.2 for detailed solving process.



Therefore, according to the solving result in Appendix D, the conclusion can be drawn as follows:



(1) When     φ 3  <    θ 3 r    1 −  θ 1 r     φ 1  +    θ 2 r    1 −  θ 1 r     φ 2    ,     l ′     increases with     θ 1 r    ; when     φ 3  >    θ 3 r    1 −  θ 1 r     φ 1  +    θ 2 r    1 −  θ 1 r     φ 2    ,     l ′     decreases with the increase of     θ 1 r     ; when     φ 3  =    θ 3 r    1 −  θ 1 r     φ 1  +    θ 2 r    1 −  θ 1 r     φ 2     ,     l ′     is independent on    θ 1 r     ; when    φ 1  <  φ 2    ,     l ′     increases with     θ 3 r    ; when     φ 1  >  φ 2    ,     l ′     decreases with the increase of     θ 2 r    ; when     φ 1  =  φ 2    ,     l ′     is independent on     θ 2 r    .



(2) When     μ 3  <    θ 3 r    1 −  θ 1 r     μ 1  +    θ 2 r    1 −  θ 1 r     μ 2    ,   d   increases with     θ 1 r    ; when     μ 3  >    θ 3 r    1 −  θ 1 r     μ 1  +    θ 2 r    1 −  θ 1 r     μ 2    ,   d   decreases with the increase of     θ 1 r    ; when     μ 3  =    θ 3 r    1 −  θ 1 r     μ 1  +    θ 2 r    1 −  θ 1 r     μ 2    ,   d   is independent on     θ 1 r    ; when     μ 1  <  μ 2    ,   d   increases with     θ 2 r    ; when     μ 1  >  μ 2    ,   d   decreases with the increase of     θ 2 r    ; when     μ 1  =  μ 2    ,   d   is independent on     θ 2 r    .



(3) When     ε 3  <    θ 3 r    1 −  θ 1 r     ε 1  +    θ 2 r    1 −  θ 1 r     ε 2    ,   l   increases with     θ 1 r    ; when     ε 3  >    θ 3 r    1 −  θ 1 r     ε 1  +    θ 2 r    1 −  θ 1 r     ε 2    ,   l   decreases with the increase of     θ 1 r    ; When     ε 3  =    θ 3 r    1 −  θ 1 r     ε 1  +    θ 2 r    1 −  θ 1 r     ε 2    ,   l   is independent on     θ 1 r    ; when     ε 1  <  ε 2    ,   l   increases with     θ 2 r    ; when     ε 1  >  ε 2    ,   l   decreases with the increase of     θ 2 r    ; when     ε 1  =  ε 2    ,   l   is independent on     θ 2 r    .





5. Analysis of Numerical Examples


All data in this paper are obtained from a remanufacturing enterprise, which plays an authoritative role in remanufacturing industry in China. The enterprise is headquartered in Wuhan and has built a perfect recycling and remanufacturing system, which contains five remanufacturing centers respectively set in Wuhan, Nanning, Chengdu, Xi’an and Urumqi and 32 recycling outlets. We surveyed the two companies over seven times within one year: on the one hand we made in-depth analysis of the recycling and the whole remanufacturing process and made modification constantly according to the results of analysis; on the other hand, we surveyed all the data flow in this process, every workshop and even the workers became the objects of our study. Through the survey on the remanufacturing processes of this enterprise and the values of constants and variables in this model are obtained. The specific numerical example shows as follows.



5.1. Example Analysis of the Recycling Price


Based on the constraint conditions of the model, the numerical example is designed as follow:     α Y X  = 0.6   ,     θ g  = 0.8   ,     α X  = 0.4   ,     θ 1 r  = 0.4   ,     θ 2 r  = 0.42   ,     a 1  = 60   ,     a 2  = 180   ,     a 3  = 100   ,     θ q  = 0.8   ,     v 1 1  = 20   ,     v 2 1  = 15   ,     v 3 1  = 15   ,     w 1 1  = 10   ,     w 2 1  = 15   ,     w 1 2  = 15   ,     w 2 2  = 20   ,     x 1 1  = 1   ,     x 2 1  = 1.5   ,     x 1 2  = 3   ,     x 2 2  = 4   ,     x 3 2  = 5   ,     C 3 d  = 15   ,     C 2 d  = 12   ,     P r  = 200   ,     P M  = 2   ,     C 1 p  = 15   ,     C 2 p  = 25   ,     C 3 p  = 20   ,     m  11   = 5   ,     m  12   = 8   ,     m  21   = 4   ,     m  22   = 5   ,     m  31   = 5   ,     m  32   = 5   ,    z = 5   . Impacts of recycling price   p   on the resource benefits   U   and   M   are shown as Figure 4 (    C a  ∈  [  0 , 40  ]    ).



Figure 4 shows when     C 0 a  ∈  [  0 , l − d  ]    ,     P U     and     P M     are nonnegative; when recycling price is rising,     P M     is showing a declining trend, Conversely,     P U     decreases with the increasing of recycling price (    C a    ). Moreover,     P U  (  C a  )    is a convex function of     C a    , while     P 1 M  (  C a  )    is a concave function of     C a    . Therefore, no matter the government or remanufacturer should take account of the resource benefits and the profits of remanufacturing to find the equilibrium point of the recycling price. In this case, the value of equilibrium price     C a     is 20.




5.2. Example Analysis of the Recycling Price


Base on the constraint conditions of the model, the numerical example is designed as follow:     α Y X  = 0.6   ,     θ g  = 0.8   ,     C a  = 35   ,     θ 1 r  = 0.4   ,     θ 2 r  = 0.42   ,    a 1  = 60   ,     a 2  = 180   ,    a 3  = 100   ,     v 1 1  = 20   ,     v 2 1  = 15   ,     v 3 1  = 15   ,     w 1 1  = 10   ,     w 2 1  = 15   ,     w 1 2  = 15   ,     w 2 2  = 20   ,     x 1 1  = 1   ,     x 2 1  = 1.5   ,     x 1 2  = 3   ,     x 2 2  = 4   ,     x 3 2  = 5   ,     C 3 d  = 15   ,     C 2 d  = 12   ,     P r  = 200   ,     P M  = 2   ,     C 1 p  = 15   ,     C 2 p  = 25   ,     C 3 p  = 20   ,     m  11   = 5   ,     m  12   = 8   ,     m  21   = 4   ,     m  22   = 5   ,     m  31   = 5   ,     m  32   = 5   ,    z = 5   . The impact of the quality fluctuation coefficient     θ q    , customer demands     α X     on the resource benefits maximum     U ∗     and profits of remanufacturers     M 1     are shown as Figure 5 and Figure 6.



Figure 5 has shown that the demand coefficient     α X     is proportional to the resource benefits     P ∗ U     and the profits of remanufacturers     P 1 M    , as the rising of     α X    , the value of     P ∗ U     and     P 1 M     is increasing gradually, and the increasing rate of total resource benefits     P ∗ U     in remanufacturing is much higher than that of recycling price     P 1 M    .



Figure 6 has shown that the function     P 1 M  (  θ q  )    is a concave function (profits of remanufacturer    P M     depends on the quality fluctuation coefficient     θ q    ), In contrast, the function     P ∗ U  (  θ q  )    is a convex function. As the rise of quality fluctuation coefficient     θ q    ,     P 1 M     and     P ∗ U     show different tendency: the value of   M   decreases firstly and then increases and the increase rate is much larger than the decrease rate. In this numerical example, when     θ q  = 0.25   ,     P M     reaches the minimum value, the value of     P U     increases firstly and then decreases, while both the increase rate and the decrease rate are much larger than     P M    ; When     θ q  = 0.4   ,     P M     reaches the maximum value. Moreover, Figure 5 shows the construction machinery and its crucial components, whose quality fluctuation coefficient locates in the interval [0.4, 0.9], should be given preference to remanufacture, thus ensuring the maximum utilization of resources and avoiding more damage to the profits of remanufacturer.




5.3. Example Analysis of the Direct Reusing Rate of EOL Product and Its Components


According to the analysis in Section 4.3, the impact of the direct reusing rate of EOL product (    θ 1 r    ) and its components (    θ 2 r    ) on resource benefits of unit remanufacturing product (  l  ), profits and costs of unit remanufacturing product (    l ′     and   d  ) are dependent on,     μ 1    ,     ε 1    ,     φ 2    ,     μ 2    ,     ε 2    ,     φ 3    ,     μ 3     and     ε 3    , the variation trend of     l ′    ,   l   and   d   contains three aspects through example verification: when     φ 3  >    θ 3 r    1 −  θ 1 r     φ 1  +    θ 2 r    1 −  θ 1 r     φ 2     and     φ 1  <  φ 2    , or     μ 3  >    θ 3 r    1 −  θ 1 r     μ 1  +    θ 3 r    1 −  θ 1 r     μ 2     and     μ 1  <  μ 2    ,     ε 3  <    θ 3 r    1 −  θ 1 r     ε 1  +    θ 3 r    1 −  θ 1 r     ε 2     and     ε 1  >  ε 2    . Then we design the example as     α Y X  = 0.6   ,     θ g  = 0.8   ,     α X  = 0.4   ,     θ 1 r  = 0.4   ,     θ 2 r  = 0.42   ,    a = 180   ,     θ q  = 0.8   ,     v 1 1  = 20   ,     v 2 1  = 15   ,     v 3 1  = 15   ,     w 1 1  = 10   ,     w 2 1  = 15   ,     w 1 2  = 15   ,     w 2 2  = 20   ,     x 1 1  = 1   ,     x 2 1  = 1.5   ,     x 1 2  = 3   ,     x 2 2  = 4   ,     x 3 2  = 5   ,     C 3 d  = 15   ,     C 2 d  = 12   ,     P r  = 80   ,     p m  = 2   ,    z = 5   .



Then     {     l ′   (   θ 1 r   )  = 202.8 − 17.2  θ 1 r       l ′   (   θ 2 r   )  = 199.6 + 14.4  θ 2 r             {    l  (   θ 1 r   )  = 63 − 17  θ 1 r      l  (   θ 2 r   )  = 53 + 24  θ 2 r             {    d  (   θ 1 r   )  = 24.4 + 16.4  θ 1 r      d  (   θ 2 r   )  = 21.2 − 4 . 8  θ 2 r         From the equations above the variation curve of     l ′    ,   l   and   d   in respect of     θ 1 r     and     θ 1 r     can be obtained as Figure 7 and Figure 8 are showing:



Figure 7 and Figure 8 have shown parts of the variation history of     l ′    ,   l   and   d   in respect of     θ 1 r     and     θ 2 r    : when     φ 3  >    θ 3 r    1 −  θ 1 r     φ 1  +    θ 2 r    1 −  θ 1 r     φ 2     and     φ 1  <  φ 2    ,     l ′     decreases with the rise of     θ 1 r     but increases with the rise of     θ 2 r    ; when     μ 3  >    θ 3 r    1 −  θ 1 r     μ 1  +    θ 2 r    1 −  θ 1 r     μ 2     and     μ 1  <  μ 2    ,   d   decreases with the rise of     θ 1 r     but increases with the rise of   γ  ; when     ε 3  <    θ 3 r    1 −  θ 1 r     ε 1  +    θ 2 r    1 −  θ 1 r     ε 2     and     ε 1  >  ε 2    ,   l   increases with the rise of     θ 1 r     while decreases with the rise of     θ 2 r    .





6. Conclusions


The study in this paper concentrates on the EOL construction machinery and has made an in-depth analysis of remanufacturing processes. Then, the potential factors that affect the profits and resource benefit of remanufacturing are identified, and a resource benefits evaluation model is built up under the uncertainty of recycling price. Through this model, the recycling price and profits of remanufacturer have been obtained based on the maximization of resources benefits. Beyond all that, this paper has also explored the change regularity of resource benefits, the recycling price and profits of remanufacturer when such parameters are varying as recycling price, quality of EOL products, customer demands and direct utilization ratio of product and its components.



Conclusions drawn in this paper can be shown as follows:

	(1)

	
If the condition whether the demands in the current period is satisfied or not is independent on previous state, then the ultimate value of customer demands satisfaction of multi-periods converges to a fixed value.




	(2)

	
When recycling price is rising, the maximal resource benefits and the profits of remanufacturer are showing a decline trend, and the maximal resource benefits is a convex function of recycling price, the profits of remanufacturer is a concave function of recycling price. The decline rate of remanufacturer profits is higher than that of total resource benefits in remanufacturing.




	(3)

	
There is a recycling price to make the resource benefits and the profits of remanufacturer and the value of recycling price is dependent upon the rate of the direct reusing of EOL construction machinery, the rate of the direct reusing of its crucial component and quality fluctuation coefficient.




	(4)

	
As the rise of the quality fluctuation coefficient, the profits of remanufacturer, resource benefits and the recycling price are decreasing gradually, furthermore, the decline rate of total resource benefits in remanufacturing is much higher than the recycling price and the profit of remanufacturer. However, when the quality fluctuation coefficient is approaching 1, the values of the profits of remanufacturer, the maximal resource benefits and recycling price grade into constants. Meanwhile, the optimal value of the quality fluctuation coefficient, which can make the resource benefit reach its maximum value, is related to the direct reusing rate of EOL construction machinery and the reusing rate after repairing of the crucial components. In addition, the quality fluctuation coefficient is also influenced by the value of profits of unit EOL construction machinery product and the price-elasticity index: the larger profits of unit EOL construction machinery product and the price-elasticity index are, the smaller the value of the quality fluctuation coefficient will be.









Those results can provide government and manufacturers with decision support and lead the price of EOL machinery products change within a reasonable range, such as:

	(1)

	
When EOL products are remanufactured by the recycling price under the maximum resources benefits, the profits of remanufacturer will decrease to some extent. Therefore, while regulating the price in market, the government should also offer remanufacturer appropriate subsidies to arouse their enthusiasm.




	(2)

	
The model analysis indicates that the demand and acceptance of customers to remanufactured products present a positive correlation to resources benefits. Therefore, enterprises are required to take appropriate marketing strategy (such as advertising, public image) for improving the customer acceptance of remanufacturing products.




	(3)

	
The recycling price can be determined by remanufacturer according to the actual value of quality fluctuation coefficient; conversely, it is also feasible to choose EOL products of better quality from recycling merchants in light of the actual recycling price.




	(4)

	
The expression of quality fluctuation coefficient shows that the smaller the value of the quality fluctuation coefficient is, the larger the profits of remanufacturer and the price-elasticity index will be. Moreover, the value of quality fluctuation coefficient directly decided by the direct reusing rate of EOL construction machinery and its components, so when recycling the EOL construction products, remanufacturers should choose those products that their quality is comparatively low but the parts of them can be reused directly, which can ensure not only low recycling price but also larger quantity of reusable parts to increase the remanufacturing profits.




	(5)

	
Through the analysis on uncertain parameters in this model, they can also make these uncertain factors controlled in a reasonable range, in order to coordinate between profits and resource benefits, and promote healthy development of the whole remanufacturing industry. The details of how the parameters affect the conclusions of the model and how they affect optimality and managerial decisions are shown in Appendix E.
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Appendix A. Solving Process of Objective Functions


When taking the derivative of objective function, let    ∂  P U  / ∂  C a  = 0   , then we get     C ∗ a  =    θ q   P r  − ε  l ′     θ q  ( ε − 1 )     ,   U   get the maximum value at this point, the maximum overall resource benefits brought by EOL products in a single period is     P ∗ U  = X    θ q   P r  −  l ′    ε − 1      [     l ′  +  θ q   P r     θ q  ( ε − 1 )   ε  ]    − ε     , where       l ′  =  θ 3 r  (   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m  −  a 1  ) +          θ 1 r  (   ∑ i     ∑ j    m  i j    p j    2  +            ∑ i     ∑ j    m  i j    x j    1   p m  +   ∑ i    x i    2   p m  −  a 2    )     +  θ 1 r  ( z  p m  +   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m  +   ∑ i    x i    2   p m    −  a 3  )             



When      p = p  1    ∗    , the demands for remanufacturing products from customers are     X ∗  =  X 0   θ g   α Y X  ⋅    [     l ′  +  θ q   P r     θ q  ( ε − 1 )   ⋅ ε  ]    − ε     , simultaneously the profits of remanufacturer are     P 1 M  =  X 0   α Y X   θ g   α X   [  ( l − d ) −    θ q   P r  − ε  l ′     θ q  ( ε − 1 )    ]     [     l ′  +  θ q   P r     θ q  ( ε − 1 )   ⋅ ε  ]    − ε     .



Where:     {    l =  θ 3 r    ∑ j    w j 2  +    θ 2 r  (   ∑ i    v i 1  +   ∑ j    w j 1  ) +      θ 1 r   P r      d =  θ 3 r  (  C 3 p  +  C 3 d  ) +  θ 2 r  (  C 2 p  +  C 2 d  ) +  θ 1 r   C 1 p        




Appendix B. Solving Process of the Uncertainty Factors Associated with Customer Demand


The remanufacturing system above makes up a two-state Markov chain, and its transition probability matrix is


   P =  ‖       δ    1 − δ            σ    1 − σ        ‖    











Apparently, this Markov chain is irreducible; for an ergodic Markov chain, they satisfy the conditions of:



    π j  =   lim   n → ∞    P  i j   , j ≥   0  ,   ∑  j = 0  ∞    π j  = 1      (here,   i  ,   j  are condition numbers) of which     π j     is the long-range time proportion of Markov chain under condition   j  , the limiting probability in this system is    π 0    ,     π 1     satisfy     {     π 0  +  π 1  = 1      π 0  = δ  π 0  + σ  π 1       π 1  =  (  1 − δ  )   π 0  +  (  1 − σ  )   π 1        



After solving these equations then we get     π 0  =     σ  1 + σ − δ     ,  π 1  =       (  1 − δ  )    1 + σ − δ        It means that under such condition whether the demands in the next period are satisfied or not is independent on previous state and only related to current state, the limiting probability about customer demands satisfaction converges to a fixed value     σ  1 + σ − δ      and is independent on the state of current period.




Appendix C. Solving Process of the Quality Fluctuation Coefficient


For     P ∗ U  =  X 0   α Y X   θ g   α X     θ q   P r  −  l ′    ε − 1      [    ε  l ′  +  θ q  ε  P r     θ q  ( ε − 1 )    ]    − ε     , and let    ∂  P M  / ∂  C a  = 0   , we get:    b T −  l ′  k + b k T = 0    , that is to say, when     θ ∗ q  =    l ′  ε    P r   (  ε + 1  )      , the overall resource benefits     P ∗ U     brought by EOL machinery in a single period is maximum, and the maximum value of     U ∗  ( b )    is:



    P ∗ U  (  θ q  =  θ ∗ q  ) =   X  l ′    1 −  ε 2       [     P r   (  2 ε + 1  )    ε − 1    ]    − ε     . Simultaneously, the profits of remanufacturer are:


    P 1 M  (  θ q  =  θ ∗ q  ) = X  [  l − d +    P r  ε   ε − 1    ]  ⋅    [     P r   (  2 ε + 1  )    ε − 1    ]    − ε     











Therefore, it exists     θ ∗ q    , When     θ ∗ q  =    l ′  ε    P r   (  ε + 1  )      , the resource benefit     P U     reaches its minimum. Moreover, when     θ q  ≤  θ ∗ q    ,   U   decreases with the increasing of     θ q    ; when    b ≥  b ∗    , it increases with the increasing of     θ q    .




Appendix D. Solving Process of the Direct Reusing Rate of EOL Product and Its Components


Appendix D.1. Impact that   l  ,     l ′     and   d   Have on The Optimal Values


Take the derivatives of     P ∗ U    ,     P 1 M    ,     X ∗     and     C ∗ a     with respect to   l  ,     l ′     and   d  , make them equal to 0, then we get:



If other parameters are constants, then     P ∗ U    ,     P 1 M    ,     X ∗     and     C ∗ a     can be taken as functions of   l  ,     l ′     and   d  , and they satisfy those conditions:



When    a =  l ′    , the value of     P ∗ U   (  l ,  l ′   )     is fixed and independent on     θ i r    .     P 1 M   (  d , l  )     increases with   l   and decrease with   d  .     X ∗     and     C ∗ a     are independent on   l  ,     l ′     and   d  .



When    a ≠  l ′    ,     P ∗ U   (  l ,  l ′   )     reaches its minimum at     l ′  =    θ q   P r   ε    . When     l ′  <    θ q   P r   ε    ,     U ∗   (  l ,  l ′   )     increases with the decreasing of     l ′    ; when     l ′  >    θ q   P r   ε    ,     U ∗   (  l ,  l ′   )     increases with     l ′    ,     M 1   (  d , l  )     increases with   l  , but decreases with the increasing of   d  , while the value of     X ∗     and     C ∗ a     increase with     l ′    .



That is to say, when the negative benefits that caused by the uncertainty of recycling quality equals to the resource benefits of remanufacturing, the recycling price, customer demand and the optimal resource benefits are all fixed. However, if those two kinds of benefits are not identical, then   l  ,     l ′     and   d   will have different effect on the optimal value, especially when     l ′  =    θ q   P r   ε    , the optimal value of resource benefits     P ∗ U     in remanufacturing processes reaches its minimum. Therefore, in the process of remanufacturing, it would be better to tap the potential of crucial parts as much as possible and improve the recycling rate as high as possible. After making sure that the threshold value of benefits     l ′     is avoided we should let it reach the value as large as possible. On the other hand, we should also control the cost of remanufacturing for sake of the profit of remanufacturers.




Appendix D.2. Impact of     θ i r     on   l  ,     l ′     and   d  


Set     φ 1    ,     μ 1     and     ε 1     represent resource benefits, cost and profit of remanufacturer in single remanufacturing period when the EOL construction machinery cannot be reused directly and their crucial components cannot be remanufactured either;     φ 2    ,     μ 2     and     ε 2     represent resource benefits, cost and profit of remanufacturer in single remanufacturing period when the EOL construction machinery cannot be reused directly but their crucial components can be remanufactured,     φ 3    ,     μ 3     and     ε 3     represent resource benefits, cost and remanufacturer profit in single remanufacturing period when the EOL construction machinery cannot be reused directly but their crucial components can be remanufactured.



Substitute     φ 1  =   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m          −  a 1    ,     φ 2  =   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m          −  a 2     and     φ 3  = z  p m  +   ∑ i     ∑ j    m  i j    p j    2  +   ∑ i     ∑ j    m  i j    x j    1   p m  +   ∑ i    x i    2   p m            −  a 3     into     l ′    :     l ′  =  θ 3 r   (   φ 1   )  +  θ 2 r   (   φ 2   )  +  θ 1 r   φ 3    



Simplify the equation above then we get:     {     l ′   (   θ 1 r   )  =  [     θ 3 r    1 −  θ 1 r     φ 1  +    θ 2 r    1 −  θ 1 r     φ 2   ]  −  [   φ 3  −    θ 3 r    1 −  θ 1 r     φ 1  − γ  φ 2   ]   θ 1 r       l ′   (     θ 2 r    1 −  θ 1 r     )  =  [  ( 1 −  θ 1 r  )  φ 1  +  θ 1 r   φ 3   ]  +  [   (   φ 2  −  φ 1   )  ( 1 −  θ 1 r  )  ]     θ 2 r    1 −  θ 1 r          .



Therefore, when     φ 3  <    θ 3 r    1 −  θ 1 r     φ 1  +    θ 2 r    1 −  θ 1 r     φ 2    ,     l ′     increases with     θ 1 r    ; when     φ 3  >    θ 3 r    1 −  θ 1 r     φ 1  +    θ 2 r    1 −  θ 1 r     φ 2    ,     l ′     increases with the decrease of     θ 1 r    ; when     φ 3  =    θ 3 r    1 −  θ 1 r     φ 1  +    θ 2 r    1 −  θ 1 r     φ 2    ,     l ′     is independent on   λ  ; when     φ 1  <  φ 2    ,     l ′     increases with     θ 2 r    ; when     φ 1  >  φ 2    ,     l ′     decreases with the increase of     θ 2 r    ; when    φ 1  =  φ 2    ,     l ′     is independent on     θ 2 r    .



The way that   l   and   d   are changing with     θ i r     is similar with the way that     l ′     with     θ i r    .





Appendix E. The Effects by Parameters on Objective Functions and Managerial Decisions
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Table A1. The effects by parameters on objective functions and managerial decisions.







Table A1. The effects by parameters on objective functions and managerial decisions.







	
Parameters

	
Abbreviations

	
Change regularity

	
Managerial decisions






	
    θ q    

	
the quality fluctuation coefficient

	
The smaller the value of the quality fluctuation coefficient is, the larger the profit of remanufacturer and the price-elasticity index will be

	
When recycling the EOL construction products, remanufacturers should choose those products that their quality is comparatively low but the parts of them can be reused directly, which can ensure not only low recycling price but also larger quantity of reusable parts to increase the remanufacturing profit.




	
    C a    

	
recycling price

	
When EOL products are remanufactured by the recycling price under the maximum resources benefits, the profit of remanufacturer will decrease to some extent

	
While regulating the price in market, the government should also offer remanufacturer appropriate subsidies to arouse their enthusiasm




	
    α X    

	
the demand coefficient

	
The demand and acceptance of customers to remanufactured products present a positive correlation to resources benefits

	
Enterprises are required to take appropriate marketing strategy (such as advertising, public image) for improving the customer acceptance of remanufacturing products.




	
    α Y X    

	
the fill rate of customer demand

	
The fill rate of customer demand

	
Remanufacturers should meet customer needs as much as possible.
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Figure 1. The remanufacturing processes flowchart of EOL construction machinery. 
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Figure 2. Uncertainty factors existing in the process of recycling and remanufacturing processes. 
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Figure 3. Three cases of direct reusing rate of EOL products. 
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Figure 4. The impact of recycling price on     P U     and     P M    . 






Figure 4. The impact of recycling price on     P U     and     P M    .



[image: Sustainability 09 00256 g004]







[image: Sustainability 09 00256 g005 550] 





Figure 5. The impact of     α X     on     P ∗ U     and     P 1 M    . 
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Figure 6. The impact of quality fluctuation coefficient     θ q     on     P ∗ U     and     P 1 M    . 
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Figure 7. Impact of     θ 1 r     on l, l’ and d. 
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Figure 8. Impact of     θ 2 r     on l, l’ and d. 
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Table 1. Uncertainty factors and their definition used in the model.







Table 1. Uncertainty factors and their definition used in the model.







	
Parameters

	
Abbreviations

	
Definitions






	
X

	
The quantity of demands

	
The quantity of demands for new remanufactured products




	
Y

	
The quantity of acquisition

	
The quantity of returned EOL products




	
Case 1

	
    C 1    

	
When EOL construction machinery can be reused directly




	
Case 2

	
    C 2    

	
Not in Case 1, but its crucial components can be reused in remanufacturing after repairing




	
Case 3

	
    C 3    

	
Neither the product nor its crucial components can be remanufactured(not in Case 1 or Case 2)




	
    C a    

	
Recycling price

	
Unit recycling price of EOL construction machinery




	
    C i    P    

	
Processing costs

	
Processing costs(cleaning, testing, etc.) of EOL construction machinery in case i(i = 1,2,3)




	
    C i    p    

	
Unit processing costs

	
Unit processing costs(cleaning, testing, etc.) of EOL construction machinery in case i(i = 1,2,3)




	
    C d    

	
Unit disposal costs

	
Disposal costs of unit EOL product




	
    C  u n     

	
Costs of uncertainty

	
Cost of uncertainty caused by EOL products quality




	
    C L  u n     ,     C R  u n     

	
Left/Right end point

	
Left/Right end point of the interval of the uncertainty costs




	
    α X    

	
The demand coefficient

	
The customer demand for remanufacturing products (   0 ≤  α X  ≤ 1   )




	
    α Y X    

	
Demand satisfaction coefficient

	
The relationship between customers’ demands   X   and the quantity of EOL products   Y  




	
    θ 1 r    

	
Direct reusing rate of product in case 1

	
The direct reusing rate of EOL construction machinery in case 1 (   0 ≤  θ 1 r  ≤ 1   )




	
    θ 2 r    

	
Direct reusing rate of components in case 2

	
The reusing rate after repairing of the crucial components in case 2 (   0 ≤  θ 2 r  ≤ 1   )




	
    θ 3 r    

	
    θ 3 r  = 1 −  θ 1 r  −  θ 2 r    

	
The rate of the case does not belong to case1 or case or (   0 ≤  θ 3 r  ≤ 1   )




	
    θ q    

	
Recycling quality

	
The quality fluctuation coefficient (   0 ≤  θ q  ≤ 1   )




	
    θ g    

	
Recognition coefficient

	
The recognition coefficient of new remanufactured products by customers




	
    P i    U    

	
Resource net benefits

	
The overall resource benefits when the demand of customers are satisfied in case i(i = 1,2,3)




	
    P i    u    

	
Unit net resource benefits

	
Unit resource benefits when the demand of customers are satisfied in case i(i = 1,2,3)




	
    P i    M    

	
Net profits of reman

	
The profits of remanufacturers when the demand of customers are satisfied in case i(i = 1,2,3)




	
    P i    m    

	
Unit net profits of reman

	
Profits of unit EOL item construction machinery in case i(i = 1,2,3),     P i    m  = (  P i    r  −  C i    p  −  C a  )   




	
    P i    r    

	
Unit profits of reman

	
Revenue of unit EOL item construction machinery in case i(i = 1,2,3)
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