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Abstract: The treatment of end-of-life vehicles (ELVs) and the environmental impact of discarding the resulting residues are subjects of global concern. This paper focuses on the material selection problem in vehicle recycling factories (VRFs). It describes a VRF optimization model for processing ELVs in the EU legislative environment as well as global business environment. The problem is formulated as a linear program, which provides optimal procurement, storage, processing and recovery, recycling and landfill disposal route decisions. Process configuration is designed as highly flexible. Its structure directly depends from predominate ecological and economical parameters. All calculations of recycling, energy recovery and overall recovery rates are performed according to ISO 22628 standard, which defines calculation method of recyclability and recoverability of road vehicles. In addition, the type of EOL operation (recovery, recycling or disposal) is determined according to definitions from the new EU Directive on waste (2008/98/EC). The developed model can help VRFs improve their eco-efficiency and profitability, and also give answers to many important and current issues. Finally, we ran our model with different compositions of incoming procurements and prescribed quotas. All created test problems were solved to optimality using the CPLEX 12.2 solver.
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1. INTRODUCTION

The treatment of End-of-Life Vehicles (ELVs) and the environmental impact of discarding the resulting residues are subjects of worldwide concern [1]. ELVs are the priority in the EU waste flow. The latest data shows that 6.34 million ELVs were processed in 2008, with the average weight of 949.38 kg [2]. Particularly in an attempt to reduce waste that originates from ELVs, in 2000 the EU enforced the ELV Directive (2000/53/EC). It aims at preventing waste from ELVs and protecting the environment through promoting the collection, re-use and recycling of their components [3]. According to the Directive, beginning on the 1st of January 2006, vehicle recovery must reach a minimum of 85% by weight per vehicle (with energy recovery maximum 5%), of which a minimum of 80% will have to be reuse and material recycling. By the 1st of January 2015, recovery will rise to a minimum of 95% (with energy recovery maximum raised to 10%), of which minimum 85% will have to be reuse and material recycling.

Efficient processing of automobile shredder residue (ASR) or auto fluff fraction represents a major concern for VRFs. ASR is the waste generated during the shredding process, and consists of three parts: light ASR, heavy ASR, and soil/sand. It is a by-product of the recycling procedure and makes up 20-25% weight of the average ELV, i.e. approximately 200kg. The development of technology for recycling ASR is complicated because it is a very heterogeneous waste material; its composition, density, and moisture content change from site to site, and from day to day at the same site. In addition, factors that prevent the total recovery of ASR are its physical nature, frequent contamination, poor development of certain secondary markets and substantial processing costs.

This paper focuses on the on the material selection problem in the VRF. It presents a tactical production planning problem for vehicle recycling factory in the EU legislative environment as well as global business environment. The problem is formulated as a linear program, which provides optimal procurement, storage, processing, and recovery, recycling and landfill disposal route decisions. 

This paper is organized as follows. Section two describes flow sheet of the contemporarily equipped VRF. Case study is placed in the Section three, and the Last section presents the main conclusions of the paper.

2. production processes in vehicle recycling factory
A detailed flow sheet is the starting point for the formulation of the VRF production planning model, and it is represented in Figure 1. It contains a network of various unit operations necessary for processing numerous material flows, ranging from shredding to metal producing processes and therefore gives configuration of the contemporarily equipped VRF. Process configuration is designed as highly flexible and its structure directly depends on specific environmental requirements imposed by a specific ELV recycling policy (i.e. reuse/recycling and recycling/recovery quotas from the ELV Directive) and present economical factors. In addition, any possible vehicle hulk quantity and processing route can be viewed and assessed as a potential solution of the analysed problem.

A number of procurement classes are available for a VRF, each of which has more than one type of hulks present. Since each type of hulks is characterised by specific composition of materials, general material composition of each class will obviously depend exclusively on the share of hulk type belonging to it (Figure 1). When procurements arrive, they are unloaded from transportation vehicles and forwarded to storage. Vehicle hulks planned for processing are taken over from there and transported to shredder, which is the core element of every VRF. It shreds them into mostly fist-size chunks to liberate metals from everything else. A heavy duty cyclone is installed on top of the shredder to vacuum the light automobile shredder residue (ASR) fraction. This fraction can be further sorted or shipped to advanced thermal treatment (ATT) plant. If the first option is chosen, then the second magnetic sorter separates this material flow to ferrous metals 2 and NF mix fractions. NF mix can also be further sorted to isolate NF metals 
from it, sent to selected ATT plant or disposed on landfill. If the first option is chosen, then the second eddy current sorter (ECS) separates this material flow to NF metals 2 and non-metals 2, which will then be routed to the optimal destination. Heavy materials fraction passes through the first magnetic sorter which diverts the ferrous metals 1 from the heavy ASR fraction. Market requirements dictate that both fractions of ferrous metals are firstly manually treated along a conveyor for possible impurities (above all, for insulated Cu wires), and only then sold to steel industry. As for the fraction of insulated Cu wires, two routes are possible, export and (manual) recycling in low cost labour countries, and landfill disposal. Heavy ASR fraction is forwarded to the first ECS which separates it to NF metals 1 and of non-metals 1. The first and the second fraction of NF metals are then routed to HMS, which separates those to Al-rich and Cu-rich fractions. Al-rich fraction can be sold as is, or routed to the third ECS for further refinement from rubber, plastics and rest fraction (RPR). Isolated RPR fraction can be either incinerated in a municipal solid waste incinerator (MSWI) or disposed on landfill.
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Fig. 1. Flow sheet of the contemporarily equipped vehicle recycling factory.

3. Case study
In this case study, the following scenarios were investigated:
● Scenario 1 - Valid quotas (valid since 1 January 2006). The VRF has to guarantee that recycling rate and recovery rate do not fall under 80 and 85% respectively, as well as that the energy recovery rate does not exceed 5% [3]; and
● Scenario 2 - Future quotas (will be valid from 1 January 2015). The VRF has to guarantee that recycling rate and recovery rate do not fall under 85 and 95% respectively, as well as that the energy recovery rate does not exceed 10% [3].
ELV Directive simply defined “vehicle” as any vehicle designated as class M1 (passenger vehicles with less than eight seats in addition to the driver's seat) or N1 (vehicles used for the carriage of goods whose maximum weight does not exceed 3.5 tonnes), and three wheel motor vehicles [3]. In this case study we analysed 2 prevailing types of M1 and N1 vehicle hulk classes: steel-intensive (SI) and aluminium-intensive (AI). Therefore, we will be looking at the special case of vehicle design change influencing VRFs business, i.e. the influence of the reduction of its weight by substituting ferrous metals with aluminium. As a result, the above mentioned scenarios formed 121 test problems each by varying the share of SI type hulks in each procurement class in the interval of 0-100% with the step of 10%.
3.1. Case study results
The optimal decisions for all test problems were solved using the CPLEX 12.2 solver on a Toshiba Qosmio with Intel Core i5-430M mobile technology processor. Testing of the developed model showed that during every planning period the quantity of procured vehicle hulks is exactly the same as the maximum capacity of shredding mill and that VRF aims at attaining as higher level of quantity and quality of sorted metal flows as possible regardless of the hulk category. So, for example, Al-rich fraction is always additionally purified because the additional income always exceeds the costs of its sorting and additional manipulation of RPR fraction. On the other hand, export possibilities of insulated Cu wires have primacy over landfill disposals as expected.
In reference to scenario 1, valid eco-efficiency quotas were reached in all created test problems, while the rates of recovery, recycling and energy recovery were on average 85.07, 83.15 and 1.92% respectively. The resulting functional dependence of profit made from general material compositions of vehicle hulk classes is presented in Figure 2. It should be noted that in previously mentioned figure, the H11 and H21 stand for the share of SI vehicle hulks of the first and the second procurement class respectively. As it is visible in Figure 2 the change in M1-SI category share will have more significant influence (>5%) on VRF profitability only when SI type attains larger share in the N1 class procurement. On the other hand, the change in N1-SI category share always influenced the level of profit, while its effect is noticeably limited by the quality improvement of the first class procurement (i.e. by the reduction of M1-SI category share). The same figure leads to conclusion that NF metal share in certain vehicle hulk categories was actually the basis for creating the optimal procurement plan, as well as production plan. This is entirely logical, and since isolated NF metals can be sold at 4.5 (Al-rich fraction) to almost 8 (Cu-rich fraction) times higher price than isolated ferrous metals, their share in vehicle hulks and the situation on the metal market will evidently present only drivers of production planning process of the analysed contemporarily equipped VRFs. In compliance with the above mentioned conclusions, and based on the material composition of certain vehicle hulk categories, from the NF metal share aspect (i.e. “profitable” aspect) the most desired category is N1-AI (with 19.65% share) and the least desired category is M1-SI (with 10.54% share). For the exact same reason, the highest profit was made in test problem 1 (€2,947,013.93 or 206.95 €/tonne of processed hulk), when the second procurement class consisted exclusively of AI type hulks. Conversely, the lowest profit was recorded in test problem 11 (€2,375,890.98 or 166.85 €/tonne of processed hulk), when both offered classes consisted exclusively of SI type hulks. Ultimately, as hulk types belonging to the second procurement class have “profit” rank of 1 and 3, this class dominated throughout scenario 1 (average share of 70.71%) and was ordered more in 88 test problems.
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Fig. 2. Functional dependence of profit made from general material compositions of vehicle hulk classes in case of valid quotas.

In reference to scenario 2, future eco-efficiency quotas were reached in all created test problems, so we are led to conclude that the success of the ELV Directive implementation phase 2 was not jeopardized. The average rate of energy recovery was 9.87%, whereof MSWI and ATT plant contributed with 7.08 and 2.79% respectively. During this process, 5.36% of the production total went through the advanced thermal treatment, and 9.33% was combusted. Figure 3 presents the obtained functional dependence of profit made from general material compositions of vehicle hulk classes. As it is visible in Figure 3, the change in N1-SI category share has always significantly influenced (>5%) the level of made profit, while its effect is noticeably limited by the quality improvement of the first class procurement. On the other hand, the change in M1-SI category share will have more significant influence on the VRF profitability only when the N1-SI category share is not lower than 70%. In reference to the analysis of the optimal procurement plan, the second class procurement was ordered more even in 98 test problems, with the average share of 78.41%. The change in procurement plan is obvious, meaning that the even more dominant second class procurement came as a direct consequence of introducing more rigorous eco-efficiency quotas. That is why, when determining the optimal procurement plan, special attention must be paid not only to the mentioned NF metal share and the situation on the metal market, but also to the ASR share (i.e. plastics, rubber and rest materials fraction) in the analysed hulk categories. In accordance with material composition and ASR share aspect (i.e. “ecological” aspect) the most desired category is N1-SI (with 13.39% share) and the least desired category is M1-AI (with 18.60% share). Speaking of profitability, the highest profit was made in test problem 1 (€2,787,360.34 or 195.74 €/tonne of processed hulk) when the second procurement class consisted exclusively of AI type hulks (with the profit rank 1). On the other hand, the lowest profit was recorded in test problem 11 (€2,297,337.41 or 161.33 €/tonne of processed hulk), as well as the best ecological result (recycling rate value of 86.17%), when both offered classes consisted exclusively of SI type hulks (with a low profit and high ecology rank).
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Fig. 3. Functional dependence of profit made from general material compositions of vehicle hulk classes in case of future quotas.
4. CONCLUSION

Analysis of testing results of the developed model leads to the following conclusions:
● Contemporarily equipped VRF can do profitable business even in strictly controlled and legally rigorous production conditions. Testing the developed model showed that in such conditions VRF will continuously procure the maximum quantity of hulks that it is able to process according to the planning period, as well as aim at achieving the highest quantity and the best quality of sorted metal flows regardless of the hulk category being processed.
● All eco-efficiency quotas are attainable, but only if VRF has contemporary sorting equipment and a possibility to forward certain waste fractions to MSWI and/or ATT plant for their further treatment. Moreover, availability of plants of this type will be additionally important starting 1 January 2015, which is evident from the data that in case of future quotas the average energy recovery rate increased to 9.87%.
● The change in vehicle design, which was observed from the aspect of substituting ferrous metals with aluminium, will not jeopardize VRFs. In both examined scenarios, analysis of the optimal procurement plans identified the NF metals share as one of the main drivers of production planning process. However, only contemporarily equipped VFRs will be able to use high value of NF metals to their advantage, because compared to traditional VRFs (so called shredding facilities), they are able to isolate them successfully.
As a result, all three conclusions clearly point out that VRFs investing in the procurement of contemporary sorting equipment is an absolutely valid decision and also that the final success of ELV Directive is realistic.
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