
  

 

 

Tilburg University

Recovery strategies and reverse logistic network design

Krikke, H.R.

Publication date:
1998

Document Version
Publisher's PDF, also known as Version of record

Link to publication in Tilburg University Research Portal

Citation for published version (APA):
Krikke, H. R. (1998). Recovery strategies and reverse logistic network design. [Doctoral Thesis, University of
Twente]. [s.n.].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 23. May. 2023

https://research.tilburguniversity.edu/en/publications/ecaeff70-7ec6-4095-ac30-090e023949a6


Chapter 1 

Introduction 

 

In this thesis we study the set-up of a reverse logistic system for durable consumer 

products with complex assembly structures. We consider situations where, due to 

legislation and customer demand for recycling, the original manufacturers of 

discarded products are held responsible for take-back and recovery of these products. 

To this end, they need to set up an efficient, yet ecologically viable reverse logistic 

system. In our research, we focus on two managerial problems to be addressed in the 

set-up of a reverse logistic system: 

 

1. How to structure recovery from return flows? In a recovery strategy it is 

determined to what degree discarded products should be disassembled and 

which reuse, recycling or disposal options should be applied. A recovery 

strategy thus prescribes the processes to which return flows should be 

subjected for recovery and disposal. 

2. Where should which recovery and disposal processes be installed at what 

capacity, once the recovery strategy is known? Reverse logistic network 

design concerns determining locations and capacity levels for processes as 

well as optimising good flows between the processes at the various 

locations. 

 

The above managerial problems are at the same time our central research questions: 

finding good designs for a recovery strategy for one or more product types and the 

corresponding reverse logistic network. Our research objectives are (i) to develop OR-

models to determine economically and ecologically viable recovery strategies and 

reverse logistic network designs, (ii) to implement these models in software and (iii) 

to test the applicability of the models in business cases. In Section 1.2, we shall 

discuss these research questions and objectives in more detail. 

In logistic terms, setting up a reverse logistic system in addition to the forward 

system(s) results in an integral supply chain. This is reflected in Figure 1-1. Our 
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research focus is printed in grey. Note that we consider the collection system to be a 

separate system, which supplies the reverse logistic system, the subject of this thesis.  
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Figure 1-1: Integral supply chain and research focus (grey) 

 

In this chapter, we give a general introduction to our research area, discuss relevant 

literature and we position our central research questions. In Section 1.1, we describe 

the concept of Integral Chain Management, which can be seen as the key concept in 

modern environmental management. We also describe driving forces that enforce the 

implementation of ICM. Actual implementation of ICM confronts manufacturers with 

new managerial problems. This new field of management is called Product Recovery 

Management (PRM), which is discussed in Section 1.2. Reverse logistics is seen as a 

problem area within PRM and discussed in the same section. In Section 1.3, an outline 

of the project is given, including detailed research questions and methodology. We 

remark that literature, relevant for working out our research questions, is discussed in 

detail in the chapters at hand, hence we limit ourselves to a general literature review 

here. 
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1.1 Integral Chain Management 

 

Recycling goes back a long time. According to (Nijkerk, 1994), the oldest form of 

recycling is copper recycling, which took place around the year of 9500 BC in Iraq, 

the Two-stream land between Eufrat and Tigris and in Turkey. Also in the ancient 

cultures of the Incas, Aztecs, Greeks and Romans material recycling was a common 

practice. For example, the local coins of conquered cities were melted and 

remanufactured into new coins. On many occasions, arms of warfare were rebuilt into 

industrial or agricultural equipment, and the other way around! 

Industrial recycling came up in the 19th century as a result of the industrial revolution. 

This was mainly focused at metal recycling, since metal was a scarce resource. Later, 

in modern times, recycling was also applied to other waste streams and became the 

domain of small scale firms, that cannibalised discarded products for economic gain. 

They did not care much for the environment and often the area around a ‘recycling 

firm’ was among the dirtiest one could find. This kind of behaviour is typical for the 

consumer society, which developed strongly in the Western World after the second 

world war. In the 50-ties and 60-ties, economic growth seemed unlimited, natural 

resources infinite and pollution was no issue. 

One of the first signs that this would not last forever, was a study presented by the 

Club of Rome in the early 70-ties, based on a computer model of Dennis Meadows. 

This study predicted a total collapse of the Earth before the year of 2050. An 

improved model, presented in another Club of Rome study in 1992, predicted an even 

worse scenario, in which this collapse would occur before 2017. So far, these 

predictions turned out to be too pessimistic and the modelling of Meadows has been 

heavily criticised. Nevertheless, it has served as an eye opener for the general public, 

cf. (Zoethout, 1997). Increased public and political concern for the environment has 

led to a world-wide change of attitude from ‘I don’t care’ in the 60-ties, 70-ties and 

early 80-ties to ‘we have to care’ in the 90-ties, cf. (VanderMerwe and Oliff, 1991). In 

this context, the role of recycling has changed: it is now seen as a tool to tackle our 

waste problems. This implies that professionalisation is necessary. 

Manufacturers play a critical role in this professionalisation: Original Equipment 

Manufacturers (OEMs) are held more and more responsible for their ‘own’ discarded 
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products and packages, both legally and by the consumer. This leads to extended 

producer responsibility, ‘extended’ because manufacturers are already to a large 

extent liable until the moment of disposal. Thus, the OEM is naturally lead to 

considering the integral supply chain in Figure 1-1 and hence to an analysis of ICM. 

Let us here summarise this in itself pretty complicated subject. 

ICM is based on the product life cycle concept. As we know, during its life cycle a 

product ‘travels’ through its supply chain (also referred to as product system), starting at 

mining and quarrying and traditionally ending at the consumer. In ICM, the life cycle is 

extended with the steps disposal, recovery and reapplication, thus enabling material 

flows to re-enter a supply chain. The ultimate aim is to reduce the negative 

environmental impact of product manufacturing, product use and product discarding. 

Formally defined, ICM concerns closing the cycle of material flows in the supply chain, 

thereby limiting emissions and residual waste, similar to (Nopa, 1992). This is 

illustrated in Figure 1-2. Closing material flows practically means that waste has to be 

collected, recovered and go back into an earlier phase of the life cycle. Recovery can be 

done by recycling of materials, but also by reusing products or components. 

 

 

 mining and quarrying      mining and quarrying 

    closed loop   open loop 

 

 manufacturing and use  recovery  manufacturing and use 

 

 

 final disposal      final disposal 

 

 product system 1      product system 2 

 

Figure 1-2: Closing material flows in ICM, similar to (Nopa, 1992) 

 

There are two ways to accomplish ICM: by closed loops, where material flows re-enter 

their original supply chain or by open loops, where material flows re-enter alternative 

supply chains. However, not the full material flow will re-enter a supply chain, i.e., leaks 
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will occur, because some waste can only be disposed of. Note that ICM considers all 

phases of the life cycle, in order to prevent that ‘solutions’ in one life cycle phase cause 

new problems in another one. Hence, reuse and recycling issues are not dealt with as 

end-of-pipe problems, but are transferred backwards into the life cycle, even to the 

design. This implies that “the waste problem” is the concern of all members of the 

supply chain.  

An important technique supporting ICM is Life Cycle Assessment (LCA). LCA is 

concerned with determining the environmental ‘profile’ of a product, measuring all 

ecological impacts over the complete life cycle of the product. This is done, by assessing 

different environmental indicators (e.g. for toxicity, CO2 emissions, ozone depletion, 

waste of resources, etc.) of all processes part of the supply chain and assigning them to 

the product involved. This is difficult, because supply chains are often used for more 

than one type of product and the assignment criteria are not always obvious. Moreover, 

processes can be linked to parallel chains and somewhere this infinite sequence has to be 

cut off. Also, the results are due to subjective interpretation, because different weights 

can be assigned to different environmental indicators. Finally, it is very hard to obtain all 

relevant data. Despite these problems, some methods have been developed and applied 

in practice, see e.g. (Nopa, 1992). LCAs may be used to assign green labels to 

environment friendly products. 

How ecologically appealing it may be, ICM is not a motivation in itself for business 

companies to apply reuse and recycling. Implementation of ICM is the result of two 

basic driving forces: 

 

• environmental regulation, 

• market forces (consumer demand for recycling). 

 

We believe that although consumers may appreciate reuse and recycling, governmental 

policy will be the major driving force in ICM. We shall discuss both kinds of driving 

forces below. 
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Environmental regulation and ICM 

 

Political concern for the environment has led to new environmental policies. In 

Europe, new regulation is developed at the level of the European Community, cf. 

(Weka, 1991), (Kopicki et al., 1993) and (AOO, 1993). The basic underlying goal of 

this regulation is the stimulation of Integral Chain Management. Governments can try 

to attain this by strict regulation or by more liberal instruments, leaving the operational 

solutions to industry. The following instruments for governments are distinguished, 

similar to (Bressers, 1994): 

 

• covenants, 

• prescriptive legislation, 

• tariffs and taxes policy, 

• liability rules, 

• subsidisation, 

• information. 

 

For ICM, the first three are of most importance. Initially, covenants were often used to 

implement producer responsibility. OEMs agreed to be responsible for meeting clear 

targets regarding the collection and recovery of discarded products. Industry committed 

itself to this, to avoid more restrictive legislation. In some countries, legislation has been 

developed as a stronger instrument to enforce producer responsibility. For example, a 

law has been implemented in Germany concerning the take-back and recovery of 

packages (Holzhey, 1993). This way, compulsory take-back and mandatory recycling 

was imposed. 

In order to formulate the recovery targets, ICM is often translated in a recovery ladder, 

which defines the priorities in waste management as follows (Weka, 1991): 

 

1. quantitative waste prevention, 

2. qualitative waste prevention, 

3. reuse of products, 
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4. reuse of components, 

5. recycling of materials, 

6. energy recovery, 

7. incineration, 

8. landfill. 

 

Although the recovery ladder is the traditional framework of European policy, the strict 

priority on waste management options is subject to discussion. Usually, there is little 

dispute about the fact that prevention has top priority and regular disposal (incineration 

and landfill) is the least preferable. However, the ranking of the others can be 

questioned, because recovery processes are part of the (extended) life cycle and should 

also be subjected to an LCA, which may result in a different priority setting. For 

example, recycling processes may be environment unfriendly, e.g. because they are 

energy consuming. Apart from ecological reasons, a recycling system that is not 

economically viable will not survive in the end. This may require some concessions in 

the ecological sense and thus the application of ‘lower’ recovery options. In conclusion, 

a more flexible approach in choosing waste management, in which also economical 

arguments play a role, options is favoured (Udo de Haes, 1994).  

Recovery targets set by the government will play an important role in our first central 

research question concerning the determination of recovery strategies. In these 

strategies, legislatively or otherwise imposed recovery priorities must be taken into 

account for the application of reuse, recycling and disposal options. 

To support recovery targets, incineration and landfill can be made less attractive by 

raising and differentiating tariffs. The ultimate measure is a landfill stop, which may be 

applied to e.g. hazardous waste. 

Disposal tariffs and landfill stops must also be taken into account in determining 

recovery strategies. 

Prescriptive legislation is often used for hazardous waste processing. Because of the 

delicacy of this subject, covenants are often considered too liberal for this waste stream. 

Regarding transportation, an important juristical debate concerns when return products 

are seen as ‘waste’ and at what point of processing they are transformed into ‘secondary 

raw materials’. This is important because transportation and processing of waste is 
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submitted to strict legislation, while the rules for secondary materials are more liberal 

(Beck, 1994). 

Obligatory removal of hazardous contents is an issue to be addressed in recovery 

strategies, while legislative transportation restrictions influence logistic network design. 

Finally, laws can be implemented regarding environment friendly product design and 

product bans. Here, legislation is formulated to stimulate Design For Recycling and ban 

products or materials that are not ecologically feasible or for which environment friendly 

alternatives exist.  

The above may have an impact on return flow characteristics, e.g. recovery potential, 

which has an impact on recovery strategies. 

In general, all constraints imposed by government policies are supposed to given in this 

research. 

 

Market forces and ICM 

 

Commercial motives to apply reuse and recycling can be twofold. Firstly, customer 

demand for recycling may force OEMs to set up some kind of recycling system. 

(VanderMerwe and Oliff, 1991) describe polls, which show that consumers world-wide 

are willing to pay more for ecologically sound products. Moreover, these polls show that 

also managers are concerned and take initiatives to reduce the negative environmental 

impacts of their business. For example, fast-food companies have installed a recycling 

system for packages discarded in their restaurants. Secondly, lease contracts and service 

repairs generate a compulsory return flow, which saddles the OEM with a 

recovery/disposal problem. Although in both cases there is no mandatory recycling, the 

OEM is certainly held responsible for the processing of return flows. However, this will 

not necessarily lead to ICM. In our opinion, customer demand and other market 

conditions does not enforce an integral approach of waste management, but rather end-

of-pipe solutions. Nevertheless, manufacturers may use the concept of ICM to meet 

market demands, since it will be imposed on them by environmental legislation anyway. 

Moreover, pro-active firms may not only anticipate to future environmental legislation 

or aim for competitive advantages, but obtain a direct economic gain by using return 

flows as a cheap resource of materials and components. In our view, a life cycle 
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approach creates the best opportunities for this. In conclusion, although customer 

demand for recycling does not particularly stimulate ICM, it may contribute to it and it 

is a driving force for extended producer responsibility. 

In this thesis, we suppose that consumer concern for the environment does not lead to 

requirements stronger than the requirements imposed by environmental legislation. In 

other words, producer responsibility is interpreted as a legislative responsibility: if 

one meets legislation, one automatically meets consumer demand for recycling. It is 

also assumed that in ICM OEMs aim for maximal economic benefit, taking legislation 

as a side constraint. Moreover, it is supposed that ICM is the best way to obtain both 

economical and ecological advantages for all members of the supply chain. 

 

Here, we conclude our summary of Integral Chain Management. ICM has many 

interesting aspects, one of which is Product Recovery Management (PRM). PRM 

concerns the managerial problems that OEMs encounter when ICM is actually 

implemented and OEMs have to deal with compulsorily returned discarded products. As 

sub-aspects, PRM regards technology, marketing, information, organisation, finance and 

reverse logistics. PRM is discussed in the next section. 

 

1.2 Product Recovery Management and its sub-aspects 

 

Regardless of the driving force, OEMs are more and more confronted with compulsory 

take-back of discarded products (and packages) and this will only increase in the 

foreseeable future. Although many OEMs may at first react reserved to this, good 

business opportunities do exist in the long run, especially if an integral chain approach 

(ICM) is taken. However, ICM requires a thorough transformation of the industrial 

paradigm and the way goods are designed, manufactured and used (vanderMerwe and 

Oliff, 1991). A new field of management, called Product Recovery Management or 

PRM, is emerging. PRM is defined as “the management of all used and discarded 

products, components and materials for which a manufacturing company is legally, 

contractually or otherwise held responsible”, similar to (Thierry et al., 1995). The 

objective is to recover that amount of returned items, that is economically and 
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ecologically satisfactory, while complying with legislative constraints, similar to (van 

der Laan, 1997). PRM aims at looping product life cycles. (VanderMerwe and Oliff, 

1991) point out four paths to close loops: (i) longer use of products, e.g. through repair, 

(ii) longer use of packages, (iii) recycling and reuse in the original form and (iv) 

recycling and reuse in alternative forms. A more sophisticated framework is given by 

(Thierry et al., 1995), where five recovery options are given at a conceptual level, 

namely repair, refurbishment, remanufacturing, cannibalisation and recycling. These 

options also concern different ways to extend the life cycle of items returned and are 

selected depending on technical feasibility, supply of suitable items, secondary market 

demand and economical and ecological costs and benefits. (Ferrer, 1997) presents a 

figure, which reflects a recovery life cycle for durable assembly goods. We have slightly 

changed this in Figure 1-3. 

 

     (re-)assembly 
 
 
 component manufacturing      forward logistics 
 
   long loop medium loop  short loop 
 
 material supply       consumer use 
 
 
 
 material recovery component recovery product recovery 
 
 
 
 waste disposal  disassembly    reverse logistics 
 
 out of looping 
 
 

Figure 1-3: Loops in product life cycles of durable assembly products, similar to (Ferrer,1997) 

 

Product recovery management is the collective noun for a broad area of managerial 

problems. The six most important problem areas related to PRM, amongst which 

reverse logistics, are discussed below. Main sources for this discussion are (Thierry et 

al., 1995), (vanderMerwe and Oliff, 1991) and (Pohlen and Farris, 1992). 
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Problem area 1: technology 

 

Technological topics include product design, recovery technology and primary processes 

adaptation.  

 

• Product design. Design For Recycling (DFR) concerns the disassemblability and 

recoverability of the product in a technical sense. Designs can be changed to enable 

cheaper and/or higher quality recovery. Moreover, components and materials can be 

replaced by environment friendly alternatives. Environment friendly product design 

is related to Life Cycle Assessment, since LCA-results can be used to evaluate 

alternative product designs. For a discussion on DFR issues, we refer to (Boks and 

Stevels, 1997) and (Jovane et al., 1993). An interesting related issue is whether DFR 

boosts or blocks product innovation. A study of (Mess, 1997) showed that the 

relationship between PRM and product innovation is somewhat ambiguous. On the 

one hand, incremental improvements may be enhanced through revision and 

upgrading of parts and modules. On the other hand, no evidence could be found that 

more fundamental innovations are triggered by PRM. One could even imagine that 

introductions of completely new technologies may be obstructed or delayed by the 

necessity to reuse old components. In general, it appeared to be difficult to determine 

cause and effect relationships between PRM and product innovation. 

• Recovery technology. In combination with good product design, recovery technology 

can create opportunities for both economically and ecologically viable recovery of 

return flows. For example, new incineration techniques make it possible to regain 

energy from formerly non-reusable waste. For a review of recovery techniques see 

e.g. (Nijkerk, 1994). 

• Processes. Besides products, also primary production processes can be improved 

from an environmental point of view, e.g. through the reduction of energy 

consumption or internal reuse of fall out. Although this subject does not seem to get 

much attention in the scientific literature so far, its importance must not be 

underestimated. Also here, LCA-results can be used. 
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In this thesis, we assume technological factors to be given. Of course, product design 

features and recovery technology have a major impact on recovery strategies. 

 

Problem area 2: marketing 

 

Marketing concerns creating good market conditions on both the disposer and the 

secondary markets. 

 

• Secondary markets. This concerns the final users of products or packages that are 

(partly) manufactured from recovered waste. End markets can be created by external 

sales, in house use or buy back agreements with suppliers, cf. (te Raa, 1993). For 

instance, secondary materials can be bought back by suppliers, secondary products 

can be sold to second hand shops, secondary modules and parts can be used as 

service items and residual waste with high energetic value can be sold to energy 

firms. Developing end markets is known to be difficult, see (Weka, 1991) and 

(Grijpink, 1993). For instance, convincing customers that secondary products can 

have good quality has been a big problem cf. (te Raa, 1993). Legislation sometimes 

limits end market development, e.g. using recycled materials in food-packaging was 

forbidden in many European countries for a long time. Technology development 

may improve the competitiveness of secondary products, especially for 

contaminated and residual waste. For example, new incineration technology can help 

to develop energy recovery markets. Furthermore, DFR may create internal markets 

by reusing secondary components or materials in new designs.  

• Disposers. On the disposer side, creating sufficient rate of return is necessary to get 

economies of scale in the reverse logistic system. Here, the collection system is 

crucial. In (Scharf and Vogel, 1994), a comparison is made of several set-ups for an 

efficient and effective collection system. Also, good communication and information 

are necessary to create sufficient return flows. 

 

In practice, there is often a mismatch between supply and demand, due to a strong 

emphasis on the collection and too little attention for developing secondary markets. In 

fact, this almost killed the German Dual System, cf. (Grijpink, 1993). A related problem, 
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acknowledged by e.g. (Flapper, 1993), is that the recovery of ‘wanted’ return items also 

generates ‘unwanted’ co- and by-products. Also for these unwanted return flows, 

markets or disposal options have to be found. It is of great importance to have insight in 

both return and reuse markets. (Beullens and Gelders, 1996) argue that such insight can 

be obtained by looking at product life cycles. On the basis of the life cycle of individual 

items and historic sales, the magnitude of return flows may be forecast. On the basis of 

the life cycle of product types, reuse opportunities -either in the original product type or 

new product types- may be assessed. 

In this thesis, we assume that supply and demand are given. In recovery strategies, 

supply and demand are brought together, such that maximal economic value is regained 

at minimal cost, taking environmental legislation as side constraints. If supply and 

demand mismatch, disposal options have to be used as an ‘escape’ route as far as 

allowed by the law. 

 

Problem area 3: information 

 

Information concerns both forecasting of supply and demand as well as adaptation of 

information systems in companies. 

 

• Forecasting. It is difficult to forecast the magnitude, timing, location and quality of 

return flows. Once returned, it may be difficult to find information on product 

composition, e.g. with respect to hazardous materials and the quality of components. 

Product information of the R&D and service departments may be of use here. 

Sometimes, it may not even be possible to identify the product or its OEM, because 

its identity got lost. Identification chips with a service record are a promising 

instrument in this respect. Anyway, incomplete information is something one has to 

live with in PRM for the moment. At the other end of the channel, the non-

transparency of secondary markets, due to lack of information systems, lack of 

brokers and lack of know how and lack of awareness of producers, makes it difficult 

to find buyers, cf. (Weka, 1991). In (Hafkamp and van der Vlies, 1992) it is 

described how public agencies could co-ordinate supply and demand. 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 14

• Information systems. Apart from the forecasting problems, companies must adapt 

their information systems, in order to distinguish for reused and new components 

and to hold track of a products history. 

 

In this thesis, forecasts of supply and demand are used as input for the optimisation of 

both recovery strategies and reverse logistic network design. Information systems are 

not the subject of our research, except that general administrative systems may provide 

data on cost prices and facility/transportation capacities, also to be used as input for 

our models. 

 

Problem area 4: organisation 

 

Organisational topics generally address the assignment of operational tasks to the chain 

members and their business strategies. 

 

• Operational tasks. In (Pohlen and Farris, 1992) six chain member types are 

distinguished: (i) municipalities, who usually perform the collection function, (ii) 

recovery plants that upgrade recyclable materials through value adding activities, 

(iii) brokers, who link buyers and sellers of recyclable material, (iv) intermediate 

processors, companies that purchase source separated recyclable materials, process 

them and resell them for remanufacturing, (v) end users, manufacturing companies 

using secondary material products and (vi) business joint ventures, e.g. between 

manufacturing companies, who co-operate in waste  and recycling management (to 

reduce recycling cost). We add to this list (vii) governments, (viii) commercial 

collection firms, (ix) members of the forward logistic system (like retailers and 

suppliers) and (x) waste disposers as parties of interest. Note that, besides 

manufacturers, end users may be found in second hand markets or energy recovery 

markets. Chain members may perform one or more key processes, such as 

collection, sorting, storage, transportation, compaction, shredding or densification, 

communication with buyers, (re-)processing and remanufacturing, cf. (Pohlen and 

Farris, 1992). One might add to this list repair, testing/inspection, disassembly, 

consolidation and cleaning/decontamination. 
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• Business strategy. In order to reduce cost, strategic alliances can be formed between 

chain members. Co-operation can be realised within or across product chains, in 

information exchange, product re-design and joint recovery operations. For instance, 

a joint venture between waste management companies and energy firms might create 

benefits for both: guaranteed supply for the energy firm and capital for investments 

for the waste management companies (Vierdag, 1994). In (Beullens and Gelders, 

1996) various strategies are discussed that can be adopted by manufacturers, 

depending on environmental risks, market opportunities, product and process 

characteristics and the role of manufacturing strategy within the business strategy. 

Also, companies operating in the same markets might set up joint programs (Thierry 

et al., 1995). A key problem for OEMs concerns the make-or-buy decision for 

recovery and disposal operations. Market opportunities arise for waste management 

companies, to serve as a logistical service provider. A study carried out by (Dijkstra 

et al., 1996) shows that make-or-buy decisions in reverse chains are not essentially 

different from regular make-or-buy decisions. It is clear that make-or-buy decisions 

have a strong influence on the task structure in the chain and that service companies 

also want their share in the revenues of recovery activities. 

 

In our research, we take a chain perspective and neglect the existence of different chain 

members, assuming that all members have an interest in a globally optimal solution. 

The same goes for strategic alliances. Make-or-buy decisions have an influence on 

network design since locations are fixed for processes that are contracted out. 

 

Problem area 5: finance 

 

Finance includes the financing of chain activities and the valuation of return flows. 

 

• Chain financing. In our view, ICM can only be successfully implemented if 

economically viable. According to (de Boer and Zelle, 1992), three conditions must 

be met. Firstly, costs for disposers must be lower than costs for regular disposal. 

Secondly, revenues from recovering return products must be higher than processing 

costs. Thirdly, secondary products must be able to compete with primary 
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alternatives. These conditions reflect the necessity of making ICM economically 

interesting for all members of the reverse chain. If one of those three conditions is 

not met, then ICM is bound to be stuck at some stage of the reverse chain. Measures 

to improve the economic feasibility include the development of end markets, 

effective matching of supply and demand and cost control. Tariff policy can play a 

role: increases in disposal tariffs will increase the economical feasibility of recovery 

options. (Klarenbeek, 1993) proposes a mechanism in which deficits of non-

profitable recycling options are sponsored by the revenues of others, in order to 

finance an overall ecologically sound recovery system. If in the end the overall chain 

costs exceed the revenues, some kind of financing system must be set up, such as 

done for car recycling in The Netherlands. Here, customers pay a ‘recycling levy’ 

when they buy a new car, which provides funding for reverse chain activities. 

• Valuation of return flows. An important issue is the valuation of return products, 

components and materials. This valuation has of course a strong influence on the 

various cost prices. A complicating factor is that some products or components may 

have multiple life cycles. No literature on this subject is known to the author. 

 

In our study, chain financing is taken for granted. If, after optimisation, an overall chain 

deficit remains, this issue is subject to negotiation afterwards. Valuation of return flows 

has an influence on cost prices and thus on optimisation results in both central research 

questions. 

 

Task structure and chain financing are strongly influenced by the aggregation level of 

producer responsibility, i.e., is responsibility actually implemented at a business level or 

at the level of branch of industry? As an example, we discuss the German Dual System 

in Box 1A. 
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Box 1A    The German Dual System: an example of chain organisation at the branch level 
 
The task and finance structure is influenced by the aggregation level of producer responsibility. Producer 
responsibility makes the original manufacturer of waste components formally responsible for take-back, 
recovery and reuse. However, there are two conditions to be met to make this possible in the literal sense, cf. 
(Reys, 1993): (i) return flow types must be recognisable, i.e., the identity of the product or package should 
not be lost and (ii) it must be possible to trace back the original manufacturer. 
The first condition is the easiest one. If this one is met, regulation and agreements can be made at the level of 
branch of industry. In case the second condition is satisfied, too, producer responsibility can be applied at the 
company level. In other words, depending on the aggregation level, certain task and responsibility structures 
are suitable.  
The German Dual System is a prominent example of chain organisation at the branch level and is 
described by (Holzhey, 1993). The basic philosophy of producer responsibility underlies the German 
packaging regulation of 1991 and also the planned waste paper regulation and the planned law on 
economy of circulation. Formally, this forces every manufacturer and distributor to take back their 
packages. To avoid chaos, the dual system was established. The dual system envisages a treatment of 
packaging, which is comprehensive, widely applicable and which extends to the private households. It 
also concerns the sorting, reprocessing and redistribution for reuse of packaging and frees the individual 
producer/distributor to take back the packages themselves. To realise this, the ‘Gesellschaft Duales 
System Deutschland GmbH’ (DSD) was founded. The relevant facts are: 
 
• 95 leading packaging suppliers and producers participate, 
• only recyclable packaging is allowed, 
• DSD contracts waste haulers and reprocessing firms, 
• every participating company pays a levy and may use a ‘green point’ symbol in return, 
• non-recyclable waste is disposed of by municipalities, 
• participating companies reprocess and reuse the collected waste themselves or are directly 

responsible for it (the so called reprocess guarantee), 
• the extra costs are passed on to the consumer finally. 
 
The (cost-) effectiveness of the system in practice turned out to be a major problem, because: 
 
• suppliers were not involved from the start in the foundation of DSD, although they had to give a 

reprocess guarantee, 
• municipalities had a strong influence on contracting decisions, although business is totally 

responsible. As a consequence, big city haulers got contracts too easily. Lack of competition raised 
costs and the representing organisations of waste haulers have developed a strong position of power, 

• the green point showed participation in the dual system, but is often precept by consumers as a 
symbol for environment friendly products, which is not the case, 

• all chain members were charged a levy, which leads to complicated administration. It would have 
been easier to charge the producers only and pass on the cost to the following chain members by 
raised prices, eventually leading to charging the customer, 

• the compulsory collection of waste led to an excessive supply of waste paper. The prices declined 
rapidly, in fact the waste paper market collapsed, 

• the levy being charged was based on average cost, which results in subsidising certain industries by 
others. A differentiated cost accounting would have been more at place. 

 

In later years, the Dual System has improved its economic performance, cf. (Werben und Verkaufen, 1995). 
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Problem area 6: reverse logistics and operations management 

 

Reverse logistics was defined by Murphy and Poist as “the movement of goods from a 

consumer towards a producer through a chain of distribution”, see (Pohlen and Farris, 

1992). Some authors claim that reverse logistics should be defined broader, including 

forward chain issues like waste prevention, product re-design etc. 

In this thesis, we limit ourselves to the narrow definition of reverse logistics, focusing on 

the collection, transportation, storage and processing of discarded products. However, 

this does not mean that we neglect the role of the forward chain. The interaction between 

the forward and reverse chain is twofold: 

 

• In closed loop situations, the reverse chain is directly connected to original forward 

chain activities or inventories. In open loops, the reverse chain is connected to 

alternative forward supply chains, usually through intermediate markets. Thus, in 

ICM, reverse chains are always somehow connected to a forward chain. 

• Both in open and in closed loops, facilities, locations and transportation systems of 

the forward system may be used for return flows. For example, delivery and 

collection may be done with the same trucks. 

 

Generally, closed loop systems tend to be have a more complex behaviour, because the 

number of operations, the number of flows, the number of interactions and uncertainty 

in the system are higher than in open loop systems. According to (Fleischmann et al., 

1997), the latter may be treated as separate channels and rely more on traditional logistic 

concepts, while in hybrid systems new concepts are needed. In this thesis, we consider 

the set-up of the reverse chain to be independent from the forward chain (this is 

discussed in more detail in Section 1.2). Our results show that despite this decoupling of 

forward and reverse chain, traditional logistic concepts are not sufficient for recovery 

strategies and reverse logistic network design, hence we disagree here with 

(Fleischmann et al., 1997). We shall come back to this in Chapter 7.  

The field of reverse logistics and operations management can be split up in several 

problem areas. For a general review, see (Fleischmann et al., 1997). Some key areas are 

discussed below. Let us start with some operations management areas: 
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• Inventory control. Inventory management in product recovery situations is 

particularly different in closed loop situations. Here, increased system complexity and 

uncertainty, resulting from interactions between forward and return flows, requires 

adapted control mechanisms. For an extensive study, see (van der Laan, 1997). 

• MRP for recovery. Traditional MRP-systems are not feasible for recovery situations 

for a number of reasons. One of the main problems is the mismatch of supply and 

demand, due to the simultaneous release of ‘wanted’ and ‘unwanted’ components in 

the disassembly of returned products. A second major problem is the trade-off 

between reusing return components or outside procurement. Several concepts have 

been developed to tackle this problem, e.g. by (Flapper, 1994). For a general review, 

see (Thierry, 1997). 

• Routing. Routing may e.g. apply to the collection vehicles. In case the regular 

transportation system is used for reverse distribution, the routing of forward and 

return transports must be integrated. 

 

The above issues play a role at the operational management level. They are not 

addressed in this thesis. We focus at two tactical management issues: 

 

• Recovery strategies. Here, we determine strategies for the return products before they 

are actually returned, specifying an optimal route in Figure 1-3. Typically, many 

processing steps are involved in recovery strategies, differing for the various sub-

streams emerging after disassembly or material separation. The determination of 

recovery strategies is the subject of our first general research question and is 

addressed in the Chapters 2, 3 and 4. 

• Logistic network design. This concerns optimising the location and capacity of 

facilities as well as the good flows between these facilities. This type of problems is 

generally known as location-allocation problems. Locational analysis involves a 

trade-off in facility investments, operating costs, transportation costs and inventory 

costs and is particularly interesting for large scale businesses. Recovery strategies 

serve as an input for network design, i.e., the reverse logistic network must provide 

the capacity to implement the recovery strategies. Typically, reverse chains are multi-
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echelon and have a strong convergence/divergence structure, due to the nature of 

recovery strategies. Network design is the subject of our second general research 

question. It is addressed in the Chapters 5 and 6. 

 

In general, many aspects of logistics and operations management are likely to be 

affected if an OEM is confronted with compulsory return flows. The above list of 

problem areas is therefore not complete, but it should give an idea of the kind of logistic 

problems encountered in return flows. We have already indicated that the issues of 

recovery strategies and network design form the core of our research. In the next section, 

we shall discuss our research plan. 

Here, we conclude our discussion by saying that product recovery management 

concerns the management of recovery of compulsory return flows at a business level. 

PRM comprehends a wide spectrum of managerial problems; reverse logistics is seen 

as one of these problem areas. Examples of successful business practices have not 

been discussed, but can be found in e.g. (Ferrer, 1996). 

 

1.3 Research plan 

 

Scope and research questions in more detail 

 

In this thesis, we focus on the set-up of the reverse chain for durable assembly 

products, after the moment of collection, the so called reverse logistic system. In our 

view, the set-up of a reverse logistic system occurs in three sequential steps: 

 

• Forecasting. Assess quality, quantity, composition and timing of return flows 

delivered at the collection stations. Analogously, assess volumes/capacity of 

secondary/disposal markets at demand locations. Also, potential recovery and 

disposal options and their cost and revenue functions must be determined as well 

as assessments of cost functions and capacities for (potential) facilities and 

transportation. 

• Determination of recovery strategies. On the basis of the above forecasts, it is 

determined how return flows should be processed. For durable assembly products 
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this means determining an optimal degree of disassembly and assigning optimal 

recovery and disposal options for the product or its released components. A 

recovery strategy is determined to secure economically and ecologically feasible 

recovery of return flows. 

• Logistic network design. This concerns the actual physical set-up of the network. 

The collection points are seen as the sources of the network and the demand points 

as the sinks. Now, intermediary activities, such as disassembly, repair, cleaning 

etc., have to be assigned to optimal locations. Note that these activities do not 

include remanufacturing as such, this is seen as a sink. In addition, facility 

capacities and good flows between the various locations have to be determined. 

Besides recovery strategies, cost and capacity data are input of a network design, 

which have been determined in the forecasting step. 

 

As mentioned before, we focus on the two latter steps: (i) the determination of 

recovery strategies and (ii) the logistic network design. Both issues are dealt with at a 

tactical management level, i.e., before actual take-back of the products. Therefore, a 

forecast is needed on supply and demand as well as cost and capacity functions. In this 

thesis, we assume that such forecasts are available. In the problem remaining, 

discarded products are collected at a finite number of collection stations, such as 

municipal waste depots, agents of OEMs etc. From here, the returned products are 

supplied to the reverse logistic system. Hence, we treat the collection system and the 

reverse logistic system as independent sub-systems within the reverse chain, where the 

collection system feeds the reverse logistic system. At the other end of the channel, 

there is a demand for secondary products, components and materials at a finite number 

of demand locations and also locations are available for regular disposal options such 

as incineration and landfill.  

We consider situations of compulsory take-back and (to some extent) mandatory 

recovery, where recovery may occur through open or closed loops. Assumptions include 

the following: 

 

• Planning horizons are flexible, but should be in the range of 1-3 years. Parameters 

are known and constant for this period. 
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• Make-or-buy decisions are pregiven. They may influence parameter settings, e.g. in 

cost functions or capacity constraints. 

• Return products can be identified, once they are actually returned. 

• Producer responsibility is implemented at the OEM level. We take a chain 

perspective, i.e., we assume that the set-up of a reverse chain can be optimised 

globally, regardless of opposing interests of chain members. We consider the OEM 

as the central decision maker. 

• Our models distinguish multiple return products, with the restriction that they belong 

to one product group with common OEM responsibility, e.g. electronics.  

 

We suppose that a recovery strategy is determined first, because the logistic network 

should facilitate the implementation of the recovery strategy. However, recovery 

strategies are optimised on recovery and disposal costs, which partly depend on the 

network design. We solve this by estimating these costs on average market prices. If the 

network design strongly changes cost prices for recovery or disposal, an iteration may be 

necessary. The decoupling of the set-up of the reverse chain in these two optimisation 

problems is a form of problem decomposition. Now, the following research questions 

are formulated: 

 

Research questions concerning recovery strategies 

 

• is there relevant literature on related problems? 

• how can we represent a return product with a complex assembly structure? 

• how can we model options for recovery and disposal? 

• which trade-offs are made in disassembly and processing decisions? 

• what are the relevant decision criteria? 

• what is a proper OR-model for optimisation? 

• are special optimisation techniques necessary? 

• what is the practical value of the model? 
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Research questions concerning reverse logistic network design 

 

• is there relevant literature on related problems? 

• which locational models have been developed for return flows? 

• what are the differences with forward logistics network design? 

• can we represent the network design problem as a classical location-allocation 

problem, analogously to forward network design? 

• which trade-offs are made in reverse logistic network design? 

• what are relevant decision criteria? 

• how can recovery strategies be implemented in the network design? 

• what kind of OR-model is suitable for optimisation? 

• are special optimisation techniques necessary? 

• what is the practical value of the model? 

 

Goals 

 

Our overall aim is to develop Decision Support Systems to optimise recovery 

strategies and reverse logistic network design. In both key areas, one aims for 

maximal regain of the economic value of return products at minimal costs while 

complying with environmental legislation. 

 

Decoupling of the forward and reverse chain, revisited 

 

We recall from the previous section, that the set-up of the reverse chain is decoupled 

from the forward chain. However, we have to take into account the forward chain, 

since reverse chains close supply chains, directly or indirectly (i.e., via markets), 

hence we have to include forward chain activities and facilities. This is dealt with in 

the following way: (i) we consider forward facilities as potential facilities for reverse 

activities and (ii) forward chain processes are seen as reuse markets. Both are treated 

the same as other facilities or other secondary markets. For example, if the forward 

transportation system is used for reverse transportation, a (linear) cost is assigned to 
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all transportation links, independent from the use for forward transportation. Although 

we do not claim this is the right approach for all problem areas in reverse logistics, we 

do consider this a reasonable approach for the kind of problems that we address in this 

thesis. By using this approach, we obtain a decoupled reverse chain with the following 

typical characteristics: 

 

• a market push from the disposer and a market pull from the secondary markets, 

supply and demand need to be brought together and balanced, 

• open and closed loops, resulting in various internal and external secondary 

markets, 

• multi-echelon processing with strong convergence and divergence effects (due to 

disassembly and separation) as well as joint processing and remanufacturing (for 

economies of scale), 

• multiple products and components with complex assembly structures, returned in 

strongly varying value, quality and quantity, 

• uncertainty in supply and demand characteristics, where uncertainty in return 

quantities is somewhat reduced by clustering return flows at collection stations 

and that timing is a problem to be addressed at an operational level, 

• conflicting economical and ecological criteria, where the latter are seen as side 

constraints. 

 

Now that we have described what to do, let us discuss how we intend to do this. 

 

Methodology 

 

Our research is design oriented, i.e., we aim to develop models that give decision 

support in designing a product recovery strategy and corresponding reverse logistic 

system. These research questions have been identified on the basis of interviews with 

senior researchers and consultants in the field. In this thesis, models based on 

Operations Research techniques, which have been implemented in software, shall be 

described. Their working will be analysed by computer generated data sets. 
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Subsequently, the practical viability of the models will be tested in two business cases, 

conducted at Roteb, municipal waste company of Rotterdam (concerns recovery 

strategies) and Océ, a copier firm in Venlo (concerns network design). This validation 

involves a conceptual mapping of the model onto the case problem as well as a 

comparison of optimised solutions with current practice, using practical data. The 

conceptual mapping is used to validate our original theoretical problem definition and 

discuss necessary model adaptations in order to enhance their practical use in the 

business cases. The practical optimisation is done for the benefit of the companies and 

also to illustrate the potential gains to be obtained from applying our theoretical 

models in practice.  

 

 problem definition   interviews 

 
 theoretical OR-model   OR-literature 
 
 
 software 
 
 
 test runs    computer generated data sets 
 
 
 conceptual mapping   business case situation 
 
 
 practical optimisation   business case data 
 

DSS 
 

Figure 1-4: Methodology 
 

Our ‘end product’ is thus a set of models, implemented in computer software, giving 

decision support in the key research areas concerning recovery strategies and logistic 

network design. Figure 1-4 reflects our methodology. 

 

Motivation 

 

With our research, we hope to contribute to (a) the practical realisation of ICM and (b) 

the development of scientific literature in reverse logistics. 
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(a). Although the concept of ICM was originally invented for ecological reasons, we 

believe that it can only be successful if economically viable. We take a chain 

perspective with the OEM as central decision maker. We strive for economical 

optimisation while ecological targets, covered by meeting environmental legislation, 

are seen as side constraints. The research is conducted at a tactical management level, 

in order to anticipate to problems such as meeting environmental legislation, customer 

demand for recycling, buy back agreements with suppliers, developing secondary 

markets etc. 

(b). Scientifically speaking, it is interesting to develop models that give decision 

support in two key areas within the new managerial field of reverse logistics, and 

particularly, to analyse aspects that cannot be dealt with by traditional concepts. 

 

Definitions 

 

Finally, we point out some definitions. We remark that these definitions are general 

and will be used throughout this thesis. Specific definitions are given where relevant 

in the chapters. 

  

Return product - type of durable consumer product with a complex assembly 

structure, discarded by its last consumer and returned to some collection point. 

 

Part - smallest entity distinguished in the construction of a return product. 

 

Unit, Module - a composition of parts. Where applicable, problem dependent 

definitions of unit and module will be given. 

 

Component - a unit, module or a part. 

 

Item - one specimen of a return product or component. Note that product and product 

type are equivalent. Some authors have also called this ‘core’, cf. (Thierry, 1997). 
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Case – a realistic representation of a practical situation with a unique problem 

structure. 

 

Scenario – a possible situation within a case, reflected by the parameter settings. 

 

Test situation – a case/scenario combination. 

 

Secondary market – a market for recovered products, components or materials. 

 

Outline of the thesis 

 

The remainder of this thesis is built up as follows. Chapter 2 and 3 are concerned with 

the problem definition, model building and model testing for recovery strategies. 

Chapter 4 deals with the practical viability of the model in a business case. Chapter 5 

concerns the problem definition, model building and model testing for the logistic 

network design. Chapter 6, deals with the practical viability of this model, also in a 

business case. 
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Chapter 2 

A PRD-strategy for a single product 
 

(published in adapted form in International Journal of Production Research, 36-1, 1998, pp 111-139) 

 

2.1 Introduction 

 

The implementation of extended producer responsibility in new governmental 

policies, together with the growing public interest in environmental issues, causes that 

Original Equipment Manufacturers (OEMs) are forced to take care of their products 

after these have been discarded by the consumer. Possible measures include take-back 

and recovery obligations. In this chapter we consider our first central research 

question, in which it is determined to which degree the return products must be 

disassembled and which options for reuse, recycling and disposal will be applied to 

the product or its released components. A comprehensive model is presented which 

determines an optimal Product Recovery and Disposal (PRD-) strategy for a single 

product. Let us first briefly discuss the structure of our decision model in order to 

facilitate comparison with previous literature. Some terms need to be used, which are 

defined later in the chapter. However, the general meaning of the terms should 

logically follow from the context. 

Starting point is the disassembly tree, which describes the disassembly structure for 

the return product in question. The return product itself acts as the root of the tree and 

retrievable modules, parts, sub-parts, etc. are identified and represented in various 

sub-levels. Products as well as retrievable components are called assemblies. It is 

supposed that each assembly is classified according to its quality class, once it is 

collected or released after disassembly. To this end, classification tests are installed as 

part of the PRD-strategy. Next, an inventarisation of the feasibility of Recovery and 

Disposal (RD-) options for each assembly of the disassembly tree is made. Note that 

feasibility not only refers to the quality of the assembly, but also to other technical as 

well as commercial and ecological criteria. Now, the main part of a PRD-strategy is a 

complete set of conditional assignment rules: if assembly j in level "  is in quality 
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class q, then it is treated according to option r, where option r is either processing by 

some RD-option (1≤r≤n(j,q)) or disassembly (r=0). Note that the set of feasible RD-

options can be empty and disassembly is not allowed at the lowest assembly level. 

Once it is determined that an assembly is to be processed by an RD option (and thus 

not disassembled), this decision is automatically dominant over the optimal RD-

options of all the children of this assembly. The assignment rules are optimised over 

all possibilities. The objective of the optimisation is maximisation of the expected net 

profit while meeting technical, commercial and ecological constraints. The objective 

function incorporates technical, commercial and ecological feasibility criteria, quality 

classes and uncertainty aspects. Input for the optimisation will be disassembly costs 

for each disassembly step, processing costs and revenues for each RD-option, both per 

assembly. Other ingredients are the conditional probabilities for finding an assembly 

in a certain class (defined by the technical state of the assembly), when disassembling 

the parent assembly of a pregiven class. We develop an efficient DP-algorithm for the 

optimisation job. The output of the optimisation is a PRD-strategy and its expected 

overall net profit.  

 

    product return 

 
    test and classification 
 
    decision 
 
   
    disassembly to lower  processing by 
    level (if allowed)  optimal RD-option 
 

Figure 2-1: Structure of the PRD decision process 

 

This PRD-strategy consists of: (i) a test and classification scheme for return 

assemblies and (ii) an assignment procedure to determine an optimal choice from a set 

of feasible (disassembly and RD-) options for every assembly, given the class of this 

assembly.  The structure of the PRD decision process is reflected in Figure 2-1. 
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Summarising, our method for finding a PRD-strategy involves answering the 

following questions: 

 

• what sort of RD-options are relevant? 

• which technical, commercial and ecological criteria determine the viability of RD-

options? 

• how to define a classification scheme for the assemblies? 

• how to relate classes of parents to the occurrence of classes of children after 

disassembly? 

• how to express the viability of RD-options in terms of costs and revenues in view 

of economic optimisation and relate this to the classification scheme? 

 

In the sequel we shall discuss these questions in more detail. But first, a survey of the 

relevant literature is given. 

 

2.1.1 Models on product recovery management 

 

In (Thierry et al., 1995) an approach for recovery of durable products, called Product 

Recovery Management (PRM), is described. PRM is defined as “the management of all 

used and discarded products, components, and materials for which a manufacturing 

company is legally, contractually or otherwise responsible”. In this approach, returned 

products can be recovered on four levels, namely the product, module, part and material 

level. One speaks of recovery at the product level, when products are repaired and 

reused without being split up into separate parts. Recovery at the part level refers to the 

reuse of parts. Similarly, recovery at the module level refers to reuse of units of parts. 

Finally, recycling is recovery at the material level. Materials are seen as the lowest 

recovery level. 

The objective of PRM is to recover as much as possible of the economical (and 

ecological) value of these products, components and materials, thereby reducing the 

ultimate quantities of waste to a minimum. (Thierry et al., 1995) distinguish five product 

recovery options for returned products or components described below. 
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(a) repair 

The purpose is to bring back used products to working order. The quality of repaired 

products is usually less than the quality of new products. Repair involves limited 

disassembly, fixing and replacing of broken parts, where other parts are basically not 

affected. 

(b) refurbishing 

In refurbishing the return products are brought to a specified quality level, usually less 

rigorous than for new products. Refurbishing involves disassembly to the module level, 

inspection and repair (or replacement) of critical modules. Technological upgrading is 

occasionally done. 

(c) remanufacturing 

The purpose of remanufacturing is to bring used products to the quality standard of new 

products. After complete disassembly, all modules and parts are inspected and, if 

necessary, fixed or replaced. Remanufacturing can be combined with technological 

upgrading. 

(d) cannibalisation 

In cannibalisation a limited set of reusable parts from return products is recovered. 

These parts are reused in repair, refurbishing or remanufacturing of other return 

products, modules and parts. Quality levels differ, depending on the application. 

Cannibalisation involves selective disassembly and inspection of potentially reusable 

parts. 

(e) recycling 

Unlike the other product recovery options, in recycling the identity and functionality of 

used products and components are lost. The purpose of recycling is to reuse materials 

from return products. Depending on the quality level, materials can be reused in their 

original or an alternative application. 

 

Table 2-1 summarises the characteristics of product recovery options. Besides product 

recovery options, one distinguishes disposal options (landfill and incineration), 

described by (Thierry et al., 1995) as waste management options. Note that PRM 

distinguishes between various disassembly levels as well as RD-options. As a 

management tool it focuses on the generation of possible recovery and disposal 
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strategies at a conceptual level; optimisation is not a concrete issue. In comparison 

with our approach this is a clear difference. Moreover, the implicit entanglity of 

disassembly levels, quality and RD-options as outlined in Table 2-1 is confusing. For 

example, materials are seen as a disassembly level, while in our view assemblies on 

all levels contain materials which can be recycled. In our approach disassembly levels, 

quality classes and feasible RD-options are well separated entities. The purpose of a 

PRD-strategy is to choose an (optimal) relation between those entities, where there 

might be more feasible combinations than in the five PRM-options. The model of this 

chapter supports rationalisation of this choice. Nevertheless, Table 2-1 provides us 

with relevant material for the choice of our disassembly tree as well as RD-options. 

 
Table 2-1: Outline of product recovery options 

PRM-options disassy 
level 

quality requirements resulting product 

repair product level restore product to working 
order 

some parts repaired or 
replaced 

refurbishing module level inspect and upgrade critical 
modules  

some modules repaired or 
replaced 

remanufacturing part 
level 

inspect all modules/parts 
and upgrade  

used and new modules/ 
parts in new product 

cannibalisation selective 
retrieval of 
parts 

depends on use in other 
PRM-options 

some parts reused, others 
disposed of or recycled 

recycling material 
level 

depends on use in 
remanufacturing 

materials used in new 
products 

 
 

2.1.2 Models on disassembly strategies 

 

In (Navin-Chandra, 1994), a recovery analysis tool, ReStar, is described. ReStar is 

developed in order to find a recovery plan that balances the amount of effort that is put 

into recovery and the amount of effort that is saved by reusing parts and materials. 

ReStar can be used to detect break-even points or points of maximum profit, where 

profit can be measured in terms of emissions, money, energy or disposal volume. The 

optimisation uses an and/or-graph that reflects all feasible sequences of disassembly. 

Hence, the sequence of disassembly operations can vary, depending on the spatial 

constraints between parts. Any released part can be assigned to shredding, recycling, 

reuse or sale. The optimisation is solved as a travelling salesman problem, where 
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cities are products in a certain state of disassembly and connections between cities are 

the disassembly steps. ReStar is designed to be a CAD-tool with the aim to support 

Green Engineering Design (GED). GED tries to achieve environment friendly product 

and process design without compromising product quality and commercial viability. 

In (Penev and de Ron, 1996) a method is described for determining a disassembly 

strategy, which serves as a basis for designing disassembly processes and systems, 

based on the detection and removal of preferred components. To start with, a valuable 

or poisonous component is chosen, that must be released from the product. An and/or 

graph is used to describe all feasible disassembly sequences, similar to (Navin-

Chandra, 1994). Subsequently, the most efficient way to release the 

valuable/poisonous part is determined. Each part that has to be disassembled in this 

disassembly path is assigned to a recovery or disposal option. These options have to 

be picked from a set of a predefined options: service (equivalent to repair), 

dismantling (rough disassembly), disassembly, recycling and disposal. Once the 

desired part is reached, further disassembly of the remaining parts is considered. The 

process of disassembly and assignment to options is continued as long as net profit 

increases. The optimisation occurs using the (dynamic programming) principle of 

optimality, which expresses that an optimal policy contains only optimal sub-policies. 

In (Zussmann et al., 1994), an assessment method is described to support Design For 

Recycling. The approach is based on utility theory, in order to incorporate both future 

uncertainty of recycling options - like e.g. prices, dumping fees or technology 

refinement - and multiple (weighted) optimisation objectives - like e.g. maximisation 

of net profit, minimisation of landfill waste or maximisation of part reuse. The 

different values of recycling options, disassembly sequences and related costs are 

represented in an extended and/or-graph, a so called recovery graph. Then, an optimal 

combination of recycling and disassembly operations is determined. This way, End-

Of-Life strategies of new product designs can be checked in a scenario analysis. 

One should bear in mind that the above models focus on product design or the 

construction of disassembly stations and not so much on the PRD-management 

process. This explains the lack of some relevant aspects, like the test and classification 

scheme and transition probabilities relating the quality class of assemblies to the 

quality class of their parents. In addition, although the models do determine optimal 
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recovery options, a description of the relationship between technical, commercial and 

ecological optimisation criteria on the one hand and the assignment procedure on the 

other hand is not given. Furthermore, possible RD-options are predefined explicitly, 

whereas in practice different options might apply to different kinds of products. 

Guidelines should be given to define the set of options as needed for a particular 

product type. Moreover, recycling optimisation turns out to be more complex than that 

of reuse and disposal, because recycling involves separation and recovery of multiple 

materials of one and the same product (part). To accomplish this, a special sub-routine 

is required. 

The models of (Navin-Chandra, 1994), (Penev and de Ron, 1996) and (Zussmann et 

al., 1994) include the explicit optimisation of disassembly sequences. Many other 

articles are written on this issue, for full as well as partial disassembly. Examples can 

be found in (Lee and Kumara, 1992) and (Johnson and Wang, 1995), where 

optimisation is based on 3D geometric functions or search spaces. A disadvantage of 

including disassembly sequencing is the exploding problem size. For the PRD-

management process, a compact model is preferable. The fact that the problem is dealt 

with at the tactical management level reduces the need for flexible disassembly 

sequence. Therefore, this issue is excluded in our model. However, disassembly 

sequence optimisation can be applied at the operational management level, in order to 

obtain further efficiency improvements. Another relevant aspect at the operational 

level is the scheduling of disassembly in (reverse) MRP systems, see (Gupta and 

Taleb, 1994) and (Flapper, 1994). 

Finally, it should be remarked that extended producer responsibility prohibits the 

application of cannibalisation strategies like (Penev and de Ron, 1996). Also 

‘unwanted’ assemblies and materials must be considered in an optimisation procedure. 

The outcome might be some kind of cannibalisation strategy, but often a more 

balanced strategy will be preferred. We emphasise that our modelling is based on full 

producer responsibility and that as such ‘quick and dirty’ strategies are not allowed. 

Despite all remarks, the models of (Navin-Chandra, 1994), (Penev and de Ron, 1996) 

and (Zussmann et al., 1994) provide us with very relevant insights with respect to 

disassembly strategies. 
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2.1.3 Problem definition and survey of the chapter 

 

This chapter deals with the determination of PRD-strategies for an OEM that is 

confronted with compulsorily return flows. The OEM has done research on reuse and 

recycling techniques, potential reuse applications, cost prices and legislation. In 

addition, forecasts are made on supply of return flows and demand for secondary 

markets. Now in advance of actual take-back, the OEM has to make the tactical 

decision on what is to be done with the return products, i.e., to what extent return 

products should be disassembled, reused, recycled or disposed of. At the operational 

level, where one deals with real instead of forecast return flows, return products and 

components are tested and inspected, assigned to one of the classes and processed 

according to the strategy previously determined in the tactical phase. The assignment 

rules are optimised taking into account technical, commercial and ecological decision 

or feasibility criteria. These feasibility criteria can be formulated at the product level, 

but sometimes it is more logical to formulate them at the level of product groups. For 

instance, the removal of hazardous contents has to be dealt with at the product level 

(TV) while (legislative) recovery targets are often defined for an entire product group 

(brown goods). In this chapter, we limit ourselves to criteria at the product level; a 

model is presented that gives decision support in determining an optimal Product 

Recovery and Disposal strategy for each single product type returned. The model can 

serve as a basis for tactical management decisions, concerning aspects like recovery 

targets, limited volume of secondary end markets, needed processing capacity and 

facility investment. 

Throughout this chapter, we shall illustrate our theory with one case. In this case, an 

OEM has to take back multiple types of TVs that will be returned from the market the 

next 1-3 years. A TV of type ‘X’ shall be used as TV case, bearing in mind that the 

other TVs should be dealt with analogously. 

The remainder of the chapter is built up as follows. To start with, we formulate our 

modelling approach in Section 2.2. An optimisation model for determining the PRD-

strategy is given in Section 2.3. The issue of data acquisition is dealt with in Section 

2.4. In Section 2.5, the model is tested in the TV case, Section 2.6 is meant for 

discussion and in Section 2.7 conclusions are drawn.  
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2.2 Model formulation 

 

In order to make mathematical formulation possible, a formal model is required of the 

composition of the product, the (quality) classes and the Recovery and Disposal (RD-) 

options. Although the other frameworks of (Thierry et al., 1995), (Navin-Chandra, 

1994), (Penev and de Ron, 1996) and (Zussmann et al., 1994) provide us with 

fundamental insight in recovery and waste management problems, they are not 

suitable for our purposes. In paragraph 2.2.1 we introduce the concept of a 

disassembly tree in order to describe a product. In paragraph 2.2.2 quality aspects of 

return flows are dealt with. In paragraph 2.2.3 a framework for RD-options will be 

given. In 2.2.4 the feasibility criteria of RD-options are discussed and it is explained 

how the objective function is formulated. First, we introduce some definitions. 

 

Assembly – a product or component. 

 

Disassembly tree – representation of the disassembly structure of the product. 

 

Disassembly level – set of assemblies at the same depth in the disassembly tree. 

 

Disassembly step – disassembly of an assembly into the subsequent disassembly level, 

releasing its children. 

 

Degree of disassembly – the number of performed disassembly steps. 

 

2.2.1 Product structure 

 

In our model, the product and its retrievable components (modules, parts, sub-parts 

etc.) are called assemblies. The assemblies of a product are presented by a tree-like 

structure (analogous to (van Dijkhuizen and van Harten, 1995)) called a disassembly 

tree, as is shown in Figure 2-2. Each node represents an assembly j, where j is a 

unique index. Except for the lowest level parts, each assembly can be disassembled 

into sub-assemblies. Assemblies that emerge from the original product after the same 
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number of disassembly steps are said to be at the same level. In a disassembly step, an 

assembly falls apart in a set of simultaneously released sub-assemblies. Kj denotes the 

set of sub-assemblies k at the next disassembly level released from assembly j, the so 

called immediate successors. S( " ) denotes the set of assemblies on level "  and " (j) 

the level of assembly j. Disassembly is not possible for the lowest level parts, which 

will be referred to as atomic assemblies, where the others are called non-atomic 

assemblies. 

The aim of disassembly is to make separate recovery or disposal possible for each 

single sub-assembly released. Removal of components for recovery operations is not 

considered as disassembly, because it does not have the aim of separate treatment of 

the sub-assemblies. It is only meant to make recovery of a parent assembly possible, 

since the removed sub-assemblies will be reattached to it. These operations are thus 

processing operations related to RD-options for the assembly itself. 

Besides assemblies, also materials have to be distinguished. Materials are not seen as 

the lowest disassembly level; the definition of assemblies is restricted to the product 

and its components, where, in principle, each material m of each assembly j can be 

separated and recycled. Hence, recycling is seen as a recovery option for each 

assembly j on each disassembly level " . In short, assemblies can be disassembled into 

sub-assemblies and materials can be separated from assemblies. 

 

 

       1.TV    level " =0:product 
 
 
      2.casing      3.wiring      4.trafo       5.PCB       6.battery       7.tube level " =1: modules 
 
  
    8.CPU       9.memory chip  level " =2: parts 
 
 
Figure 2-2: Disassembly tree of TV-X with nine assemblies and three levels 

 

Note that the product structure indeed assumes the simultaneous release of sub-

assemblies after disassembling an assembly. Figure 2-2 represents an example of a 

disassembly tree of a TV of type X. It consists of nine assemblies in three levels. The 
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first level is the TV itself. A main part (or module) is the housing or casing which 

accommodates the other modules wiring, trafo, Printed Circuit Board (PCB), battery 

and tube. The PCB can be disassembled in two parts: the Central Processing Unit 

(CPU) and the memory chip. Note that the atomic assemblies can be found at different 

levels. Note that a disassembly tree is not necessarily the inverse of the assembly tree! 

 

2.2.2 Quality classes and disassembly transitions with conditional probabilities 

 

Recovery potential, especially in reuse options, strongly depends on the quality of the 

discarded products. In this chapter, the quality of a return flow is reflected by the 

technical state of the assemblies. After testing, the return assemblies are classified on 

the basis of their technical state. Other aspects for classification could include 

composition, quantity, technological status, missing components etc. Then, the classes 

would be defined over more than one dimension. 

The set Q(j) of classes q can be defined as desired. For example, assembly j is in 

‘good condition’ (q=1) or ‘malfunctioning’ (q=2). Due to lack of information before 

disassembly, the technical state of components released by a disassembly step 

involves uncertainty. These uncertainty aspects are modelled by conditional 

probabilities. Given the technical state q2 of assembly j, the possible technical states q1 

of its sub-assemblies k are found with conditional probability pk(q1q2). For example, 

if a TV-X is ‘malfunctioning’ then the chance that the PCB is in ‘good condition’ or 

‘malfunctioning’ is 20% and 80% respectively. By definition, ∑ ∈ )(1 kQq pk(q1q2) =1 

∀ k. A similar notation p0(q-) is used for the probabilities of collecting a return 

product, which is in class q at the entrance test. 

 

2.2.3 Recovery and disposal options 

 

A product recovery and disposal strategy describes what disassembly, recovery and 

disposal operations should be carried out, in order to handle a flow of return products. 

Elaborating on paragraph 2.2.1 and 2.2.2, the PRD-strategy must be formulated in 
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terms of applying RD-options to assemblies depending on their (quality) classes. Let 

us now characterise the RD-options.  

For recovery, we do this analogously to (Thierry et al., 1995) on the basis of the 

secondary (end) products, resulting from the recovery process. Secondary products can 

be categorised through their identity and quality. An assembly keeps its identity if it 

remains intact after recovery, i.e., the assembly is reused. If it loses its identity then 

the assembly is transformed into new products, i.e., the assembly is recycled. Reuse 

and recycling options can be further specified by sub-options on the basis of the 

quality level of the end products.  

Since disposal options have no end product, they cannot be described in these terms. 

Therefore, they will be defined by their underlying process, for instance incineration. 

Of course, also mixed options are possible, e.g. some materials of an assembly might 

be recycled while others are disposed of. Reuse options can be applied with or without 

repair, depending on the technical state of the assembly. 

We will develop a general framework in the remainder of this paragraph. This 

framework can be adapted in specific cases, using the above guidelines of identity and 

quality. Let us now explore the quality dependent sub-options for reuse, recycling and 

disposal. 

 

Reuse 

 

In reuse, the aim is to bring the product or component back to working order at a 

specified level of quality. This quality level can be lower, equal or higher than the 

original quality of the assembly, i.e., when manufactured the first time (note the 

definition of quality above). On the basis of this distinction, we can define three sub-

options: 

 

(a) upgrade 

We speak of upgrade, if the assembly is recovered at a higher level of quality than 

originally. For example, the memory chips of a TV can be extended and because of 

their higher functionality they might be used in newly developed products, see 

(Scheidt and Zong, 1994). 
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(b) restore 

We speak of restore if an assembly is recovered at the same quality level as originally. 

For example, the remote control of a TV can be used as service item. 

(c) downgrade 

We speak of downgrade if an assembly is recovered at a lower quality level than 

originally. For example, second hand TVs usually have lower picture quality than 

when they were new and are therefore not suitable for their original market. 

 

Note how the definition of recovery sub-options is based on the quality level of the 

resulting secondary products (output of the recovery process). Also note that different 

quality of the secondary products makes them suitable for different markets. The 

quality of the return assemblies (input of the recovery process) is also of relevance: 

low quality may cause high recovery cost or even infeasibility of RD-options. We will 

come back to the feasibility criteria in paragraph 2.2.4. 

  

Recycling 

 

Recycling options are more difficult to define than those for reuse and disposal. This 

is due to the fact that recycling applies to both an assembly as well as its materials. If 

an assembly consists of mono or compatible materials it might be recycled right away, 

i.e., without materials being separated first. However, if an assembly consists of 

multiple incompatible materials, then separation must take place. In our model we 

shall allow for recycling options which can be characterised by a sequence of 

transformation and separation processes. Assembly transformation is defined as “the 

process in which the assembly loses its identity and is broken down into a mixture of 

materials”, e.g. shredding. Material transformation is “the process in which materials 

are recycled into either the original or entirely new material(s)”, e.g. iron recycling. In 

order to make material transformation possible, they must be separated from the 

(remainders of) the assembly. Separation is defined as “the physical or mechanical 

isolation of materials from an assembly or a mixture of materials”, e.g. the magnetic 

removal of metals from the fluff resulting after shredding. Chemical processes that 

separate mixed materials, which is e.g. the case in back-to-the-monomer processes, 
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are seen as transformation processes. Note that the remaining mixture of (not 

separated) materials is disposed of. 

Main assembly transformation options can be classified as: (i) options of which the 

end products are directly reusable, for example pyrolysis produces synthetic gas, and 

(ii) options of which the end products are not directly reusable, for example shredding 

produces fluff. The latter options are most likely to be combined with material 

separation, since e.g. shredder fluff cannot be reused itself. Separation before 

assembly transformation is often required for fluid and hazardous materials. 

After materials have been separated, an optimal material transformation option must 

be determined. The following sub-options are defined: 

 

(a) high grade material recycling 

The original materials are recovered in their original quality. For example: iron can be 

recycled into first grade iron. 

(b) low grade material recycling 

The original materials are recycled on a lower quality level. This option will often 

apply to contaminated materials. For example: the glass from tubes can only be 

recycled low grade, because they contain many contaminants. 

(c) alternative material recycling  

Materials are recycled into entirely new materials. For instance, if the casing of a TV 

consists of mixed plastics, back-to-the-monomer processes might be applied in order 

to gain back the original ingredients -the monomers- of which new kinds of plastics 

can be produced. 

 

Notice that separation of materials can take place before, after or without assembly 

transformation processes. Not all materials can be separated, because material 

transformation is not feasible or due to technical constraints. If materials require 

special treatment, e.g. because of toxic contents, this is defined as a material 

transformation option.  

The discussion above leads to various recycling combinations of transformation and 

separation processes and an optimal combination is one with the highest profit, given 

the quality class of the assembly. For reasons of simplicity, it will be assumed that 
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only one transformation process can be applied to an assembly and that materials can 

be separated before or after this process, or not at all. In addition, it will be assumed 

that separable materials are individually separable, i.e., the separation of one material 

is not connected to the separation of another one. 

It should be clear that recycling is different from reuse and disposal by nature, because 

of the interaction between transformation and separation processes. Therefore, a 

special sub-routine is developed in paragraph 2.3.2, which determines an optimal 

combination of these recycling processes for every assembly j for every state q. We 

call this optimal combination the recycling strategy. 

 

Disposal 

 

Disposal of an assembly or a material can be of interest when reuse or recycling is 

extremely expensive, technically impossible or when no end markets exist. In disposal 

there is no end product, so quality levels of the output cannot be defined. Therefore, 

sub-options are defined on the basis of the underlying processes. In our framework we 

distinguish (a) incineration and (b) landfill. Often, there are quality requirements for 

the input of disposal processes. This is particularly the case when assemblies contain 

hazardous substances, which need sophisticated processing. This is of relevance, 

because different tariffs are charged for toxic assemblies or materials. Note that 

regulation can prohibit the use of certain disposal options. 

 

Concluding, the definition of the main RD-options, reuse, recycling and disposal is 

defined on the identity of secondary end products. The quality of these end products is 

used to specify sub-options. In principle, it is possible to specify sub-options on the 

basis of other aspects, like the degree of technology of the end products. However, the 

distinction of the main RD-options is essential, because recycling has different 

optimisation characteristics. Let us finally pay attention to by-products. 

By-products are non-recoverable substances that emerge when RD-options are 

applied, being either process waste or replaced components. In our model, by-products 

have to be disposed of. For reasons of simplicity it will be assumed that by-products 

can be split into two categories: residual waste and hazardous waste, see description 
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of disposal options. Figure 2-3 summarises processes and secondary end products of 

the various RD-options. 

 

    ASSEMBLY 
 
 
 
 material separation 
 
 
 assembly transformation       
 
  
   
 material separation     repair 
 
  
   
 high grade recycling   upgrade   incineration 
                                                
 low grade recycling   restore    landfill 
 
 alternative recycling   downgrade 
 
 
directly reusable  recycled materials  recovered assemblies 
transformation output  or alternative  products 
 
 
Figure 2-3: Processes and output of RD-options 
 

Summarising, the overall idea is that for each assembly j in class q a set of Recovery 

and Disposal or RD-options is generated, after which the feasibility of these RD-

options is assessed. For atomic assemblies, the set R(j,q) consists of all feasible RD-

options. For the non-atomic assemblies, the set R(j,q) consists of all feasible RD-

options plus disassembly.  

In building a disassembly tree, we ascertain that for each atomic assembly j the set 

R(j,q) is non-void for all q. If a non-atomic assembly has no feasible RD-options, 

disassembly is the only possibility left. Notice that in this case the non-atomic 

component may be removed from the disassembly tree and replaced by its children. 

The disassembly option for the product and non-atomic assemblies is denoted by r=0, 

the RD-options by r=1,..,n(j,q). 
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2.2.4 Feasibility assessment of RD-options 

 

The PRD-decision in Figure 2-1 involves deciding on an optimal degree of 

disassembly and choice of optimal RD-options (reuse, recycling, disposal) for 

assemblies given their quality class. Whether an option is ‘optimal’ depends on the 

technical, commercial and ecological feasibility of the assembly for these options. 

Technical feasibility reflects the technical possibility to realise an RD-option. 

Commercial feasibility points to business potential. Ecological requirements follow 

from environmental legislation. As mentioned before, we limit ourselves to criteria at 

the product level. These criteria -described below- are derived from (Thierry et al., 

1995), (Scheidt and Zong, 1994), (Ansems et al., 1994), (Bor, 1994), (Pohlen and 

Farris, 1992), (Ching et al., 1993) and (Blonk and Starreveld, 1993). 

 

Technical feasibility criteria 

 

Whether an RD-option is technically possible depends on: 

 

• processability: is recovery for reuse technically possible and what is the resulting 

product, 

• technical state: is the assembly in sufficient condition to be recovered, 

• separability of materials: can materials actually be separated from the assembly, 

• processing properties of materials: concerns the extent to which materials can be 

recycled, the resulting secondary material or alternative product, but also energetic 

value (which is relevant for incineration) and shrinking properties (landfill), 

• the presence and removability of hazardous contents in assemblies. 

 

Commercial feasibility criteria 

 

For end market revenues of recovered assemblies the following criteria are of 

relevance: 
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• technological status: are recovered assemblies technologically reusable in primary 

or secondary markets, 

• perception of consumers, 

• lost sales in primary markets, 

• quality requirements of secondary products and materials. 

 

Potential markets for the so called secondary products can be both internal markets of 

the OEM or external markets. In internal markets recovered assemblies substitute their 

virgin alternatives: in service, remanufacturing or direct sales. It is also possible that 

suppliers of the OEM take back (components of) return products. External markets 

can be the original markets of the assemblies, but also alternative markets. For 

example, iron parts can be recycled into first grade iron and compete in the primary 

market, while computer PCBs with deteriorated performance and reliability are 

applied in toy industry. 

 

Ecological feasibility criteria 

 

Ecological constraints are: 

 

• disposal bans: may assemblies or materials be disposed of at all, 

• obligatory removal of hazardous contents: when an assembly is recycled or 

disposed of, the hazardous contents must be removed (this is usually not the case 

for reuse options). 

 

Ecological requirements may impose the separation and sophisticated processing of 

certain materials, like for instance the toxic contents of batteries. This generally 

requires disassembly to the level of the assembly that contains the toxic content, or to 

the level of a predecessor (this depends on technical possibilities for removal of 

materials). Recycling and disposal options can only be applied to assemblies below 

this particular disassembly level, because assembly transformation can only be applied 

to ‘clean’ assemblies. If toxic materials cannot be separated at all, recycling is 
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infeasible for all assemblies of the product. The entire assembly then has to be 

disposed of as hazardous waste. This disposal option is considered as an RD-option. 

In conclusion, we remark that RD-options that are technically, commercially or 

ecologically infeasible are excluded from the set of feasible options R(j,q). The 

feasibility of the remaining RD-options is expressed in economical terms, because 

optimisation is based on the expected net profit. This cannot be dealt with by applying 

a straightforward computation. It is rather a matter of managerial judgement.  

While other authors -like (Penev and de Ron, 1996), (Zussmann et al., 1994) and 

(Johnson and Wang, 1995)- explicitly define all cost components, we limit ourselves 

to the observation that costs can basically be classified on two aspects: 

 

• costs can be dependent on the quality class or not, 

• costs can be linked to disassembly or the realisation of RD-options. 

 

Disassembly costs are defined per assembly j per class q per disassembly step, which 

results in the simultaneous release of a full set of sub-assemblies. Hence, it is not 

possible to consider the release of a subset of these sub-assemblies. If the decision 

maker wishes to include this possibility, then the disassembly tree needs to be 

redefined. The sequence of disassembling the sub-assemblies within one level is not 

considered. Disassembly costs vary per assembly and sometimes per quality class, e.g. 

when the assembly is damaged.  

Revenues of secondary end products correlate with the technological status and 

quality level of these end products. It is assumed that recovered assemblies are sold in 

either the primary or an alternative market and therefore have one market price. If they 

are sold in the original market of the OEM, lost sales for new products have to be 

subtracted.  

Processing costs include cost for repair, separation, recycling, disposal etc. Of course, 

they vary per assembly, per quality class and per RD-option. Not all cost components 

apply to all RD-options. For instance, repair is only necessary for malfunctioning 

assemblies and useless in case of recycling or disposal. Other costs - for collection, 

inventory, testing, set up and transportation - are assumed to be equivalent for all 

options and therefore left out of consideration.  
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Net profit per RD-option per assembly per class is defined as the revenues from 

recovery minus processing costs. For disposal, net profits are negative (disposal 

tariffs). We restrict ourselves to direct costs and revenues. It may be argued that also 

indirect costs and revenues should be incorporated, i.e., the net profit of an RD-option 

that is to be applied after the assembly is discarded for the second time. We think that 

time frames are too large to obtain reliable assessments on indirect net profit. To our 

knowledge, there are no quantitative methods to support the accurate assessment of 

costs and revenues over multiple life cycles. 

Note that the categorisation of cost components on these aspects will be different per 

problem situation. We give two examples. (i) If the RD-option upgrading is realised 

by replacing an outdated component by a technologically superior one, then 

replacement costs are not quality class dependent RD-realisation costs. However, if 

the replacement of a component only takes place if it is malfunctioning, then the costs 

are quality class dependent. (ii) If the removal of materials is required for disassembly, 

then the separation costs are disassembly costs. If the materials are separated for e.g. 

high grade recycling, these costs are RD-realisation costs. 

 
Table 2-2: Used symbols (1) 
symbol meaning of the symbol 
 j assembly identification number, j=0,..,J, j=0 is the product itself 
"  disassembly level " =0,..,L 
" (j) disassembly level of j 
S( " ) set of assemblies on level " ; S( " ) = {j " (j)= " } 
SA( " ) set of atomic assemblies on level "  
SNA( " ) set of non-atomic assemblies on level "  
Kj set of immediate successors k of j, Kj = ∅ for atomic assemblies 
Q(j) set of quality classes for assembly j 
q actual class of assembly, q∈Q(j) 
R(j,q) set of feasible decision options for assembly j in class q; 

R(j,q)={1,..,n(j,q)} for atomic assemblies, R(j,q)={0,..,n(j,q)} for non-atomic 
assemblies, with n(j,q) the number of feasible RD-options 

r feasible decision option for recovery or disposal (1≤r≤n(j,q)) or 
disassembly (r=0); r∈R(j,q) 

Djq disassembly cost of j in class q 
wj(rq) net profit of applying reuse/disposal option r to assembly j in class q 
pred(k) predecessor of k, k≥1 
pk(q1q2) probability of sub-assembly k to be in class q1 given pred(k) in class q2 
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Resuming, after building a fixed disassembly tree, a set R(j,q) of feasible decision 

options is generated for each assembly j. Subsequently, a net profit wj(rq) of 

applying feasible RD-option r (1≤r≤n(j,q)) to assembly j in class q is determined 

∀j∀q∀r. These parameters are supplemented with the disassembly costs Djq ∀j∀q and 

the conditional probabilities pk(q1q2) ∀k∀q1∀q2 or p0(q-) ∀q on the quality classes 

of the (sub-)assemblies. A list of symbols is given in Table 2-2. 

Now we are sufficiently equipped to find solutions for the management problem 

formulated in paragraph 2.1.3. In Section 2.3 we proceed with the description of a 

procedure that determines an optimal PRD-strategy. 

 

2.3 Mathematical optimisation 

 

For the optimisation of the PRD-strategy, we propose a two-phased procedure 

sketched in Figure 2-4. In phase 1, for each (j,q) it is determined which feasible RD-

option r∈R(j,q) maximises the estimated profit wj(rq). Note that the net profits of 

RD-options are considered to be independent, i.e., no financial synergy exists between 

RD-options for different assemblies. In practice, this needs to be checked. In phase 2, 

it is determined whether to disassemble the assembly or to process it by an optimal 

RD-option. The two-phased optimisation procedure is explained in paragraph 2.3.1. 

If desired, the determination of an optimal RD-option (phase 1) can contain sub-steps, 

which is referred to as phase 0. This is especially applicable to recycling options and it 

is the subject of paragraph 2.3.2. Here, an optimal combination of transformation and 

separation processes is determined. 

 

   RD-options      disassembly decision 

sub-procedures (phase 0)  phase 1   phase 2    

      optimal RD-option   

 

Figure 2-4: Two-phased optimisation procedure for PRD-strategy 
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2.3.1 Two-phased optimisation of the PRD-strategy (phase 1 and 2) 

 

A stochastic dynamic programming algorithm is used for optimisation. Basically, it 

compares for every class q of j, the estimated profit of processing j with the expected 

profit of disassembling j. The DP-phases (not to be confused with the optimisation 

phases) are equivalent to the disassembly levels " , the states are defined by the pairs 

(j,q). Let w(x,j,q) denote the maximal estimated profit for processing (x=1) or 

disassembly (x=0), Djq the disassembly costs and f " (j,q) the maximal overall 

attainable estimated profit of j in class q. 

 

For non-atomic assemblies, we get the following recursive relation: 

 

f " (j,q) := max
x 0,1=

w(x,j,q)      (2-1) 

 

with 

w(1,j,q) := max
; ( , )r r r R j q>= ∧ ∈1

 wj(rq)     (2-2) 

 

and 

w(0,j,q) :=  - Djq  + ∑ ∈ jKk ∑ ∈ )(1 kQq pk(q1q) * f " +1 (k,q1)  (2-3) 

 

For atomic assemblies we obtain: 

 

f " (j,q):=w(1,j,q)       (2-4) 

 

Optimisation phase 1 involves determining w(1,j,q) ∀j∀q, while phase 2 involves 

determining f " (j,q) for the non-atomic assemblies ∀q. Now the algorithm goes 

backwards recursively.  
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Initialise: " :=L 

 

step a 

for the atomic assemblies: 

 ∀j∈SA( " ) ∀q∈Q(j) 

 f " (j,q) := w(1,j,q), according to (2-4) 

 choose r0∈R(j,q) such that w(1,j,q)=wj(r0q) 

 set r*(j,q):=r0 

 

for the non-atomic assemblies: 

 ∀j∈SNA( " ) ∀q∈Q(j) 

  determine f " (j,q), according to (2-1), (2-2) and (2-3) 

 if w(1,j,q) ≥ w(0,j,q) then 

  choose r0∈R(j,q)such that w(1,j,q)=wj(r0q) 

  set r*(j,q):=r0 

 else set r*(j,q):=0 

 

step b 

if " ≥ 0 do " := " -1 goto a, else goto c 

 

step c 

the algorithm stops at disassembly level 0 (the product level). 

 

Output: PRD-strategy, described as {r*(j,q), j=0,..,J, q∈Q(j)}. In words, the strategy 

describes for every assembly j of a product for every potential class q: (i) whether it 

has to be disassembled or processed and (ii) if it has to be processed, then by which 

RD-option. The total expected profit is ∑ ∈ )0(Qq p0(q-)*f 0(0,q). 

Note that the PRD-strategy is defined as a set of (conditional) rules, i.e., during the 

actual disassembly of a return product it is determined what disassembly or processing 

operations should be performed on each assembly j, depending on its real class q and 

the probability of the classes of its successors. For instance, for the worn out TVs this 
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might mean: disassemble the product, if the PCB is repairable then upgrade it, if it is 

worn out then disassemble it and so on. Note that the conditional probabilities play a 

role in the disassembly decision and not in the processing decision. 

 
Table 2-3: Used symbols (2) 
Used symbol Meaning of symbol 
r*(j,q) optimal decision option r for j in class q 
f " (j,q) maximal attainable expected net profit for j in class q 

 

2.3.2 Optimisation sub-procedure for recycling (phase 0) 

 

Let us come back to an observation of paragraph 2.2.3. This concerns the different 

nature of recycling on the one hand and reuse and disposal on the other hand. As 

explained earlier, the reuse options upgrade, restore and downgrade as well as the 

disposal options are uniquely allocated to an assembly, while recycling involves a 

combination of multiple separation and transformation processes. Moreover, materials 

can be separated from an assembly before, after or even without assembly 

transformation. In the latter case materials are separated, after which the assembly is 

disposed of. Hence, we need a dummy assembly transformation option: disposal. 

When materials are separated from an assembly, the net profit of assembly recycling is 

affected. For example, the profitability of pyrolysis may reduce, due to separation of 

plastics with high energetic value. On the other hand, if certain other materials are 

removed first, the pyrolysis process may perform better, hence profit increases. These 

effects have to be estimated in addition to the feasibility assessment (paragraph 2.2.4). 

It is clear that recycling optimisation has to be dealt with in a way different from reuse 

and disposal. One can include every possible combination of recycling processes as an 

RD-option in the two-phased procedure of paragraph 2.3.1. However, this might 

become quite complicated and therefore we introduce an optimisation sub-procedure 

to determine a recycling strategy. 

The recycling strategy describes an optimal combination of transformation and 

separation processes for assembly j in class q. This does not mean that assembly j will 

necessarily be recycled, because this depends on the net profit of reuse and disposal, 

too. It merely describes the strategy, to be applied if recycling is actually chosen as 
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optimal RD-option. Figure 2-5 depicts an example of a recycling strategy for the 

casing of TV-X. 

 

separation of iron transformation by pyrolysis  separation of aluminium 

 

Figure 2-5: A recycling strategy for the casing of TV-X: a combination of separation and 

transformation processes 

 

We use the following notation. When the full assembly j in class q is submitted to a 

transformation process h, the resulting products or remains generate a profit wj(hq). 

Subsequently, we distinguish between the situation that material m is separated before 

application of process h (s=-1), the situation that m is separated after such a process h 

(s=+1) and the situation no separation takes place (s=0). If a material m is separated 

from an assembly j for separate transformation, then the value wj(hq) is reduced by 

an amount ∆wj(h,m,sq). This reduction includes separation costs. In the case that 

profit increases, ∆wj(h,m,sq) is negative. If separation is impossible, ∆wj(h,m,sq) is 

set infinite for s=-1,1 and further ∆wj(h,m,0q)=0 by definition. 

Separate transformation of material m present in assembly j in class q by option a 

brings a net profit of w(a,s)jmhq. Note that if w(a,s)jmhq >∆wj(h,m,sq), then it is 

profitable to separate m from j. Options h and a have to be picked from a set of 

feasible options, H(j,q) and Ah(j,q,m,s) respectively. For notational simplicity, we 

introduce the empty option a=0. This option corresponds to no action -i.e., a material 

is not recycled- hence by definition Ah(j,q,m,0)={0} ∀h∀j∀q∀m and w(0,s)jmhq=0 

∀s. Table 2-4 summarises the symbols used and introduces some new ones for the 

algorithm that is described next. 
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Table 2-4: Used Symbols (3) 
Symbol Meaning of symbol 
a material transformation option (separate recycling), a=0,..,A (a=0 

corresponds to no transformation) 
h assembly transformation option, h=1,..,H 
h*(jq) optimal option h for assembly j in class q in combination with material 

separation 
s variable that indicates material separation before assembly transformation 

(s=-1), after (s=1) or not at all (s=0) 
m material , m=1,..,M 
H(j,q) set of feasible assembly transformation options for assembly j in class q 
Ah(j,q,m,s) set of feasible recycling options for material m in assembly j found in class 

q, to be applied in combination with assembly transformation option h if 
separated before h is applied (s=-1) or after (s=1) 

w(a,s)jmhq  net profit of transformation of separated material m from j in class q 
according to a, when applying assembly transformation option h to j if 
separated before h is applied (s=-1) or after (s=1) 

wj(hq) net profit of recycling assembly j in class q by transformation option h 
without separation of materials 

∆wj(h,m,sq) reduction of profit wj(hq) if m is separated from j in class q resulting 
from application of h if separated before h is applied (s=-1) or after (s=1) 

wj
max(hq)  maximal net profit of recycling assembly j in class q by transformation 

option h in (optimal) combination with separation of materials 
r’(j,q) optimal recycling strategy for pair (j,q) 
wj(r’q) net profit of optimal recycling strategy r’ for j in class q 

 

Now the recycling strategy r’(j,q) can be calculated by the following two-step 

algorithm: 

 

step a 

In step a, we determine for each assembly j for each class q for every assembly 

transformation option h, which materials m should be separated when (before or after 

assembly transformation) and if materials are separated, then an optimal material 

transformation option is determined. 

In formula: 

 

wj
max(hq) := wj(hq) + ∑m

1,0,1
);,,,(

max
−=

∈
s

smqjAa h

{ w(a,s)jmhq  - ∆wj(h,m,sq)} (2-5)  

From the above maximisation process, we obtain for every (j,m,h,q) an optimal 

material transformation pair (a*,s*)jmhq . 
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step b 

Now an optimal option r’ including material separation is chosen according to: 

 

wj(r’q):= 
),(

max
qjHh∈

wj
max(hq)       (2-6) 

 

We write h*(jq) to denote an optimal option h for assembly j in class q.  

 

Resuming, the recycling strategy of assembly j in class q determines an optimal 

assembly transformation option h, the materials m to be separated before and after h is 

applied and optimal transformation options a for these separated materials. In formula: 

r’(j,q) = {h*(jq),(a*,s*)jmh*q ∀m} with profit wj(r’q). For instance, the recycling 

strategy for the casing of TV-X might be pyrolysis in combination with separation of 

aluminium afterwards and iron before, see Figure 2-5. The plastics are lost in the 

pyrolysis process while both metals can be sold. The pyrolysis process also has useful 

end products, namely auxiliary oil and synthetic gas. Note that the recycling strategy 

can include disposal for some materials or assemblies. 

The calculation of the recycling strategy reduces recycling to one RD-option. 

Recycling is the RD-option most likely to be subjected to an optimisation sub-step. 

However, sub-procedures can also be applied to the other RD-options if necessary. 

 

2.4 Data acquisition  

 

Data acquisition in the PRD-strategy plays a role in the feasibility assessment of the 

RD-options and in the estimation of the parameters of the optimisation model. The 

main technical, commercial and ecological feasibility criteria are split into sub-

criteria. Data are collected on these sub-criteria. The ‘scores’ on the sub-criteria are 

used to assess the main feasibility criteria for RD-options and to estimate the 

parameters of the objective function. Figure 2-6 reflects this process from data 

acquisition to optimisation. 

In Appendix 2-1, listings of main criteria, sub-criteria and data sources are given. 

These criteria are derived from (Scheidt and Zong, 1994), (Ansems et al., 1994), (Bor,  
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1994), (Pohlen and Farris, 1992) and (Ching et al., 1993). Note that the data sources 

are restricted to tactical data acquisition, i.e., sources that can be used to forecast the 

parameters of the return flows. The tables in Appendix 2-1 may be of use in the 

forecasting step as part of the set-up of the reverse logistic system, see Section 1.3. 

 

 
  data  collection on  feasibility assessment  optimisation 
 sources  sub-criteria  and parameter estimation 
 
 

Figure 2-6: From data sources to optimisation 

 

In this thesis, we assume that forecasts are available on all model parameters. 

However, this problem is not so trivial and has many different aspects. The reason to 

(briefly) discuss this subject here lies in the aspect of handling uncertainty of product 

related parameters, such as return quality. Information concerning this subset of 

parameters remains uncertain until released in the disassembly process. Uncertainty 

aspects can only be dealt with by the classification scheme if uncertainty concerns 

these product related parameters. Otherwise, one must make use of techniques such as 

scenario analysis. 

Product related parameters relate to technical feasibility criteria. In this respect, a 

distinction is often made between ‘static’ and ‘dynamic’ criteria, see e.g. (Scheidt and 

Zong, 1994). Static criteria are embedded in the product at the moment of 

manufacturing and do not change during product use. Dynamic criteria are influenced 

by the environment/user of the product and may change during the consumption phase 

and involve uncertainty, since it is difficult to trace information while products are out 

in the field. For TV-X, the technical criteria processability, separability, processing 

properties and hazardous contents are static while the technical state is dynamic, 

because of its dependence on consumer behaviour. Thus, for TV-X, the technical state 

is to be captured by the classification scheme. 
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2.5  TV case 

 

This section deals with a TV case, based on a literature review on recovery of brown 

goods; (Dillon, 1994), (Scheidt and Zong, 1994), (Ansems et al., 1994), (Ching et al., 

1993) and (Blonk and Starreveld, 1993). It should provide the reader with a good 

understanding of the working of the model. Resuming Section 2.1 to 2.4, it can be 

concluded that the management problem concerning PRD-strategy should be tackled 

by taking the following steps: 

 

Tactical management steps 

 

1. determine the disassembly tree, quality classes, transition probabilities and 

 RD-options, 

2.  determine the feasibility of RD-options, 

3.  formulate an objective function, 

4.  determine an optimal PRD-strategy. 

 

Operational management steps 

 

5.  test every return assembly, 

6.  assign it to a class and apply assignment rules of the PRD-strategy. 

 

The TV case is described in three parts: (i) the model input (step 1-3), (ii) the 

optimisation (step 4) and (iii) implementation of the PRD-strategy (step 5-6). 

 

2.5.1 Model input 

 

In this TV case we skip the data acquisition and feasibility assessment. The input of 

the model -consisting of the disassembly tree, the possible quality classes with 

(conditional) probabilities and the net profits of RD-options- is given, and described 

below. 

 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 60 
 

 

Disassembly tree and quality classes 

 

The disassembly tree was given in Figure 2-2. The product consists of nine assemblies 

in three levels: 

 

• level zero: TV (assembly number 0), 

• level one: casing, wiring, trafo, PCB, battery and tube (assemblies 1-6), 

• level two: CPU and memory chip (assemblies 7-8). 

 

Assemblies 0 (TV) and 4 (PCB) can be disassembled at the cost of 50 and 10 

respectively. Suppose, the product is constructed of the materials plastics, iron, 

copper, aluminium, platinum, glass and toxins. Table 2-5 indicates the material 

composition of the assemblies. 

 

Table 2-5: Weight of materials in assemblies in kg 
material 
 
assembly 

1 
(plastics) 

2 
(iron)   

3 
(copper) 

4 
(alu) 

5 
(platinum) 

6 
(glass) 

7 
(tox) 

0 (TV) 1.6 1.25 0.8 0.7 0.7 3.0 0.15 
1 (casing) 1.0 0.2 0 0.2 0 0 0 
2 (wiring) 0.5 0 0.4 0.2 0 0 0 
3 (trafo) 0 0.5 0.4 0.2 0 0 0 
4 (PCB) 0.1 0 0 0 0.7 0.3 0 
5 (battery) 0 0.35 0 0 0 0 0.1 
6 (tube) 0 0.2 0 0.1 0 2.7 0.05 
7 (CPU) 0.05 0 0 0 0.35 0.1 0 
8 (chip) 0.05 0 0 0 0.35 0.2 0 

 

Each assembly can fall in two quality classes: (i) q=1, repairable: the assembly is in 

relatively good shape but it needs repair for reuse options and (ii) q=2, worn out: the 

assembly is only fit for recycling and disposal. The conditional probabilities are given 

in Table 2-6. 
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Table 2-6: Transition probabilities of quality classes for disassembly 
level assembly p0(1-)  p0(2-)  
0 0 0.5  0.5  
level assembly pk (11) pk (21) pk (12) pk (22) 
1 1 0.8 0.2 0.2 0.8 
 2 0.9 0.1 0.1 0.9 
 3 0.5 0.5 0.5 0.5 
 4  0.5 0.5 0.5 0.5 
 5 1 0 0 1 
 6 1 0 0 1 
2 7 1 0 0 1 
 8 1 0 0 1 

 

RD-options 

 

The feasibility of RD-options is reflected by the net profits for reuse, recycling and 

disposal. They are give given in Tables 2-7, 2-8 and 2-9. 

 

Reuse 

 

Potentially, assemblies can be reused in two ways: (i) upgrade (r=1) and (ii) restore 

(r=2), defined as in paragraph 2.2.3. Only some assemblies in class q=1 (repairable) 

are feasible for the reuse options. Revenues for upgrade are estimated on 80% of the 

primary market prices and for restore on 70% of the purchase prices of service items, 

both in compliance with their reuse application. Lost sales are subtracted for upgrade 

at the product level, because upgraded TVs compete with new ones.  

 
Table 2-7: Net profits wj(rq) for reuse options 

option r / class q 
 
assembly j 

1/1 
(upgrade/rep) 

2/1 
(restore/rep) 

1/2 
 (upgrade/wornout) 

2/2 
(restore/wornout) 

0 (TV) 300 -∞ -∞ -∞ 
1 (casing) -∞ -∞ -∞ -∞ 
2 (wiring) -∞ -∞ -∞ -∞ 
3 (trafo) -∞ -∞ -∞ -∞ 
4 (PCB) -∞ -∞ -∞ -∞ 
5 (battery) 50  25 -∞ -∞ 
6 (tube) -∞ -∞ -∞ -∞ 
7 (CPU) 30 10 -∞ -∞ 
8 (chip) 50 -∞ -∞ -∞ 
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The resulting net profits of reuse options are given in Table 2-7. Negative infinite 

profits imply infeasibility. Reuse options for the class q=2 are infeasible. For many 

reuse options there are often no end markets, which makes these options infeasible for 

q=1, too. 

 

Recycling 

 

In principle, the assemblies of TV-X can be subjected to two assembly transformation 

options: (i) shredding and (ii) pyrolysis. Because the assemblies 5 (battery) and 6 

(tube) contain toxic materials, disassembly is required to the level of these assemblies. 

Hence, assembly transformation is infeasible at the product level. In addition, 

pyrolysis is infeasible for these two assemblies as well as the product as a whole. 

Shredding can be applied to assemblies 5 and 6, but only with special shredders, that 

have a special facility to remove the toxins. 

The shredder fluff is not reusable hence net ‘profits’ are equivalent to shredding costs. 

However, materials can be separated for separate recycling. Pyrolysis oil can be used 

as auxiliary material in production and pyrolysis gas for electricity generation. Market 

prices for pyrolysis output are higher, which results in higher net profits of applying 

this option. Table 2-8 gives the net profits of both assembly transformation options, 

where -∞ implies infeasibility. Note that the net profit of pyrolysis strongly depends 

on the amount of plastics present in the assembly, because of the energetic value of 

plastics. 

Despite the lower profits of the direct output, shredding can be an interesting option in 

combination with recycling of separated materials. In this TV case, separation of 

materials is only applied after shredding (and not before) and only before the pyrolysis 

process (and not after). If materials are separated from the assembly, the net profits of  

Table 2-8 decline by ∆wj(h,m,sq) as defined in paragraph 2.3.2. These are given in 

Table 2-9. As we can see, separation after shredding is considerably cheaper that 

before pyrolysis. 
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Table 2-8: Net profits wj(hq) for assembly transformation 

 option h 
assembly j 

1. (shredder) 2. (pyrolysis) 

0 (TV) -∞ -∞ 
1 (casing) -10 100 
2 (wiring) -10 40 
3 (trafo) -10 -∞ 
4 (PCB) -10 10 
5 (battery) -100 -∞ 
6 (tube) -100 -∞ 
7 (CPU) -5 20 
8 (chip) -5 20 

 
Table 2-9: Reduction of net profit ∆wj(h,m,sq) in assembly recycling when materials 

     material  m 
assembly  j 

1 2 3 4 5 6 7 

0 (TV) 16 12 8 7 7  29 ∞ 
1 (casing) 9 2 0 2   0 0 ∞ 
2 (wiring) 5   0 4  2 0 0 ∞ 
3 (trafo) 0 5 4  2  0 0 ∞ 
4 (PCB) 2   0 0 0 7  2 ∞ 
5 (battery) 0 3 0 0 0 0 0 
6 (tube) 0 2 0 1 0 27 0 
7 (CPU) 1  0 0 0 4   1 ∞ 
8 (chip) 1  0 0 0 3  1 ∞ 

2-9a: h=1, shredding (s=1) 
   material  m  

assembly j 
1 2 3 4 5 6 7 

0 (TV) 160 12 8 7 7  29 ∞ 
1 (casing) 100 2 0 2   0 0 ∞ 
2 (wiring) 50  0 4  2 0 0 ∞ 
3 (trafo) 0 5 4  2  0 0 ∞ 
4 (PCB) 10 0 0 0 7  2 ∞ 
5 (battery) 0 3 0 0 0 0 ∞ 
6 (tube) 0 2 0 1 0 27 ∞ 
7 (CPU) 5   0 0 0 4   1 ∞ 
8 (chip) 5   0 0 0 3  1 ∞ 

2-9b: h=2, pyrolysis (s=-1) 

 

To summarise, both pyrolysis and shredding can be combined with separate material 

recycling. In combination with shredding, materials can only be separated afterwards. 

In combination with pyrolysis separation can only occur before processing. Assembly 

transformation is not feasible for some assemblies due to hazardous contents. 
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Separated materials are recycled by their optimal options (a*,s*)jmhq, which are for 

h=1,2 ∀q: 

 

• for plastics: back-to-the-monomer (alternative recycling) both after shredding and 

before pyrolysis, 

• for iron: high grade material recycling after shredding, low grade before pyrolysis, 

• for copper: high grade material recycling after shredding, low grade before 

pyrolysis, 

• for aluminium: high grade material recycling after shredding, low grade before 

pyrolysis, 

• for platinum: high grade material recycling after shredding, low grade before 

pyrolysis, 

• for glass: low grade material recycling after shredding, low grade before pyrolysis, 

• for toxic materials: special treatment after shredding. 

 

This goes for all assemblies, except that toxic materials can only be separated from the 

assembly 5 and 6. High grade recycled materials are sold in the primary market, for 

low grade and alternative recycling there are new markets. The net profits are 

calculated per kilogram material, including volume reduction effects etc. The resulting 

net profits per kg material are given in Table 2-10. Note that the feasibility of 

recycling options is not dependent on quality classes q. 

 

Table 2-10: Net profit per kg of recycling materials by (a*,s*)jmhq  for h=1,2; 

material profit before pyrolysis (h=2, s=-1) profit after shredding (h=1,s=1) 
1 plastics 6 11 
2 iron 5 10 
3 copper 50 100 
4 aluminium 50 100 
5 platinum 57 115 
6 glass 5 10 
7 toxic -∞ 1 
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Disposal 

 

In this TV case there is only one disposal option feasible for each assembly. The 

option for all assemblies is incineration, except for the TV, battery and the tube, 

because of their toxic nature. Since these assemblies have to be disposed of to a 

hazardous landfill they have higher disposal costs. The net profits of these options r 

are negative and equivalent to the disposal tariffs. Disposal optimisation is not quality 

class dependent. The resulting net profits for disposal are given in Table 2-11. 

 
Table 2-11: Net profits wj(rq) of disposal 

assembly j profit 
0 (TV) -240 
1 (casing) -20 
2 (wiring) -20 
3 (trafo) -20 
4 (PCB) -20 
5 (battery) -80 
6 (tube) -80 
7 (CPU) -10 
8 (chip) -10 

 

2.5.2 The optimisation and results 

 

The algorithms have been implemented in Borland Pascal 7.0 and run on a Switch 486 

personal computer. The parameters were set as in the TV case, given in the Tables 2-8 

to 2-14. Run times were within one second. First, the recycling strategy was computed 

for every assembly by the algorithms of paragraph 2.3.2. Subsequently, the two-

phased procedure of paragraph 2.3.1 was applied. The optimisation resulted in an 

optimal PRD-strategy, which is reflected in Figure 2-7. In words, the strategy is as 

follows: 

 

• If the product falls in class q=1, then the product is upgraded and not 

disassembled. For class q=2, it is a bit more complicated. The product is then 

disassembled and: 

• the casing and wiring are always pyrolised, 

• the trafo is always shredded, 
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• the PCB is shredded if its quality class is worn out (q=2), if it is repairable (q=1) 

then it is disassembled, 

• the battery is disposed of if it is worn out (q=2), if it is repairable (q=1) it is 

upgraded. Since the conditional probabilities are 1 for q=2 and 0 for q=1, the 

battery is always disposed of, 

• the tube is always disposed of, 

• if the PCB is disassembled, the CPU is always pyrolised, 

• if the PCB is disassembled, the memory chip is upgraded if it is repairable (q=1) 

and since the conditional probability on q=1 is 1, this is always the case, 

• Some materials are separated for recycling. 

 

Note how the conditional nature of the PRD-strategy relates to the classification of 

assemblies in quality classes q. The above strategy is formulated for a single product 

(type). However, an OEM usually takes back multiple items (see definitions Chapter 

1) of this product, which are all processed according to the same PRD-strategy. This 

results in various product flows, because the PRD-strategy is quality dependent and 

quality characteristics differ per item. It is not known in advance what will be the 

degree of disassembly and applied RD-options per individual item. Nevertheless, we 

can calculate the expected outcomes on the basis of the conditional probabilities. Let 

us give an example. Suppose that 100 TVs X are returned from the market. We know 

that p0(1-) = 0.5, hence we know that 50 TVs are to be found in class q=1 and 

therefore to be upgraded for reuse. The product flows for disassembly and the other 

RD-options can be calculated similarly. Overall, the expected outcomes for a 100 TVs 

returned are: 

 

• 50 TVs are upgraded at a profit of 300 each, 

• 50 TVs are disassembled at a cost of 50 each, 25 PCBs are disassembled at a cost 

of 10, 

• 50 casings, 50 wirings and 25 CPUs are pyrolised at a profit of 108, 124 and 36 

each (including material recycling), 
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Figure 2-7: Flow chart of the full PRD-strategy for TV-X 
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• 50 trafos and 25 PCBs are shredded at a profit of 44 and 65 each (including 

material recycling), 

• 25 memory chips are upgraded at a profit of 50 each, 

• 50 batteries and 50 tubes are disposed of at a cost of 80 each, 

• all kinds of materials are separated from at least one assembly and recycled, except 

the toxins. 

 

The total expected profit for the 100 TVs is 21,825. In the next section we will discuss 

some additional managerial aspects. We remark that the computer rounds off some 

results. 

 

2.6 Discussion  

 

The discussion concerns optimisation issues in a multi-product situation as well as the 

use of the model in relation to Design For Recycling. 

 

• Concerning parameter forecasts, we note that we estimate costs and revenues by 

equilibrium prices, assuming that the different assemblies can be dealt with in a 

decoupled way. Financial synergy resulting from sharing set-up costs is not 

considered, since such synergy is supposed to result from RD-operations for 

multiple products. After the results of the single product optimisation are used at a 

multi-product (=product group) level, an iteration procedure might be necessary in 

order to recalculate the PRD-strategy at the single product level with readjusted 

costs and revenues. However, we do not further research this issue. 

• The optimisation results in a set of conditional assignment rules, based on 

technical, commercial and ecological feasibility criteria at the product level. 

However, the outcomes can also be used to evaluate criteria at a product group 

level. Two important examples of these criteria are recovery targets and limited 

end markets. Recovery targets require that a certain percentage of the product 

group “brown goods” should be reused or recycled. As part of this group, our 

example TV-X must contribute to these recovery scores. Limited end markets 
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point to the restricted volume for reuse of recovered assemblies/materials in both 

internal and external markets. This is an issue to be considered at a level of 

product groups as well, because components are often used in multiple TVs. With 

the model described in this chapter, PRD-strategies at a product level can be 

determined for all product types. Next, alternative strategies can be computed, for 

instance because they have a better environmental impact, i.e., higher recovery 

scores. Now, in a multi-product situation, products might be processed by different 

PRD-strategies, in order to deal better with the criteria at a product group level. 

Shortcomings of one product type, e.g. too low recovery scores, can be 

compensated by others. Mixed policies can be determined. This issue is worked 

out in Chapter 3. Moreover, the outcomes of the PRD-strategies can be used to 

calculate the needed capacity for the reverse logistic system, since all disassembly 

and RD-operations require their own range of facilities. This is the subject of 

Chapter 5. 

• Concerning Design For Recycling (DFR) we note the following. Mandatory reuse 

and recycling confronts the OEM with the design characteristics of their own 

products. Improving the design of new products will improve the ecological and 

economical soundness of future PRD-strategies. Moreover, using old components 

in new products may also improve current PRD-strategies, since it creates internal 

market demand. Thus, the soundness of both current and future PRD-strategies 

can be improved by DFR, but marketing campaigns may be necessary to convince 

consumers of the quality of recycled products. Also due to DFR, supplier relations 

become more intense, when suppliers are involved in co-design. Suppliers may 

lose some turnover due to increased reuse of their components, hence it may 

appear that co-design is not in their interest. However, suppliers that neglect DFR 

developments may lose their entire business. This problem is known as the 

supplier paradox. To compensate for lost turnover, suppliers may offer repair or 

refurbishment services to OEMs. 
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2.7 Conclusions 

 

The introduction of extended producer responsibility makes Original Equipment 

Manufacturers formally responsible for take-back, recovery and reuse of discarded 

products. One of their key problems is to determine to what degree return products 

must be disassembled and which Recovery and Disposal options should be applied. At 

a tactical management level, this involves anticipation to problems like e.g. meeting 

legislation and making investments in recycling infrastructure. In this chapter, a 

comprehensive model was presented, which determines an optimal Product Recovery 

and Disposal strategy for a single product. The objective function takes into account 

technical, commercial and ecological criteria as well as uncertainty on these criteria 

due to lack of information, in particular regarding the quality level. Optimisation is 

done on overall net profit, taking other criteria as side constraints and using a two-

phased DP-algorithm. The applicability of the model is shown in a TV case. 

Compared to the models found in the literature, our model has some specific 

characteristics, in particular the test and classification scheme, the disassembly 

transition probabilities, the ability to fit in sub-procedures, the explicit relationship 

between feasibility criteria and the assignment rules and the compactness of the 

model. These characteristics make it potentially applicable for tactical management 

support.  
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Appendix 2-1 Feasibility criteria and data acquisition 

 
 
Table 2-12: Assessment of ecological feasibility 
Ecological feasibility criteria Sub-criteria Data sources 
restricted disposal disposal bans 

acceptance procedures 
legislation 

removal of hazardous contents for which options 
processing requirements 

experts 
legislation 

 
 
Table 2-13: Assessment of technical feasibility 
Technical feasibility criteria Sub-criteria Data sources 
processability 
 

demountability 
reparability 
assembly structure 
kind of connections 

product documentation 
(e.g. design drawings) 
experts 

technical state 
 

peak loads 
number of operations hours 
repairs,replacements, 
changes 
damage,contamination, 
corrosion 
failure, performance 
previous upgradings 
date of production 

maintenance database 
historical return 
flows 
experiments 
product documentation 

separability of materials used connections 
composition 

product documentation 
 

processing properties for 
material recycling  

material types 
material attributes 
mixed or pure materials 
additives used in secondary  
operations 

product documentation 
 
 
 

hazardous contents location,accessibility, 
removability and nature of 
hazardous contents 

product documentation 

processing properties for 
disposal 

material types 
material attributes 
mixed or pure materials 
additives used in secondary 
operations 

product documentation 
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Table 2-14: Assessment of commercial feasibility 
Commercial feasibility criteria Sub-criteria Data sources 
revenues 
 

substitution rate (lost sales) 
market prices (primary and 
secondary) 

marketing 
department 
brokers 

cost functions disassembly cost 
processing cost 
repair cost 
separation cost 
disposal tariffs 

experiments 
specialised firms 
historical return 
flows 
disposal authorities 

quality requirements potential and required reliability, 
functionality and  remaining life 
time of end products  

experts 

consumer perception image 
communication/green marketing 

marketing 
department 

technological status 
 
 

OEM 
date of production 
serial number 
technical specifications 
modifications since release 
current/future use in new 
products 
available recovery technology,  
potential upgrade 

product 
documentation 
moulded in product 
R&D department 
marketing 
department 
experts 
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Chapter 3 

Mixed policies for multi-product groups 

 

(published in adapted form in Journal of Environmental Engineering (ASCE), 124-4, 1998) 

 

3.1 Introduction  

 

The problem we studied in Chapter 2 concerns the formulation of a single product 

recovery strategy or PRD-strategy. In such a plan, conditional decision rules are 

formulated on the handling of return products in terms of disassembly, recovery and 

disposal. A PRD-strategy is determined for a tactical planning period, because it 

serves as a basis for other tactical decisions like facility investments, buy-back 

agreements with suppliers and environmental legislation. In general, OEMs of durable 

assembly products are confronted with legislative take-back and recovery obligations 

for multiple types of return products. Of course, a PRD-strategy can be determined 

independently for each single product. However, in case these products belong to one 

(coherent) product group, e.g. electronic products or cars, one will find that decision 

criteria differ in nature: some decision criteria apply to single products while others 

apply to the product group as a whole. Optimisation at the group level involves 

optimising some objective function with respect to these decision criteria, where it 

may be necessary to engage in trade-offs, e.g. a trade-off between profit and amount of 

recycled content. As a result, one may have to go back to the product level, in order to 

improve at the group level decision criteria. In other words, alternative PRD-strategies 

may be assigned to single products for the benefit of group level decision criteria. 

In this chapter we address the determination of a recovery strategy at the product 

group level, referred to as Group Recovery and Disposal (GRD-) policy. To this end, 

we propose a two-phase optimisation procedure: (i) a procedure to determine 

alternative PRD-strategies for single products in view of group level optimisation, 

resulting in a set of potentially applicable PRD-strategies per product and (ii) an 

optimisation model for the assignment of PRD-strategies at the product group level, 
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resulting in a GRD-policy. Next, we give an outline of the research carried out in 

Section 3.2.  

 

3.2 Problem definition 

 

Now, let us analyse the problem at hand. Formulating a recovery plan means 

formulating decision rules with respect to: 

 

(i) determining an optimal degree of disassembly for return products and, 

(ii) assigning optimal Recovery and Disposal (RD-) options to the product or its 

released components. 

 

Although legislation is the initial driving force behind the return flows, the main goal 

is to exploit commercial opportunities, i.e., maximise net profit from recovery. 

However, many constraints may obstruct this endeavour, for example environmental 

laws. In general, the formulation of a recovery strategy is based on technical, 

commercial and ecological decision or feasibility criteria. These criteria express the 

overall feasibility of reuse, recycling and disposal options for application to a return 

product or its released components. It should be noticed that these feasibility criteria 

are applicable at two levels: the product level and the product group level. For 

example, the technical state of a return assembly is a factor to be considered at the 

product level, because it determines the feasibility of reuse options for that particular 

product (or components released from it after disassembly). On the other hand, criteria 

like legislative recovery targets are defined for entire product groups, e.g. electronics. 

Examples of feasibility criteria are given in Table 3-1 below.  

The main difference between the two levels lies in the possible compensation or 

substitution effects at the product group level. For example, if one type of product 

fails to meet certain recovery targets, it can be compensated by another product. 

Similarly, two different types of cars may have been equipped with the same type of 

motor. If the PRD-strategy for both cars implies revision of the engine, then they 

compete in the same (secondary) market. Also for processing capacity, optimisation at 
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the product group level is required, because reverse logistic facilities may be used for 

multiple product types. The distinction of two decision levels for product type and 

product group is therefore quite natural as a form of hierarchical decomposition. For 

that reason, the optimisation is performed in a two-phase procedure.  

 
Table 3-1: Examples of feasibility criteria 
product level product group level 
Technical feasibility criteria 
• processability 
• technical state 
• separability of materials 
• processing properties of materials 
• presence and removability of hazardous 

contents 

Technical feasibility criteria 
• capacities of transportation, recovery and 

disposal facilities 
• availability of collection systems 

Commercial feasibility criteria 
• technological status 
• recovery costs 
• secondary market prices 
• lost sales in primary markets 
• quality of (recovered) secondary products, 

components and materials 

Commercial feasibility criteria 
• perception of consumers according to 

secondary products, components and 
materials 

• limited volumes of secondary end markets 

Ecological feasibility criteria 
• disposal bans 
• obligatory removal of hazardous contents 

Ecological feasibility criteria 
• legislative recovery targets 

 

Let us describe the two phases in the procedure. In the first phase, we determine a 

Product Recovery and Disposal (PRD-) Strategy at the product level. In Chapter 2, a 

model is described which determines a PRD-strategy for one product type with 

maximal net profit, taking into account all relevant technical, ecological and 

commercial feasibility criteria at the product level. As an example, we determined a 

PRD-strategy for a TV case. In the optimisation, the assignment of optimal 

disassembly and RD-options is dependent on the quality classes of assemblies, hence 

a PRD-strategy is formulated as a set of conditional assignment rules to support 

disassembly and RD-decisions. Besides an expected net profit, the output consists of 

an expected rate of disassembly, recovery and disposal operations. A profit-optimal 

PRD-strategy for our TV case is shown in Figure 2-7, see Chapter 2. 

A PRD-strategy is optimised at a (single) product level and may be less preferable in 

view of criteria at the product group level, hence alternative strategies at the product 

level are needed to deal with feasibility criteria at the product group level. The overall 
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idea is to determine multiple PRD-strategies for every product type returned to the 

OEM. The resulting set of strategies forms the input for the second optimisation 

phase, where mixed policies are determined for an entire product group. Some product 

types will be processed by the profit-optimal PRD-strategy, others by some alternative 

strategy. Decision support is provided by quantitatively analysing the trade-off 

between net profit and scores on the above mentioned product group level criteria. 

The aim is to find a balance in the (mixed) Group Recovery and Disposal or GRD- 

policy. In Figure 3-1, we summarise the two-phase procedure. Note that a two-phase 

procedure may result in a solution ‘non-optimal’ to the original problem. However, 

the complexity of the problem, to a large extent resulting from breaking down used 

products into components and materials, explains the use of problem decomposition. 

A two-phase procedure implies the use of two models. In Section 3.4 a model is 

described for determining a set of alternative PRD-strategies for single products and in 

Section 3.5 we present a model for determining a GRD-policy in a multi-product 

situation. In both sections, cases are included. Finally, in Section 3.6 models and case 

results are discussed and conclusions are drawn. In order to position our research, we 

first continue in Section 3.3 with a review of the relevant literature. 

  

  Generate alternative PRD-strategies per product type 
 
     set of PRD-strategies per product type 
 
  Assign a PRD-strategy to each product type in the product group 
 
     GRD-policy 
 
Figure 3-1: Two-phase optimisation procedure to determine the GRD-policy 
 

3.3 Literature review 

 

Relevant literature can be classified in two classes: scheduling models and physical 

network models. These are discussed in paragraph 3.3.1 and 3.3.2 respectively. In 

paragraph 3.3.3, we make some notes on the literature in relation to our research. 
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3.3.1 Scheduling models 

 

(Lund, 1990) develops an LP-model to find the least cost schedule of solid waste 

recycling and disposal for multiple planning periods. The decision variables are Rijt, 

representing the number of waste generators of class i (e.g. households in a certain 

area), to be subjected to recycling option j (e.g. newspaper recycling) in period t. 

Waste volumes yt, coming from generators not assigned to recycling, are disposed of 

to some landfill with capacity X (there is only one landfill in the model). The model is 

used to determine the least costly assignment of recycling options and landfill 

operations, given a lifespan T of the landfill. At the end of its lifespan, the landfill is 

closed and replaced by another one at a certain cost. By varying the landfills economic 

lifetime T -of course within a range of possible lifetimes- a cost-optimal lifespan of 

the landfill and corresponding assignment of recycling options can be found. (Jacobs 

and Everett, 1992) develop an extended version of this model that allows for multiple 

landfills and they investigate additional aspects like e.g. the appropriate service life of 

consecutive (future) landfills and the effects of landfill (tipping) fees. 

 

3.3.2 Physical network models 

 

(Caruso et al., 1993) consider an Urban Solid Waste Management System (USWMS), 

which is structured into four phases, namely collection, transportation, processing and 

landfill. They develop a location-allocation model to find the number and locations of 

the processing plants, given the locations of the waste generators and landfills. For 

each processing plant, the technology -incineration, composting or recycling-, the 

amount of waste processed as well as the allocation of service users (waste sources) 

and landfills (waste sinks) are determined. No more than one facility may be located 

in one geographic zone and there are maximum capacities for all facilities and 

landfills. The model is single period and has a multi-criteria objective function, with 

components for economic cost, waste of resources and ecological impact. Efficient 

heuristics are developed to solve the problem. 

In (Ossenbruggen and Ossenbruggen, 1992) a computer package for solid waste 

management (SWAP) and the underlying LP-model are presented. The model 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 80 
 

 

describes a waste management district as a network, where nodes represent waste 

sources, intermediate (capacitated) processing facilities and destinations (sinks) on 

given locations. Sources, sinks and intermediate stations can be of multiple 

(technology) types. Decision variables are the amount of waste to be processed by 

each facility and the magnitude of flows between the facilities. Implicitly, the applied 

technologies are determined. Constraints follow from technically allowed processing 

sequences and capacity limitations. The algorithm finds a cost-optimal solution, where 

the cost function only includes variable costs per waste unit, e.g. kg. These unit costs 

incorporate tipping fees, shipping costs and revenues from reuse. 

(Pugh, 1993), describes the HARBINGER model, which gives decision support for 

the long term waste management planning of a city or county. The waste management 

system involves collection, transportation, treatment and disposal or reuse of a 

community’s waste stream. These systems tend to be very complicated, which 

explains the need for mathematical analysis. The heart of HARBINGER lies in the 

multi-period allocation sub-model, which determines a cost-optimal assignment of 

waste from the sources to treatment and disposal facilities on given locations, within 

constraints set by the user (e.g. for capacity). Optimisation occurs on least cost. Other 

sub-models of HARBINGER are used to specify the input for the allocation sub-

model and for post-optimality analysis.  

 

3.3.3 Notes on the literature 

 

The two kinds of models have clearly different approaches. The scheduling models 

determine optimal recovery and disposal options for a waste stream, without 

considering the physical network, while the physical network models focus on 

location-allocation aspects, thereby implicitly determining optimal recycling 

technologies. Both kinds of models are in line with the second phase of our 

optimisation procedure, especially the scheduling models that deal with the 

assignment of recycling options within linear constraints. They give us valuable 

insight in the inevitable trade-offs between various criteria, relevant in assigning 

recovery and disposal options to waste streams. LP-models prove to be very suitable 

for determining a recovery and disposal plan, because they are relatively easy to model 
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and solve and give possibilities for sensitivity analysis. However, the above models do 

not fit our problem definition for two major reasons. 

Firstly, a distinction lies in the definition of waste. Both the scheduling - and the 

physical network models deal with a mixed (urban) waste stream and not with durable 

assembly products. Therefore, no distinction is made between optimisation at the 

product level and the product group level nor does one allow for product and 

component reuse and disassembly aspects. Secondly, the definition of recycling 

options is different. In the scheduling models, recycling options are coupled to 

identified sub-streams: one can only assign one recycling option to each waste sub-

stream for each class of waste generators. The physical network models combine the 

assignment of recovery options with the design of the physical network. This may lead 

to great modelling and computational complexity in a GRD-policy situation, in which 

we allow for various disassembly levels and RD-options for multiple product types. 

For assembly products, the problems of recovery planning and physical network 

design should be decoupled and the GRD-policy should be seen as one of the input 

parameters of the physical network design. Hence, we propose a stronger use of 

decomposition here, which results in higher simplicity. 

We make some simplifications on the following aspects. We do not use a multi-period 

planning approach, but restrict ourselves to one (tactical) planning period. Moreover, 

we do not distinguish between different classes of waste generators at the GRD-level, 

but instead quality classes are incorporated in the alternatives at the product level 

already. Operations management of the reverse logistics is also considered as a 

decoupled problem which can be addressed after the network design. As a 

consequence, the GRD-policy is determined at a market level, i.e., we neglect the 

physical design aspects of the reverse logistic system. The main underlying 

assumption is that cost and revenue functions are the same for all locations in the 

system. This may not always be the case. For example, the profitability of applying an 

RD-option might partly depend on transportation costs. However, regional differences 

between various sources of return products can easily be captured in our model by 

considering them as different products. We come back to this in Section 3.6. 
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3.4 Generating a set of PRD-strategies at the product level 

 

In this section we consider phase 1 of Figure 3-1. As we explained in Section 3.2, the 

PRD-strategy is determined at the product level and may be sub-optimal with respect 

to feasibility criteria at the product group level, such as environmental impact, market 

aspects and needed processing capacity. In this paragraph, we consider situations 

where the profit-optimal strategy falls short on some of these criteria. Note that the 

constraints which have to be met at a group level are supposed to be formulated such 

that they can also be interpreted at the product level in the sense that options can be 

identified to improve the constraint satisfaction. 

This section is built up as follows. The need for alternative PRD-strategies will be 

illustrated by a case given in paragraph 3.4.1. In 3.4.2 a heuristic procedure is 

developed, which can determine such an alternative strategy. In 3.4.3 this procedure is 

applied to a case. 

 

3.4.1 The need for alternative PRD-strategies 

 

Example 

 

We start with a further discussion of the case of Chapter 2. Consider the PRD-strategy 

s0 for TV-X in Figure 2-7.  It results in a net profit of 218 per TV and meets product 

level constraints. However, additional product group level criteria that determine the 

overall feasibility of a PRD-strategy have to be taken into account, namely: 

 

• the amount of reused and recycled contents (to meet legislative recovery targets), 

• the needed capacity (because processing capacity may be a critical constraint), 

• the resulting secondary products (because sales volumes of secondary markets may 

be restricted). 

 

As an example, let us take a closer look at legislative recovery targets. For electronics, 

these targets require that a minimal level of reuse (e1), material recycling (e2) and 
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metal recycling (e3) is achieved, usually expressed in terms of percentages of the mass 

of the return flow. Suppose three legislative targets are set for reuse and recycling:   

 

• target T(e1): reuse at least 50% of the return flow as a product or as a component, 

• target T(e2): recycle at least 70% of all materials present in the disassembled 

(=non-reused) products, 

• target T(e3): recycle at least 95% of all metals present in the disassembled (=non-

reused) products. 

 

In the PRD-strategy s0 of Figure 2-7, 50% of the return flow is reused as a TV. The 

remaining 50% is disassembled and reused as a chip (3%) or subjected to some kind 

of recycling or disposal option (47%). The amount of recycled contents for one 

disassembled TV (representing 50% of the return flow) is given in Table 3-2. 

 

Table 3-2: Weights and amounts of recycled contents of materials for one disassembled TV-X 
 plastics iron copper aluminium platinum glass toxins 
present in TV 
(kg) 

1.6 1.25 0.8 0.7 0.7 3.0 0.15 

recycled amount 
(kg) 

0.05 0.5 0.8 0.6 0.525 0.2 0 

 
 

On average, one returned product TV-X (including the non-disassembled ones) yields 

the following flows: 

 

• ϕ(e1,s0)= 0.53*8.2= 4.3 kg reused as product or chip (the total weight of TV-X is 

8.2 kg), 

• ϕ(e2,s0)= 0.5*(0.05+0.5+0.8+0.6+0.525+0.2)=1.3 kg of recycled materials, 

• ϕ(e3,s0) = 0.5*(0.5+0.8+0.6+0.525)=1.2 kg  of recycled metals. 

 

Furthermore, it is given that metals account for 4/10th of all materials. The relative 

recovery scores are calculated as follows: 
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• for reuse: 0.53, where T(e1)=0.50, 

• for material recycling: 1.3/*0.5*8.2=0.32, where T(e2)=0.70, 

• for metal recycling:  1.2/0.5*8.2*0.4=0.73, where T(e3)=0.95. 

 

Hence, we fall short on targets T(e2) and T(e3). Therefore, an alternative strategy is 

required to improve material recycling scores. We see that the achieved reuse score of 

0.53 is satisfactory, hence no alternative strategy is needed for the benefit of target 

T(e1). 

 

We would like to stress again, that alternative strategies are generated at the product 

level in order to comply better with criteria at the product group level. Recovery 

targets are only one example of these criteria. We may include any feasibility criterion 

c analogously to the ones above, for example for market or capacity reasons. 

Alternative strategies are generated for each product type in the product group! 

Note that ϕ(c,s) can be negative. This may e.g. occur when applying a certain RD-

option generates a market demand for another RD-option. An example. In the PRD-

strategy s0 in Figure 2-7, second hand TVs are reused. Suppose that the TVs are sold 

in a second hand market m1, then ϕ(m1,s0)=0.50 TVs. Let us also assume that the 

repair of the TVs requires a certain (refurbished) part, which was also recovered after 

return and for which an external market m2 exists independent from m1. Then, this 

part is withdrawn from the external market m2 for the benefit of m1 and we set 

ϕ(m2,s0)=-0.50. Hence, if a constraint T(m2) is imposed on the refurbished parts 

market (because of a restricted market volume), this constraint is relaxed by applying 

s0 to TV-X. In (Thierry et al., 1995), it is discussed how product recovery options are 

interrelated.  

In conclusion, alternative strategies are generated on a number of criteria c. It is 

logical to formulate one alternative strategy for a cluster of interrelated product group 

level criteria of which synergy is to be expected in generating such a strategy. For 

example, improving the metal recycling score of TV-X also improves the overall 

material recycling score, which justifies the clustering of criteria e2 and e3 in a cluster. 

This is done for all products i part of the product group. The ultimate result is I sets of 
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alternative PRD-strategies Si, where Si = (s0,s
1

alt,..,s
K

alt), with K the number of clusters 

of product group level criteria c that require the generation of alternative strategies. 

The sets Si form the input for the second optimisation phase: assigning the PRD-

strategies to each product type in a GRD-policy. This will be discussed in Section 3.5. 

First, we shall describe a heuristic procedure to generate an alternative strategy at the 

product level in the next paragraph. 

 

3.4.2 A procedure for generating alternative PRD-strategies 

 

In this paragraph, we describe a general procedure for generating a set of alternative 

PRD-strategies. First, we introduce and repeat some notation. 

 

Product level 

 

• j  assembly, j=1,..,J 

• q  quality class that assemblies can be found in, q=1,..,Q 

• r  RD-option by which assemblies can be recovered, r=1,..,R 

• s0  (original) profit-optimal PRD-strategy 

• sk
alt  alternative PRD-strategy with improved score on kth cluster (see below) 

• R0(j,q) original set of feasible RD-options r for assembly j in class q for profit-

  optimal PRD-strategy 

• R(j,q) set of feasible RD-options r for assembly j in class q for alternative 

  PRD-strategy 

 

Product group level 

 

• c  feasibility criterion at product group level, c=1,..,C 

• J(c)  set of relevant assemblies j for criterion c 

• R(c)  set of desirable RD-options r for criterion c 

• T(c)  constraint set on  c, for example product score > T(c) 

• CL(k) a cluster (=set of) criteria c with index k, k=1,..,K 
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The first phase of the optimisation procedure of Figure 3-1 is reflected in Figure 3-2. 

Let us describe this procedure. We suppose that for all products in the product group a 

profit-optimal PRD-strategy, determined with the model of Chapter 2, is pregiven. We 

start with determining product scores on group level criteria c for each product for 

these pregiven profit-optimal PRD-strategies, e.g. the individual recycling scores. 

Subsequently, we calculate for each c the sum over all products in the product group, 

e.g. the total amount of recycling, and we compare the group scores with the group 

constraints, e.g. the recycling targets. Simultaneously, we cluster criteria c in clusters 

CL(k), k=1,..,K, based on interdependency of criteria c. For example, all reuse and 

recycling scores may be clustered. Next, we determine a priority ranking of the 

clusters on the basis of a weighted average of the scores or just the total of the scores 

for each cluster CL(k). Now, we determine an alternative PRD-strategy for each 

product for each cluster. This results in K alternative PRD-strategies per product, 

which together with the profit-optimal PRD-strategy forms the input of K+1 strategies 

for the second phase in the optimisation procedure, discussed in Section 3.5.  

The core of phase 1 is a heuristic algorithm. It generates alternative PRD-strategies 

with increasing performance on product group level criteria by iteratively considering 

improvements on the various clusters. Let us describe the working of the heuristic, 

which works at the product level and is applied to each product in the product group, 

in order to improve the scores on criteria of some cluster CL(k). First, all RD-options 

that can potentially improve the score on any criterion c∈CL(k), say R(c), must be 

added to the set of feasible RD-options R0(j,q) ∀j∀q. For example, in the original 

stochastic DP-model of Chapter 2, one only allows for one recycling option per 

assembly j per class q, where a sub-procedure determines which recycling option is 

optimal. Here, all recycling options that are applicable must be taken into account, 

even the most non-profitable ones. We now have an extended set of feasible RD-

options R(j,q). Next, we remove undesirable (i.e., undesirable in terms of constraint 

satisfaction) alternatives from the set of RD-options.  
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 calculate product scores of profit-optimal   cluster criteria c in clusters CL(k) 
PRD-strategies s0 on group level criteria c 
 
 
determine sum of product scores per cluster  
CL(k) over all products in the product group  
 
 
analyse gaps per cluster between constraints 
T(c) on group level and overall product scores 
and determine priority ranking O of clusters 

 
 
 generate an alternative PRD-strategy per  
 product per cluster as follows:    define R(c) for product at hand 
  
 

R(j,q):=R0(j,q)∪R(c) ∀j∀q as far as r∈R(c) are technically possible for class q 
 
         start heuristic 

 take most important remaining cluster CL(k) 
 
 
   modify sets R(j,q) ∀j∀q by removing unwanted RD-options r for CL(k) 
 
 

modify sets R(j,q) by removing additional undesirable RD-options r for CL(k), with 
 k≠k, which are also not desirable for CL(k) 

 
 

 determine alternative PRD-strategy sk
alt for k  with the model of Chapter 2 

 
 
  remove CL(k) from list of clusters to be searched     

 if no more clusters k to be searched then STOP  
 else continue  

 
 
  re-insert removed RD-options r into R(j,q) ∀j∀q 
         end heuristic 
 
 
 assign optimal PRD-strategies to each product in a GRD-policy 
 with a MILP-model (phase 2, Section 3.5) 
 
 

 

 

Figure 3-2: Optimisation procedure for determining a set of alternative PRD-strategies (phase 1) 
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For example, the recovery scores are increased by favourably modifying the sets of 

feasible RD-options R0(j,q). If we do not harm the recovery improvements, we also 

remove options in favour of other clusters, which are given less priority. After 

modification of the set R0(j,q), the PRD-strategy is recalculated with the DP-model 

described in Chapter 2. Analogously, we can determine alternative strategies for other 

clusters (e.g. markets), where the recovery cluster is given a lower priority. This way, 

for every cluster CL(k) an alternative PRD-strategy sk
alt is determined. These 

Box 3A:  Heuristic algorithm for determining an alternative PRD-strategy 

per cluster CL(k) for a single product 

 
Notation used: 
 
• O  priority ordering of clusters CL(k) 
• φk(r)  sum of changes in product scores  on c∈ CL(k) as a result of removing r from R(j,q) 
• rk

rem  RD-option to be removed from R(j,q) ∀j∀q to improve scores on CL(k) 
• TM(j) mass of assembly j 
 
 

i Set O=<k1,..,kK>, O is predetermined priority ordering of cluster CL(k) 

ii. Set k :=k1 , k:=k 

iii. for r:=1 to R do φk(r):=0 

 for all j, j ∈ ∪
∈c CL k( )

J(c), do 

 for all q do 

  for all r, r∈R(j,q) and r ∉ 
)()( kCLkCLc ∪∈

∪ R(c), do 

   φk(r):= φk(r)+TM(j)*p(j,q) 

iv. rk
rem:=

r
ARGMAX φk(r) 

 if ARGMAX=0 then goto v. 

 If rk
rem∈R(j,q) then remove rk

rem from R(j,q) ∀j∀q unless a set becomes void. 

 set φk(r):=0 for r=rk
rem and repeat iv. 

v. for each  k≠ k do step iii and iv. If no more k available goto vi. 

vi Determine PRD-strategy for k  by DP-model of Chapter 2 for modified sets. The resulting 

strategy is sk
alt. 

vii Re-insert removed RD-options into R(j,q) ∀j∀q. 

viii Set k:=k+1 and k:=k. If k≤K goto iii else STOP. 
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alternative PRD-strategies all consist of conditional assignment rules. The heuristic 

algorithm is described in detail in Box 3A. 

 

3.4.3 Alternative PRD-strategies for TV-X 

 

Now, we continue the case of Chapter 2 and determine two alternative PRD-strategies 

for TV-X. In the first alternative strategy, we improve the scores on e2 (material 

recycling) and e3 (metal recycling). Reuse scores (e1) should not get worse. In the 

second alternative strategy, the market volume m1 for second hand TVs is restricted. 

Only one out of four TVs can be upgraded for sale, while in the PRD-strategy of 

Figure 2-7 one out of two TVs is assigned to this option. The full procedure of 

generating alternative PRD-strategies for TV-X is as follows. 

Firstly, we cluster criteria c. Two clusters k are formed. The first cluster includes the 

recovery criteria e1, e2 and e3. Inclusion of e1 is allowed, because only scores on reuse 

are dependent on quality class q. Hence, no improvement on e2 and e3 can be realised 

by changing the amount of product or component reuse (e1). The second cluster 

consists of only one criterion, namely market volume for 2nd hand TVs. The 

parameter settings are summarised in Appendix 3-1. Secondly, the clusters are given a 

priority, where the recovery cluster is considered to be the most important one. 

Now, the heuristic algorithm of Box 3A is used to generate two alternative PRD-

strategies for TV-X, one for cluster CL(1) with improved recovery scores and one  for 

cluster CL(2) with less TVs to be sold at the 2nd hand market. The ultimate result is a 

set of alternative strategies S={s0, s
1

alt, s
2

alt}. In Figure 3-3, s1
alt  is depicted. The main 

difference compared to the profit-optimal strategy is, that disposal is replaced by 

recycling as optimal RD-option for the assemblies 5 and 6. In this option, these 

assemblies are shredded and the materials are separated for recycling and sales, 

including the toxins. The scores on e2 and e3 are improved to 0.76 and 0.88 

respectively, while the targets were 0.70 and 0.95. Net profit has sunk from 218 to 

201. We still don’t meet target T(e3), but no more recycling options are available for 

further improvement. A detailed description of the application of the algorithm is in 

Box 3B. 

 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 90 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Box 3B:  The heuristic algorithm applied to TV-X 

 

i. O=<1,2> 

ii. Set k :=1 and k:=1 

iii. determine φk(r) for r=1,2,3,4 

vi.  rk
rem  :=4 (disposal) 

iv.  Remove r=4 from R(j,q) ∀j∀q 

iv. ARGMAX=0 for k, goto v. 

v. Set k:=2, goto iii. 

iii. φk(r)=0 ∀r  , the only candidate (r=1) is not feasible because r∈∪
∈c CL( )k

R(c) 

iv ARGMAX=0, goto v. 

v. No more k≠k available, goto vi. 

vi. Determine PRD-strategy for k=1, see Chapter 2.  

 The resulting strategy is s1
alt . 

vii. Re-insert removed RD-options in R(j,q) ∀j∀q 

viii. {the algorithm is repeated for k=2, resulting in s2
alt}.  

 Because k=K ,this the final cluster to be searched, the algorithm STOPS 
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Figure 3-3: Flow chart of the alternative PRD-strategy s1
alt (changes compared to profit-

optimal PRD-strategy in Figure 2-7 are printed bold) 
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3.5 A MILP-model for determining the GRD-policy 

 

After generating a set of alternative PRD-strategies for each product type, we have to 

assign an optimal strategy to each product type part of the product group in the second 

phase of the optimisation procedure of Figure 3-2. This is done by a MILP-model, 

which is described in paragraph 3.5.2. In paragraph 3.5.3, a TV case is discussed as an 

example using the model. First, we formulate the problem in paragraph 3.5.1. The 

notation used is the same as in the previous sections, where we add: 

 

• i  index for product (type), i=1,..,I 

• ni  number of items of product i 

• mf(c) the mass fraction of the total return flow associated with c 

• gc  weight assigned to c, reflecting its relative importance 

• ϕ(c,i,s) the physical flow bearing on criterion c, resulting from applying PRD-

  strategy s to one product i, e.g. for c=‘recycling’: the amount of  

  recycled materials yielded 

• TM mass of the total return flow 

 

3.5.1 Problem formulation 

 

The aim of a GRD-policy is to find an optimal assignment fis of PRD-strategies s to all 

products i. Optimal means on the one hand optimising net profit and on the other hand 

dealing with constraints T(c) imposed on product group level criteria. We distinguish 

between three categories of criteria c: environmental criteria e (e=1,..,E), market 

criteria m (m=1,..,M) and capacity criteria p (p=1,..,P). These criteria are of an entirely 

different nature and can be incompatible. To avoid infeasibility, we consider the 

constraints as soft and we strive for minimising the deficit with respect to the 

constraints. The relative importance or weight of the decision criteria can vary, 

depending on several factors. For example, the market weight may depend on price-

elasticity of the market, buy-back contracts with suppliers or possibilities for market 

expansion. Weights for recovery targets may depend on consumer behaviour and 
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penalties to be expected from the government. In practical situations, additional 

categories may be distinguished. 

At the group level, I products i are returned. At the product level, for each product 

type i, a set Si of alternative PRD-strategies s is available. All strategies have a certain 

expected net profit wis and an expected rate of applied disassembly, reuse, recycling 

and disposal operations: applying PRD-strategy s to one product item i results in a 

flow ϕ(c,i,s) relevant for group level criterion c. It is assumed that in the next planning 

period each product i is returned in quantity ni . The total number of products is N, 

with ∑i ni =N. All N return products must be processed for disposal or reapplication 

within the planning period. Every product type can only be processed by only one 

PRD-strategy. Hence, natural decision variables are fis, which assigns a product to a 

recovery strategy. It is also assumed that all parameters remain constant within the 

planning period and that the required data or reliable estimates are available.  

 

3.5.2 Model construction 

 

Because in a GRD-policy it is intended to balance between net profit and product 

group level constraints, we specify the minimal net profit (target) level TP and the 

deviation variables de, dm, and dp, which reflect the deviation to the product group 

level constraints. Weights ge, gm, and gp are assigned to the variables to reflect their 

importance. We only wish to penalise violations of the targets T(e), T(m) and T(p) at 

the group level, so we formulate our model in terms of ze, zm and zp, where 

ze=max(0,de) etc. Now, we construct the following MILP-model: 

 

MIN ∑e ge*ze + ∑m gm*zm + ∑ p gp*zp    (3-1) 

 

subject to 

 

∑i ∑s fis * wis * ni ≥ TP       (3-2) 

∑i ∑s fis  * ϕ(e,i,s) * ni = T(e)*TM*mf(e)*(1-de)  ∀ e   (3-3) 

∑i ∑s fis *  ϕ(m,i,s) * ni = T(m)*TM*mf(m)*(1+dm) ∀ m   (3-4) 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 94 
 

 

∑i ∑s fis  * ϕ(p,i,s) * ni = T(p)*TM*mf(p)*(1+dp) ∀ p   (3-5) 

ze ≥ de   ∀e       (3-6) 

ze ≥ 0   ∀e 

zm ≥ dm   ∀m 

zm ≥ 0   ∀m 

zp ≥ dp   ∀p 

zp ≥ 0   ∀p 

∑s fis =1   ∀ i       (3-7) 

fis = 0,1  ∀i ∀s       (3-8) 

 

Some comments need to be made: 

 

• Our model is basically a goal programming model. According to (Tamiz and Jones, 

1996), there a two main categories of goal programming models: in the first type 

(weighted goal programming) unwanted deviations are assigned to weights 

according to their relative importance and minimised as an archimedian sum. In the 

second type, the deviation variables are assigned to priority levels and minimised in 

a lexicographic sense. Clearly, our model belongs to the first category. 

• Our model has similarities with on the one hand a knap-sack problem and on the 

other hand a product-mix or blending problem. But there are some differences. 

Compared to a knap-sack problem there is not one, but a number of constraints. 

This makes it a generalised knap-sack problem. Compared to a product-mix 

problem, the decision variable is a boolean and not a continuous variable. Of 

course, as a variant of the problem, the decision maker may wish to assign mixed 

strategies to one product type i. Then, fis becomes a fraction and the problem is 

now solved as an LP-problem. In paragraph 3.6.1 we will come back to this 

subject. 

• Other relevant decision criteria may be included in the model if necessary. For 

example, besides a maximum capacity, also a minimum level of turnover may be 
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required for certain processing capacities. Any general feasibility criterion c can be 

fitted into the model, as we shall see in the discussion of the case in 3.5.3. 

• Note that constraints (3-3), (3-4) and (3-5) serve as definition equations for de, dm 

and dp. As a result of using deviation variables, these constraints are soft. This way, 

one can always find a feasible solution by properly manipulating TP. We choose 

this way of modelling, because in practical situations it may be hard to meet all 

constraints T(c) fully. However, if desired one can define some decision criterion 

as a hard constraint and remove the deviation variable from the objective function. 

One could also formulate the objective function as maximisation of net profit, 

subjected to hard constraints T(e), T(m) and T(p), but again we emphasise the risk 

that no feasible solution may be found. 

• The general model is formulated such, that all constraints are linear (except for the 

0,1-constraint). However, in practical situations non-linear constraints may occur, 

as we shall see in the next paragraph. 

 

3.5.3 Case: determining a GRD-policy for three TVs 

 

To illustrate the working of the MILP-model, we work out a TV case for three 

different types of TVs and work out the assignment of PRD-strategies in a GRD-

policy at the product group level. Data related to product composition are derived 

from (Bink, 1995), while volumes, numbers etc. are randomly generated. Note that 

solutions found by the model are not so much meant as a representative practical 

situation, but should provide insight in the potential applicability of the concepts 

developed. 

 

Case description and modelling 

 

Suppose an OEM takes back three types of TVs: A, B and C in various quantities. At 

the product level, an optimal PRD-strategy s1 has been determined for each type of 

TV. At the product group level, the following constraints must be taken into account: 
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• Recovery targets. 

T(e1): at least 25 mass % should be reused as product/component, 

and for the remaining return flow it holds: 

 T(e2): at least 70 mass % of all materials should be recycled, 

 T(e3): at least 95 mass % of the metals should be recycled.  

• The market volume T(m1) for second hand TVs is limited to 500 TVs. 

• The disposal capacity for landfill T(p1) is limited to 7500 kg. 

 

Note that three kinds of product group level constraints c are present in this case. They 

have been clustered in three clusters CL(k). Therefore, three alternative PRD-

strategies have been determined for each product type. Hence, we have four strategies 

for each type of TV. Flow ϕ(c,i,s) is calculated per product per PRD-strategy for c=e1, 

c=e2, c=e3, c=m1 and c=p1. The assignment of weights is a management decision 

itself. In this case, the management wants to put emphasis on the recovery targets, 

because it fears repercussions from the government and customers. Therefore, a 

weight of 3 is assigned to ze1, ze2 and ze3. The market and disposal constraints are 

taken less seriously, so a weight of 1 is assigned to zm1 and zp1. 

Relevant data can be found in Appendix 3-1. Note that none of the TVs resembles 

TV-X used as an example in the previous section. The general model of paragraph 

3.5.2 has to be tailor made for this problem. The interested reader can find a detailed 

explanation and model description in Appendix 3-2. A complicating factor is the non-

linearity of some constraints. However, we use a computational method in which this 

constraint is linearised. Since the model is conceptually equivalent to the general 

model, we continue here with an analysis of the results.  

 

Case results 

 

In a product recovery situation, we are interested in the behaviour of the deviation 

variables as a function of net profit. For example, we analyse how the amount of 

recycled contents correlates with profit, i.e., does recycling go down if profit goes up, 

or not? Note that variables dc reflect the positive and negative deficit to constraints 
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T(c), while zc only reflects the positive deficits. This distinction was made, because 

negative deficits, or margins in common language, should not be penalised nor 

rewarded in the objective function. As a managerial indicator, dc is the most fitting 

since it is interesting to know both slacks and violations to constraints. For the case at 

hand, we analyse the behaviour of the deviation variables by varying the minimal 

required net profit TP, which results in different assignments of PRD-strategies to 

products and thus in different scores for the deviation variables dc as well as the actual 

net profit. Let us take a look at the results in Table 3-3. 

 
Table 3-3: GRD-policies for various TP, ge=3 ∀e, gm1=1, gp1=1 

TP GRD-policy de1 de2 de3 dm1 dp1 profit 
0 A: s4  B: s2  C: s4 -0.57 -0.06 0 0.9 -0.44 76,000 
80,000 A: s4  B: s2  C: s2  -0.60 -0.08 -0.01 1 -0.48 176,000 
180,000 A: s4  B: s2  C: s1 -0.60 -0.02 -0.01 1 -0.37 213,500 
220,000 A: s4  B: s3  C: s1 -0.60 0.05 0.17 1 -0.21 228,500 
230,000 A: s4  B: s1  C: s1 -0.60 0.32 0.10 1 0.39 258,500 
260,000 A: s1  B: s3  C: s1 -1.00 0.17 0.22 2 -0.03 267,500 
270,000 A: s3  B: s1  C: s1 -1.00 0.37 0.10 2 0.39 283,500 
285,000 A: s1  B: s1  C: s1 -1.00 0.49 0.14 2 0.63 297,500 

 

Table 3-3 should be interpreted as follows. The variables de1, de2, de3, dm1 and dp1 

reflect the relative deficit for the constraints T(e1), T(e2), T(e3), T(m1) and T(p1). As 

long as they are non-positive, the constraint is satisfied. A value lower than zero 

reflects the relative slack. A positive value implies that the constraint is violated. This 

is penalised in the objective function by zc. We observe that most product group level 

constraints are met if TP=180,000, since the deviation variables are non-positive. The 

real profit is then 213,500. There is one exception to this: the secondary TV-market 

m1, whose volume is exceeded by a 100 percent. Therefore, we now vary the weight 

gm1 with steady TP= -100,000 and ge remains 3 ∀e, gp1 remains 1. The results are 

reflected in Table 3-4. 

 

Table 3-4: GRD-policies for various gm1, TP=-100,000, ge=3 ∀e, gp1=1 
gm1 GRD-policy de1 de2 de3 dm1 dp1 profit 
1 A: s4  B: s4  C: s2 -0.34 0.11 0.24 0.7 0.04 26,000 
100 A: s4  B: s4  C: s2 -0.34 0.11 0.24 0.7 0.04 26,000 
1,000,000 A: s4  B: s4  C: s2 -0.34 0.11 0.24 0.7 0.04 26,000 

 
 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 98 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4: Deviation variables as function of net profit 
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We summarise the results in Figure 3-4. On the x-axis, we depict the total net profit of 

the GRD-policies involved. On the y-axis, we depict the corresponding values for the 

deviation variables. Thus, we obtain the function of the (dependent) deviation 

variables and the (independent variable) net profit.  

As we can see, it is very difficult to decrease the overload on the secondary TV-

market. This means that it is needed to expand the market, otherwise no GRD-policy 

can be implemented. If one would succeed in doubling the market volume, an optimal 

GRD-policy would be an assignment of (s4, s2, s1) to the products A, B and C with a 

total profit of 213,500. If no market expansion can be realised, one will have to go 

back to the product level and reduce the amount of product reuse for at least one of the 

products A, B or C. An alternative PRD-strategy with no product reuse will be 

generated, after which the MILP optimisation is repeated. We can also see that in the 

higher profit GRD-policies, processing capacity becomes a critical constraint, while 

material recycling scores slightly deteriorate. So far for the case. 

In general, an analysis like the one reflected in Figure 3-4 provides the decision maker 

with insight with respect to the impact of GRD-policies on various feasibility criteria. 

It can be determined which criteria are critical, whether these are recovery targets, 

market volumes or processing capacities. Necessary steps can be undertaken, such as 

market or capacity expansion, re-determining PRD-strategies, selecting alternative 

RD-options or negotiating with governments on environmental legislation. Next, we 

discuss our model and the case results in Section 3.6 at a more conceptual level. 

 

3.6 Discussion and conclusions 

 

The discussion is presented in three paragraphs. In paragraph 3.6.1 the modelling 

issues are discussed, in paragraph 3.6.2 we discuss the use of the model in relation to 

other fields in product recovery management and in 3.6.3, conclusions are drawn. 

 

3.6.1 Modelling issues 

 

The length of the planning period depends mainly on the availability of data and 

stability of the parameter settings. In principle, the model is developed for the tactical 
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management level, which implies a planning horizon of approximately 1-3 years. In 

our view, it is not very realistic to extend the planning horizon to multiple periods, 

because this requires data on all future parameter settings. Therefore, we take a more 

practical approach which, in short, boils down to ‘look where we stand now’ and ‘see 

where we should be heading to’. Of course, a decision maker may wish to include the 

effects of historic decisions. For example, if a facility, established in a former period, 

is available in the coming planning period, then the cost prices of RD-options using 

this facility might be lower than RD-options requiring new facilities. Also, a certain 

processing capacity is available to these RD-options, which is a product group level 

criterion. In general, effects of historic decisions should be incorporated in the cost 

and revenue functions at the product level and the constraints at the product group 

level. 

The model does not distinguish between different parameter settings for products of 

one type, returned from different geographic areas. This can be easily repaired, if 

necessary. For example, the profitability of RD-options might partly depend on 

transportation costs, hence on the physical distance between supply points, facility 

locations and demand points. We can solve this by defining product sub-types i on the 

basis of regions -e.g. TVs X from France- and RD-sub-options by market locations -

e.g. TV reuse for second hand markets in Nigeria- and adapt net profits accordingly. 

Again, differences are incorporated in the cost and revenue functions and this may 

lead to considering different options. 

A major assumption in our research is that the OEM is the central decision maker 

determining the GRD-policy. We believe this is the best approach for analytical 

purposes, but it is also applicable in practical situations. Even if responsibility is 

scattered all over the reverse chain, it is useful to determine a GRD-policy that is 

globally optimal as a starting point for discussions or negotiations. If this GRD-policy 

prejudices some chain members, a compensation scheme should be established. 

Although this is a very interesting subject, it is beyond the scope of our present 

research. 

In the MILP-formulation only one PRD-strategy is assigned to each product type. This 

is not the case when an LP-formulation is used, which is in fact a relaxation of the 

MILP-formulation. For example, if we solve the LP-model for the parameters as given 
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in the first situation of paragraph 3.5.3, then an optimal assignment is: (i1,s1), (i2,0.1 

s1/0.9 s2) and (i3,s1), with a net profit of 218,000 and deviation variables values de1=    

-0.6, de2=0, de3=0.01, dm=1 and dp=-0.29. Hence, there are no important changes in 

results due to LP-relaxation in this case. However, differences strongly depend on the 

parameter settings, hence this kind of analysis can certainly be worthwhile. One 

should be aware of the fact that modelling the problem as an LP-problem requires 

fractional assignments of PRD-strategies. This complicates the implementation, 

because multiple strategies are assigned to one product type. There are several ways to 

deal with this: 

 

• Establishing a mixed GRD-policy per product, i.e., multiple PRD-strategies can be 

assigned to one type of product where e.g. half of the number of products returned 

is processed by a profit-optimal strategy and the other half by some alternative 

strategy. Presumably, this is difficult to implement in practice. 

• Assigning PRD-strategies to geographically distinct supply points, such that the 

overall assignment within the GRD-policy must be realised.  

• Establishing operational decision rules, in which fluctuations in inventory level, 

demand and supply, available resources and so on determine the actual assignment 

of PRD-strategies in time. Of course, in the end the tactical assignment should be 

realised. 

• Reformulate the PRD-strategies. For example, try to generate an alternative 

strategy that leads to a mixture of s1 and s2. 

 

However, these issues need further exploration. 

 

3.6.2 The use of the models in relation to other PRM areas 

 

The use of the models with respect to determining recovery strategies has been 

discussed extensively in the previous sections. Here, we briefly discuss links with 

other fields in product recovery management. 

On the model input side, a point of concern is data acquisition. Practical use of our 

approach requires the availability of reliable tools to forecast parameters. In Chapter 2, 
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we discussed some methods to obtain data. In principle, this method can also be 

applied at the product group level. However, uncertainty at the group level cannot be 

dealt with in the classification scheme, hence only scenario analysis can be used to 

analyse uncertainty effects. 

On the model output side, the GRD-policy results are used in reverse logistic network 

design. The design of the logistic network is tuned to the GRD-policy to provide 

sufficient capacity for implementing assigned PRD-strategies. The basic idea behind 

this is to decouple the problems of ‘what to do with return products’ and ‘how to build 

the logistic system for it’. However, the logistic network also has an influence on the 

parameter settings of the GRD-policy, especially the cost functions. Therefore, some 

kind of feed back loop may be fruitful. In relation to the acquisition of data, it would 

also be valuable to analyse the robustness of the models with respect to uncertainty in 

data input. This way, it can be found which parameters are critical to the solutions 

found. The use of results in negotiations, secondary market expansion and capacity 

planning has been addressed in the case. 

 

3.6.3 Conclusions 

 

New government policies aim at the closure of material flows as part of Integrated 

Chain Management (ICM). One of the main implementation instruments is extended 

producer responsibility, which makes Original Equipment Manufacturers (OEMs) 

formally responsible for take-back, recovery and reuse of discarded products. One of 

the key problems for OEMs is to determine a recovery strategy, i.e., determine to what 

degree return products must be disassembled and which Recovery and Disposal (RD-) 

options should be applied. At a tactical management level, this involves anticipation 

of problems such as meeting legislation, limited volumes of secondary end markets, 

bad quality of return products and facility investments in recycling infrastructure.  

This chapter discusses the determination of an optimal Group Recovery and Disposal 

or GRD-policy for compulsorily returned (discarded) durable assembly products of 

multiple types. In a GRD-policy, PRD-strategies are assigned to products part of a 

coherent product group. The objective function incorporates technical, ecological and 

commercial decision criteria and optimisation occurs using a two-phase optimisation 
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procedure. Firstly, a set of potential Product Recovery and Disposal or PRD-strategies 

is generated for each separate product type. The model of Chapter 2 is used in this 

phase, in combination with a heuristic. Secondly, optimal PRD-strategies are assigned 

to the products within a coherent multi-product or product group policy. The aim is to 

find an optimal balance between maximising net profit and meeting constraints like 

recovery targets, limited market volumes and processing capacities. A TV case is 

worked out to illustrate the working of the model.  

Some interesting models were found in the literature, but none of them fits our 

problem definition, which includes aspects like multi-level assembly structures, 

recovery targets, limited market volumes and interrelated RD-options. 

Next, we discuss the applicability of the models of Chapter 2 and 3 in a business case 

conducted at Roteb, municipal waste company in the city of Rotterdam. 
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Appendix 3-1  Product data of TVs X, A, B and C 

 
Table 3-5: Parameter settings for alternative PRD-strategies for  TV-X 
parameter parameter value 
RD-options r= 1 (upgrade), 2 (restore), 3 (recycling), 4 (disposal) 
cluster k=1 e1, e2, e3 
cluster k=2 m1 
RD-options k=1 r=1,..,4 
RD-options k=2 r=1 
Assemblies k=1 j=1,..,9 
Assemblies k=2 j=1 
ϕ(e,s0) for e1,e2,e3 in kg 4.3/1.3/1.2 
ϕ(m1,s0) in numbers 0.5 

 

Table 3-6: Composition return flow 
i product type number ni mass 
1 A 1000 8.2 
2 B 1500 18 
3 C 500 12 
TOTAL  3000 (N) 41,200 (TM) 

 

Table 3-7: Material composition of products 
 material mass percentage 
glass 30 
metals 40 
plastics 15 
toxins 15 

 
 
Table 3-8: Net profits of PRD-strategies per product 
 s1 s2 s3 s4 
A 215 201 201 176 
B 30 0 10 -100 
C 75 0 0 -200 
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Table 3-9: Physical output ϕ(c,i,s) of processing one TV of type A/B/C 

 s1 s2 s3 s4 
 A B C A B C A B C A B C 
e1 (kg) 4.1 9 6 4.1 9 6 4.1 9 6 0 7.2 5.4 
e2 (kg) 1.3 2.9 3.4 3.1 6.7 5.1 3.1 5.9 5.1 5.9 5.9 5.1 
e3 (kg) 1.2 2.9 2.4 1.5 3.6 2.4 1.5 2.5 2.4 2.9 2.5 2.4 
m1  (numbers) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0 0.4 0.4 
p1 (kg) 1.8 6.1 2.6 0 2.3 0.9 0 3.1 0.9 0 4.9 1.5 

 

Appendix 3-2 MILP-model tailor made for the case 

 

Some complications arise when the general model is applied to the case. The critical 

reader may have observed that the linearity of the case problem is troublesome. Let us 

explain the complications in more detail. The cause of the complications lies in the 

formulation of the recovery targets for metal recycling (e3) and overall material 

recycling (e2). These targets are defined for the return flow resulting after reuse (e1). 

As a result, the constraints for T(e2) and T(e3) become non-linear. We introduce l0 as 

the amount of return flow assigned to reuse, with l0=
si ==
∑∑

1

4

1

3
ϕ(e1,i,s)*ni*fis, and 

construct the following model for the case problem: 

 

MIN 3ze1+3ze2+3ze3+zm1 +zp1      (3-9) 

 

subject to 

 

si ==
∑∑

1

4

1

3
fis*ni*wis ≥ TP        (3-10) 

si ==
∑∑

1

4

1

3
fis*ni*ϕ(e1,i,s) = 0.25*TM*(1-de1)     (3-11) 

si ==
∑∑

1

4

1

3
fis*ni*ϕ(e2,i,s) = 0.70*(TM-l0)*(1-de2)     (3-12) 

si ==
∑∑

1

4

1

3
fis*ni*ϕ(e3,i,s) = 0.95*0.4*(TM-l0)*(1-de3)    (3-13) 

si ==
∑∑

1

4

1

3
fis*ni*ϕ(m1,i,s) = 500*(1+dm1)      (3-14) 
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si ==
∑∑

1

4

1

3
fis*ni*ϕ(p1,i,s) = 7500*(1+dp1)     (3-15) 

ze1 ≥ de1         (3-16) 

ze1 ≥ 0          (3-17) 

ze2 ≥ de2         (3-18) 

ze 2≥ 0          (3-19) 

ze3 ≥ de3         (3-20) 

ze3 ≥ 0          (3-21) 

zm1 ≥ dm1         (3-22) 

zm 1≥ 0          (3-23) 

zp1 ≥ dp1         (3-24) 

zp1 ≥ 0          (3-25) 

∑
=

4

1s

fis = 1  ∀ i=1,2,3      (3-26) 

fis = 0,1  ∀i=1,2,3  ∀ s=1,2,3,4     (3-27) 

 

As we can see, the constraints (3-12) and (3-13) are quadratic. To eliminate the term 

with e1 from the constraints, we have to estimate the amount of reuse l0 in advance of 

the optimisation. Therefore, we estimate that a fraction C of the total return flow will 

be reused in an optimal solution. We substitute l0=C*TM in the constraints (3-12) and 

(3-13), as a result of which the constraints become linear. However, the deviation 

variables de2 and de3 no longer reflect the real deviation to the targets T(e2) and T(e3), 

because the amount of reuse l0 is prefixed while it is actually an outcome of the 

optimisation. As a consequence, the values of ze2 and ze3 may become too large or too 

small, depending on the choice of C, which has an effect on the objective function 

value and thus eventually on the assignment of PRD-strategies. Therefore, it is of 

paramount importance to make a good choice for C, resulting in a substitution for l0 

that comes close to the actual amount of reuse. For this optimisation, we choose 

C=0.25. After the optimisation, we can retrieve the real deviation to the targets, 

denoted as de2  and de3, as follows: 

 



MIXED POLICIES FOR MULTI-PRODUCT GROUPS       
 

  107 
 

 (TM-l0)*(1-de) 
de = 1-    for e=e2,e3     (3-28)  
  TM-(1-de1)*l0 
 

Of course, linearisation can also be achieved by defining the deviation variables as the 

absolute deviation to the recovery targets. This way, one would avoid the use of l0. 

However, since it is impossible to know the absolute magnitude of the flows for e1, e2 

and e3 as well as for m1 and p1 in advance of the optimisation, we now have a problem 

of choosing the right weighing factors ge1, ge2, ge3, gm1 and gp1. Moreover, we wish to 

compare the deviation of all five constraints, hence we prefer the relative definition of 

the deviation variables. 

Solutions of MILP (3-9) to (3-27) with linearised constraint is optimised using 

LINGO on a Switch 486 personal computer, clock speed 66 MHz. Computation times 

were typical in the area of 30 seconds. 
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Chapter 4 

Business case Roteb: recovery strategies for monitors 

 

(submitted in adapted form to Computers and Industrial Engineering, special issue) 

 

In this chapter we describe a business case study carried out at Roteb, municipal waste 

company of the city of Rotterdam. The study concerns the determination of optimal 

recovery strategies for the recycling of discarded computer monitors. The aim is to 

analyse the economical viability of monitor recycling on the one hand and to validate 

the practical viability of the models developed in Chapter 2 and 3 on the other hand. 

This chapter is built up as follows. In Section 4.1, we introduce the monitor-recycling 

problem. In Section 4.2, we analyse the practical situation at hand and adapt the 

general models for application to the monitor-recycling problem. In Section 4.3, we 

describe the data acquisition and the determination of parameter values. In Section 

4.4, Product Recovery and Disposal (PRD-) strategies are optimised and Group 

Recovery and Disposal (GRD-) policies are discussed. Finally, discussion and 

conclusions are the subject of Section 4.5. 

 

4.1 Introduction 

 

Roteb is one of the bigger waste management companies in the Netherlands. It is 

mainly active in Rotterdam and the surrounding area called the Rijnmond, employs 

about 1200 people and has a yearly turnover of about Dfl  300 million. The company 

is involved in a broad range of activities, such as waste collection, street cleaning, 

waste processing, management of the sewer system, energy recovery, water 

management and so on. Over the past few years, Roteb has also become involved in 

recycling. The company plans to enter the material recycling market by offering a 

service covering all activities in the reverse chain for various waste streams, amongst 

which brown goods, a sub-group of consumer electronics. 

Although at the time of this case study producer responsibility for electronics is not 

yet implemented by Dutch regulation, this is likely to change within a foreseeable 
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timeframe. As a result, Roteb expects a high demand for specialised recovery services 

in the field of brown goods recycling. Roteb anticipates to carry out collection and 

disassembly activities itself and outsource recovery and disposal operations. At the 

moment it is focused at material recycling, but reuse and remanufacturing options are 

being explored. 

As part of a stimulation program of the Ministry of Environment, Roteb is given the 

opportunity to participate in a national project concerning the recycling of white and 

brown goods. This project provides funding for the set-up as well as the testing of 

disassembly lines, which gives Roteb time for research and experimentation. This 

way, one can gain knowledge regarding disassembly and explore secondary markets. 

In the long run however, the government will not continue to subsidise the project and 

Roteb’s recycling activities have to be self-supporting. This urges the company to 

optimise the disassembly process in economical terms while at the same time one 

aims at high grade recycling. Of course, (future) environmental legislation must be 

accurately obeyed. Therefore, recovery strategies that are both economically and 

ecologically sound must be determined for all brown goods to be collected. This study 

is meant as a pilot study to support this. For more information at the project see 

(Ekkelenkamp et al., 1995). 

In order to keep the pilot study manageable, we limit ourselves to one return flow: PC 

monitors. We have chosen this flow, because it is representative for electronics in 

terms of construction and composition and surveyable regarding technical complexity 

and data acquisition. The scope is further narrowed by only considering monitors 

collected from households. In this case study, PRD-strategies are optimised and GRD-

policies are given. We shall compare two GRD-policies that are interesting from a 

managerial point of view: one in which all monitors are processed by their profit-

optimal PRD-strategy and one in which they are all processed by an alternative, more 

ecological, PRD-strategy. The study must yield three results: 

 

• a profit-optimal and an alternative PRD-strategy for all types of returned monitors, 

• an analysis of additional (overhead) costs concerning the economical viability of 

monitor recycling at a GRD-level, 
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• an evaluation of the practical viability of the optimisation models described in 

Chapter 2 and 3 for this case. 

 

The economical results will be used to indicate a commercial cost price for overall 

household brown goods recycling. For a good understanding of the PRD- and GRD 

optimisation models, we refer to the Chapters 2 and 3. 

 

Methodology 

 

The research will be carried out in a stepwise manner as described in Table 4-1 below. 

The remainder of this chapter is built up according to these research steps.  

 

Table 4-1: Methodology 
Research step Result Method Section 
problem analysis and 
modelling  

model adapted for monitor 
problem 

theory Ch.2+3 
document study 
interview 
pre-scan 

4.2 

data acquisition parameter settings experiments 
databases 
quotations 

4.3 

optimisation PRD-strategies 
additional analysis of 
economical factors 

computer 
program 

4.4 

discussion and conclusions evaluation of results 
evaluation of modelling 
directions for further research 

 4.5 

 

Finally, we introduce some concepts used in the remainder of this chapter. 

 

• Pseudo-type - an artificial type of monitor defined in a typology that is formulated 

to reduce the number of monitors to be analysed. 

• Material cluster – a collection of different types of parts of similar material 

composition, subjected to the same recycling process. Note that a cluster can 

consist of one or more types of parts. For example: a cluster of one type is 

“batteries” and a cluster of multiple types is “all parts constructed of Ferro metal”. 

Also note that a certain part may be found in different clusters with a certain 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 112 
 

probability. For example, a degaussing ring can be found in two classes with 

different material composition, namely Non-Ferro and copper. The parts are 

released in the disassembly process and recovered according to the recycling option 

connected to the material cluster involved. 

• Separate recycling – high grade recycling of separate material clusters. 

• Mixed recycling – low grade recycling of mixed material clusters. 

• Monitor intelligence - the capability of monitors to take over computational or 

other operations from the computer, as a result of which it has different 

components. 

• Unit - a set of electronic parts. 

• Module - a unit that is separately demountable and processable. 

 

4.2 Problem analysis and modelling 

 

We start with a sketch of the situation concerning brown goods recycling. The 

collection occurs through three collection channels: (i) bring-systems, citizens of 

Rotterdam bring their discarded products to Roteb facilities, such as the chemo-car or 

regional depots, (ii) retailers, old products are traded for new ones and subsequently 

returned to Roteb by the retailers and (iii) Roteb services, e.g. second hand shops, 

which return redundant second hand products. After collection, the brown goods are 

transferred to the Chemical depot where four disassembly lines are (temporarily) 

installed. Two of these are suitable for the disassembly of ‘small’ products, such as 

monitors, and two are suitable for ‘big’ products, such as TVs. In this study we 

assume that one disassembly line is full time available for monitors. After 

disassembly, the released components are transported to various material processing 

firms, who take care of the actual recycling (or, in some cases, disposal).  

The reverse chain for brown goods recycling is reflected in Figure 4-1. Fore more 

information see (Linger, 1997). Let us now discuss the modelling issues with respect 

to PRD-strategies. Since we do not explicitly optimise at the group level, we shall not 

discuss modelling issues at the GRD level here, but later on in paragraph 4.5.2. 
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     Rotterdam households 

 

 Roteb bring facilities  Retailer    Roteb services 

 

     Depot (disassembly) 

 

     Processing firms 

 

Figure 4-1: Reverse chain for brown goods recycling at Roteb 

 

Since products are collected from households, the return flows have a strong variety. 

Merely the monitor return flow already consists of up to fifty different types of 

monitors. Our model optimises a PRD-strategy per product type, which implies that 

we have to determine a very high number of PRD-strategies. In our view, this requires 

too much effort and it can be avoided by formulating a typology of monitors, see 

Table 4-2. The typology is based on two aspects, namely:  

 

• the intelligence level of the monitor, which can be low, medium or high, 

• the type of screen of the monitor, which can be a colour or a monochrome screen. 

 

The above two aspects explain the presence or absence of certain valuable parts, the 

material composition of assemblies and the disassembly structure of the monitor. 

These characteristics are essential in determining PRD-strategies. 

 

Table 4-2: Typology of pseudo-type monitors 
 low intelligence medium intelligence high intelligence 
colour cl cm ch 
monochrome ml mm mh 

 

Thus, we obtain six pseudo-types of monitors, which all represent a larger group of 

more or less identical monitors. Now, for each pseudo-type an optimal PRD-strategy 

will be determined. To this end, we determine a disassembly tree, a set of feasible RD-



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 114 
 

options and a classification scheme with transition probabilities at the level of pseudo-

types. Each of these elements is discussed below. 

 

Disassembly trees 

 

We recall from Chapter 2, that a disassembly tree is a representation of the 

disassembly structure of a product, where each disassembly step breaks down an 

assembly and releases a set of sub-assemblies. Assemblies released after the same 

number of disassembly steps are in the same disassembly level. The term assembly 

refers to products, units and parts. 

Generally, a monitor contains approximately 15-20 parts in two or three disassembly 

levels, depending on the kind of construction of the unit of electronic parts, i.e., 

printed circuit boards (PCBs), battery and trafo together. The electronic unit can be 

constructed in a chassis or in the foot of the monitor. We shall call these possibilities 

chassis-unit and foot-unit respectively. If the units are constructed as modules, they 

can be disassembled and processed separately. Then, the product has a three level 

structure. In case the chassis-unit or foot-unit is not constructed as a module or does 

not exist at all, we speak of a non-modular or non-existing electronic unit. If a unit is 

non-existing, its parts are not present. If a unit is non-modular, its parts are released 

one by one when the product is disassembled. In both cases, the product has a two-

level structure. Regarding parts, we mention that some parts are always present in a 

pseudo-type and other parts can be present with a certain probability p (0<p<1). Also, 

some parts can be found in different material clusters  with a certain probability. We 

refer to the example given in the definitions. The disassembly tree of the pseudo-type 

ml is given in Figure 4-2. Note that the product ml is reflected by a three level 

structure, with the chassis-unit in the second level and its parts in the third level. Even 

if the chassis unit is non-modular, we depict it as a separate entity in the disassembly 

tree. In other words: the unit is always ‘present’, although in case of non-modularity 

the unit is artificial and its parts are released individually after disassembly of the 

product. This way, we can depict all disassembly trees as a three level structure, which 

enhances simplicity. The modularity/non-modularity issue is dealt with in the 

classification scheme later. All individual disassembly trees are given in Appendix 4-
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1. Note, that units and parts that are present with a certain probability are dotted in the 

disassembly trees. 

            
  
    monitor ml 
 
 
 
 
foot ca- chassis         video defl. electron  tube    cables   network     

sing unit         PCB spool gun    & wiring  cable 
 
 
    chassis 
 
 
    power PCB 
 
 
    trafo  
 
 

Figure 4-2: Disassembly tree of pseudo-type ml (monochrome-low intelligence) 

 

RD-options 

 

We recall from Chapter 2 that after the disassembly decision, optimal Recovery and 

Disposal (RD-) options must be assigned to either the product (in case of no 

disassembly) or the released components (in case of disassembly). For monitors, only 

material recycling applies. They fall apart in two main options: the mixed options and 

the separate options. Mixed options are applicable to the product as a whole and to the 

modular electronic units. The product or modules are shredded after which materials 

are separated for low grade recycling or disposal. Mixed options are not as 

ecologically sound as the separate options but they may have an economical 

advantage. Separate options apply to the individual parts and are mostly high grade 

recycling options, but sometimes also disposal options if recycling is not possible. 

These options are defined per material cluster and each part in this cluster is processed 

accordingly. The material clusters distinguished in Roteb practice are: 
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• Bulk plastics, 

• Ferro metals, 

• Non-Ferro metals, 

• High value PCBs (category 1), 

• Medium value PCBs (category 2), 

• Low value PCBs (category 3), 

• Cables and wiring, 

• Tubes, 

• Electron guns, 

• Trafos and deflection spools, 

• Batteries, 

• Copper degaussing rings, 

• Fall out, to be neglected in this study. 

 

For each material cluster, only one recycling or disposal option is available. In 

Appendix 4-4, the processing tariffs of the various options are given for each material 

cluster. Note that material clusters are the input of a recycling or disposal process and 

not the output. 

 

Environmental regulation 

 

The environmental rules to be obeyed concern the removal of hazardous contents. For 

the application of mixed options to the product or modules, it is required that the 

batteries are removed before shredding. There are no additional requirements for 

separate recycling of material clusters, since batteries are then treated as a separate 

cluster. We emphasise that we only consider environmental requirements concerning 

the disassembly process, requirements concerning recovery or disposal are not 

relevant here. In other words: we only consider requirements that guarantee the correct 

supply of released components to the specialised processing firms. Note that there are 

no explicit recovery targets, such as defined in the case of Chapter 3. At the moment 

of the case study it seemed that such targets are likely to be replaced by a compulsory 
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set of ecologically feasible RD-options. In this study we assume that all RD-options 

are suitable from an ecological point of view, including the mixed options. 

In conclusion, the following options are available for processing a return monitor: 

 

• product: disassembly or mixed processing (environmental requirement: remove 

the battery), 

• module: disassembly or mixed processing (environmental requirement: remove 

the battery), 

• parts: processing per material cluster. 

 

Classification criteria 

 

In a PRD-strategy it is determined which of the above options is optimal. As we know 

from Chapter 2, optimality may depend on the quality classes assemblies are found in. 

In the original model, we assume that return quality is the classification factor, but 

since Roteb only applies material recycling, quality plays no role here. However, in 

the pre-scan it appears that there are other reasons for working with classes in the 

monitor-recycling problem. First of all, disassembly times are strongly stochastic. This 

is enhanced by the fact that we work with pseudo-types, but even per restricted 

technical types differences occur. Because labour costs in The Netherlands are high, 

disassembly times are of major importance to the economic viability of monitor 

recycling and hence it has an impact on disassembly decisions. It is hard to determine 

the origin of the differences in disassembly time. Changes in the consumer phase 

(referred to as ‘dynamic’ criteria in Section 2.4) could be due to e.g. service repairs. 

However, we suspect that stochastics are partly built in (referred to as ‘static’ criteria 

in Section 2.4) due to the use of different construction techniques in the 

manufacturing phase. One way or the other, (expected) disassembly times turn out to 

be an important classification criterion. Secondly, the material composition of some 

parts is also stochastic, as a result of which these parts can be found in different 

material clusters with different revenues, with a certain probability (we have already 

explained this aspect before). Thirdly, some parts can be present in a monitor with a 

certain probability, which also influences (expected) revenues. This also influences 
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disassembly decisions. Summarising, our classification scheme is formulated on the 

basis of three criteria: expected disassembly time, material composition and 

presence/non-presence of components. Let us discuss the classification in more detail 

below. We first discuss classification at the product level, then classification at the 

unit level and finally classification at the part level. 

Products are only classified on expected disassembly times. To this end, we define 

four disassembly classes: A, B, C and D, whereby A represents the products most easy 

to disassemble and class D the most difficult and time consuming ones. The 

classification is based on (Kazmier, 1988). The disassembly times are 1-3 minutes for 

class A, 4-6 minutes for class B, 7-9 minutes for class C and 10 minutes or more for 

class D. The other two criteria do not apply at the product level. 

According to units, electronic units can be constructed in two ways: in the foot (foot-

unit) of the monitor or built in a chassis (chassis-unit). Only if these units can be 

separately disassembled, they are modules, hence modularity is the first classification 

criterion. If modular, the units can be classified on expected disassembly times in 

classes A, B, C and D, analogously to the product, but with different disassembly 

times. The disassembly times are 1-2 minutes (class A), 3-4 minutes (class B), 5-6 

minutes (class C) and 7 or more minutes (class D). This is the second criterion. 

Thirdly, a chassis-unit is always present and a foot-unit sometimes. Thus, at the unit 

level the classification criteria are presence (foot-unit), modularity (foot and chassis-

unit) and disassembly times (modular foot - and chassis units). 

With respect to parts, disassembly times are not used in classification since parts 

cannot be further disassembled. Instead, the material composition and probability of 

presence are stochastic criteria of relevance, so parts are classified according to these 

two criteria. 

 

Construction of a classification scheme 

 

In the general model of Chapter 2, we define an overall classification scheme on the 

basis of quality classes. It is assumed that each assembly is classified according its 

return quality. Here, classification criteria are different for products, units and parts. 

Nevertheless, the situation can be easily dealt with in the following way.  
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We define six overall classes: q0, q1, q2, q3, q4 and q5. Subsequently, the possible 

values of the classification criteria are linked to the various classes. For example, if a 

monitor is constructed in two disassembly levels, it does not contain modular units. In 

that case, the electronic units are assigned to class q0, if they do not exist, or to q1, if 

the electronic parts are individually present. If the units are modular, they are assigned 

to the classes q2-q5 according to their expected disassembly time. 

Table 4-3 shows how the six classes are linked to the classification criteria for each of 

the assemblies. In this way, disassembly costs and recovery costs/revenues are class 

dependent for each assembly and thus they fit in one overall classification scheme, as 

required by the model of Chapter 2. Here, an ‘X’ implies that a class is not applicable 

to the assembly involved. For example, q0 at the product level would imply ‘product 

does not exist’, which has no practical meaning. Note that parts are assigned to q1, q2 

or q3 if they share a material cluster with other parts and to q4 if they have their ‘own’ 

material cluster. 

 
Table 4-3: Construction of a classification scheme 
           Class 
 
Assembly 

q0 q1 q2 q3 q4 q5 

product X X A B C D 
foot-unit not present non-modular A B C D 
chassis-unit X non-modular A B C D 
PCBs not present high quality medium qual low quality X X 
chassis not present ferro non-ferro X X X 
joints not present ferro X X X X 
foot not present X X plastics X X 
casing not present X X plastics X X 
degaussing 
ring 

not present X non-ferro X copper X 

other parts X X X X single part 
material 
cluster 

X 

 

Now that we have the classification scheme, disassembly decisions can be optimised 

on the basis of net profits per class, disassembly costs per class and transition 

probabilities. These parameters are determined in the next section. 

Resuming, the model of Chapter 2 is adapted according to two aspects: 
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• in order to reduce the number of PRD-strategies, a typology of pseudo-types is 

added and PRD-strategies are determined per pseudo-type instead of technical 

product types, 

• classification is based on disassembly times and product composition instead of 

return quality. 

 

The concept and parameters of the model are not changed, only the interpretation of 

classes and product types is different. In the next section we describe how data are 

collected and parameter settings are calculated per pseudo-type. 

 

4.3 Data acquisition and parameter values 

 

Data have been collected in two ways. Firstly, 119 monitors were disassembled in a 

disassembly experiment. This yields data with respect to product composition, 

disassembly times and classification. These data were supplemented by an expert 

opinion, i.e., the disassembly operator. Data concerning processing tariffs are not 

readily available, since the recycling market is not a very transparent market. It is 

quite difficult to gain insight in the market prices, which often fluctuate and can be 

different per material recycler. At Roteb, a market expert explores secondary markets, 

asking for quotations and using contacts in the market. For this study, tariffs were 

determined on the basis of the quotations, offered by specialised material recyclers. 

The data collected are used to determine the following parameters for each pseudo-

type: 

 

• net profit per RD-option per assembly per class (may be negative), 

• disassembly costs per assembly per class, 

• transition probabilities with respect to the classification scheme. 

 

We start off with net profits of RD-options. Since there is only one RD-option per 

material cluster, we calculate net profit per assembly per class. Net profit is calculated 

as the weight of the assembly multiplied by the tariff per kg, both given in Appendix 
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4-4. If an assembly does not exist, net profit is set to zero, for a non-modular unit net 

profit is set to -∞, because they cannot be processed as such. For the mixed options it 

is assumed that about one and a half minutes are needed to remove the battery from 

the product or module, for which Dfl 0.75 is accounted, including the processing costs 

of the battery. Net profits can be found in Appendix 4-2. 

Disassembly costs for a product or unit are set to zero for classes q0 and q1 since the 

assembly does not exist or is non-modular and for q2-q5 they are calculated by 

multiplying disassembly time (in minutes) by Dfl 0.50. Disassembly costs for parts are 

set to ∞. Disassembly costs can also be found in Appendix 4-2. 

Transition probabilities are zero for q0 and q1 for the product, because a product is 

always modular and found in a disassembly class A, B, C or D, which are equivalent 

to q2-q5. In contradiction to the product, a unit can be non-modular and therefore be 

found in q1 as well. Parts can be non-present and therefore be found in q0 while q1-q4 

correspond to the various material clusters they can be found in and q5 is not defined. 

Transition probabilities are calculated on the basis of the snapshot of 119 monitors as 

far as possible or assessed by the disassembly operator. They can be found in 

Appendix 4-3. 

The author realises that the data collected are a snapshot result and that parameters 

may change over time due to improvements in disassembly technology, market 

developments etc. We have made conservative estimates of processing tariffs and 

disassembly times in order to sketch a realistic picture of the economic viability of 

monitor recycling. Finally, we remark that of the six pseudo-types defined, the colour 

high intelligence (ch) was not found in the snapshot of 119 monitors and therefore it is 

no part of the optimisation of the next section. 

 

4.4 Optimisation and analysis of economic viability 

 

In this section we analyse how Roteb can accomplish monitor recycling that is both 

economically and ecologically sound. To this end, we first determine an optimal PRD-

strategy for each pseudo-type over all mixed and separate recycling options. Thus, we 

obtain a GRD-policy with all PRD-strategies optimised on variable costs and 
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revenues, where we assume that the group consists of five pseudo-type monitors as 

defined in Table 4-2, excluding type ch. This situation is referred to as case 1. In 

addition, we know that Roteb also aims for high grade recycling as much as possible. 

Thus, we determine alternative PRD-strategies, referred to as case 2, with only full 

disassembly and separate material recycling. The above is dealt with in paragraph 

4.4.1. In paragraph 4.4.2, we complete our analysis by comparing the results of both 

cases and by considering fixed costs and processing capacity at the product group 

(GRD-) level.  

 

4.4.1 PRD-strategies 

 

As we mentioned before, the structure of the stochastic DP-model of Chapter 2 needs 

not to be changed for the monitor-recycling problem. We recall that this model 

optimises a PRD-strategy level by level by comparing the net profit of processing the 

(parent) assembly with the expected net profit of disassembling a (parent) assembly 

into sub-assemblies. The latter is calculated as the sum of the expected net profits of 

processing the individual sub-assemblies minus the disassembly cost of the parent 

assembly. This comparison is made for each assembly part in the disassembly level 

and for each class the assembly can be found in, where the classes of the sub-

assemblies relate to the class of the (parent) assembly through the transition 

probabilities. The algorithm is formulated backwards recursively, starting at the 

lowest disassembly (=part) level and finishing at the product level. The result is an 

optimal decision per assembly per class, which can be ‘disassemble’ or ‘process’, 

hence the outcome is a set of conditional assignment rules. 

In case 1, we optimise given the parameter settings of Appendix 4-2 and 4-3. In case 

2, we exclude the mixed RD-options for the product and modules, because we aim for 

high grade recycling. As performance criteria we define the overall net profit per 

pseudo-type, the amount of return flow processed by a mixed option (interesting in 

view of the recycling goals) and the needed total disassembly time (useful in the next 

paragraph when capacity is discussed). Also, mass and share of the pseudo-types in 

the full return flow are given. In Table 4-4 and 4-5 we present the results for case 1 

and 2 respectively. 
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Table 4-4: Results of case 1 with all profit-optimal PRD-strategies 

                                               pseudo-type: 
results: 

ml mm mh cl cm 

numerical percentage of return flow 40 25 7 16 10 
mass (kg) 6.9 8.7 11.2 10.9 13.0 
net profit per product (Dfl) -1.93 -2.24 -1.12 -2.58 -1.91 
net profit per kg (Dfl) -0.28 -0.26 -0.10 -0.24 -0.15 
disassembly time (minutes) 2.54 4.09 9.00 4.12 4.30 
amount of mixed processed return flow (kg) 0.4 1.2 0 1.3 1.0 

 

The PRD-strategies for case 1 are as follows: 

 

• Pseudo-type monochrome-low intelligence (ml): disassemble and process parts per 

material cluster, except if the foot-unit or chassis-unit are modular. These should 

be processed by a mixed option after removal of the battery. 

• Pseudo-type monochrome-medium intelligence (mm): same as ml. 

• Pseudo-type monochrome-high intelligence (mh):  disassemble and process parts 

per material cluster. If foot-unit or chassis-unit is modular consider whether 

further disassembly would take more than 6 minutes. If so, process by a mixed 

option else disassemble and process these parts separately per material cluster. In 

case of a mixed option, remove the battery. 

• Pseudo-type colour-low intelligence (cl): same as ml. 

• Pseudo-type colour-medium intelligence (cm): disassemble and process parts per 

material cluster. If foot-unit or chassis-unit are modular consider whether further 

disassembly would take more than 3 minutes. If so, process by a mixed option else 

disassemble and process these parts separately per material cluster. In case of a 

mixed option, remove the battery. 

 

The PRD-strategies are formulated in a simplified way compared to the ones given in 

Chapter 2. However, they are also formulated as conditional assignment rules, but the 

assignments only differ for a few conditions, namely for the modularity of units in mh 

and cm. The differences in the PRD-strategies can be explained by the fact that the 

pseudo-types mh and cm contain more valuable components and that disassembly of 

the modules can be worthwhile if not too much disassembly effort is required. 
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Table 4-5: Results of case 2 with all alternative PRD-strategies 
                                                pseudo-type: 
results: 

ml mm mh cl cm 

numerical percentage of return flow 40 25 7 16 10 
mass (kg) 6.9 8.7 11.2 10.9 13.0 
net profit per product (Dfl) -2.49 -2.75 -1.12 -3.83 -2.46 
net profit per kg (Dfl) -0.36 -0.31 -0.10 -0.35 -0.18 
disassembly time (minutes) 4.00 5.37 9.00 7.19 6.22 
amount of mixed processed return flow (kg) 0 0 0 0 0 

 

The PRD-strategies for case 2 are ‘full disassembly and processing of parts per 

material cluster’ for all pseudo-types. 

Now that we have determined an optimal as well as an alternative strategy PRD-

strategy for each pseudo-type, we continue with analysing the overall economic 

viability at the product group level. 

 

4.4.2 GRD-policy 

 

In Chapter 3, we have developed a procedure to determine alternative PRD-strategies 

for each product (or here pseudo-type) and subsequently we assign optimal PRD-

strategies to each product by means of a MILP-model. For monitors, two alternative 

PRD-strategies per pseudo-type are possible, as we have described in the previous 

paragraph. Two GRD-policies are implicitly given and referred to as case 1 and case 2 

respectively. In case 1, the GRD-policy assigns a profit-optimal PRD-strategy to all 

pseudo-types. In case 2, the GRD-policy assigns an alternative PRD-strategy to all 

pseudo-types. 

In Table 4-6, we compare the results of both GRD-policies for all pseudo-types 

involved. The most interesting results are the weighted averages, i.e., the totalled 

results weighted for the share of the pseudo-types in the return flow. Therefore, we 

shall focus at these results. 
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Table 4-6: Comparison of results for GRD-policies 

pseudo 
type 

net profit in 
Dfl/kg 

net profit in 
Dfl/kg 

disassy 
time  in 
minutes 

disassy 
time in 
minutes 

amount of 
mixed 
processing 

amount of 
mixed 
processing 

 case 1 case 2 case 1 case 2 case 1 case 2 
ml -0.28 -0.36 2.54 4.00 0.4 kg 0 kg 
mm -0.26 -0.31 4.09 5.37 1.2 kg 0 kg 
mh -0.10 -0.10 9.00 9.00 0 kg 0 kg  
cl -0.24 -0.35 4.12 7.19 1.3 kg 0kg 
cm -0.15 -0.18 4.30 6.22 1.0 kg 0 kg 
weighted 
average 

-0.24 -0.30 3.54 5.24 0.8 kg 
(equals 9 
 mass %) 

0 

 

At first sight, the differences between the cases 1 and 2 are not very spectacular. 

However, we should take a closer look at the fixed costs, which account for about Dfl 

103,750 per year per disassembly line of 1500 hours disassembly capacity. The fixed 

costs consist of cost for workspace (82,500), depreciation of the disassembly line 

(6250) and overhead staff (15,000). As we can see, in case 1 only 3.54 minutes per 

average monitor is needed for disassembly while in case 2 this is 5.24 minutes. If we 

assume that one disassembly line is used for monitor recycling at the full capacity of 

1500 disassembly hours, then (in case of sufficient supply) fixed costs per monitor 

become Dfl 0.51/kg for case 1 and Dfl 0.71/kg for case 2. The advantage of case 1 lies 

in a higher turnover, resulting in a lower fixed cost per monitor. The total cost prices 

now become Dfl 0.75/kg and Dfl 1.01/kg respectively. We can conclude that case 1 is 

cheaper than case 2, due to a better capacity exploitation and hence a better coverage 

of fixed costs. Whether an overall percentage of 9% mixed processing is acceptable is 

a matter of managerial judgement.  

Although the GRD-policies are pregiven here, it is useful to look at ways to improve 

our GRD-model in order to deal with the coverage of fixed costs in an optimisation. 

We shall discuss this in 4.5.2. 

 

4.5 Discussion and conclusions 

 

Here, we focus on a discussion of the results, a discussion of the modelling and some 

conclusions. 
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4.5.1 Discussion of results 

 

The results indicate that a net cost price for households monitor recycling of about Dfl 

0.75/kg can be achieved, if a percentage of 9% mixed recycling is acceptable. This is 

about 25% cheaper than full disassembly with only separate recycling options, due to 

lower variable costs and a better coverage of fixed costs. Some additional research, 

not extensively described, revealed that further cost reductions can be accomplished 

by improving internal logistics and disassembly technology, decoupling disassembly 

and sales activities, choosing a cheaper location and developing a DSS to redetermine 

optimal recovery strategies regularly. For example, choosing a cheaper location would 

reduce the net cost price to Dfl 0.57 kg.  

The cost price of Dfl 0.75 kg only includes disassembly (labour and facility) costs and 

revenues/costs of processing material clusters. A full cost price for the integral reverse 

chain also includes costs for collection, stock keeping, handling, distribution etc. 

Despite the fact that no data are available at these cost factors, the commercial tariff 

for business brown goods of Dfl 1.50 kg seems to be sufficient for household brown 

goods too, especially if additional cost reductions are achieved. 

However, some caution is in order here. The optimisation is carried out assuming that 

an ideal situation can be achieved. This may not be the case. For example, a capacity 

of 1500 hours per disassembly station per year may not be realistic for Roteb given 

some human resources problems they experience. Also, the supply of return flows 

may be troublesome, leading to idle time. Moreover, the results for monitor recycling 

can only roughly be generalised for brown good recycling. 

 

4.5.2 Discussion of modelling 

 

With respect to the PRD-strategy model, two adaptations are needed in order to deal 

with the monitor-recycling problem. Firstly, it is necessary to add a typology of 

monitors, because of the high number of different types of monitors returned. Using 

pseudo-types decreases the effort needed to (re-)determine recovery strategies, but it 

also decreases optimality because the real monitors will slightly differ from the 

pseudo-types in terms of product composition. However, we believe that the typology 
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yields six near homogeneous ‘mono’ streams and is therefore acceptable as a practical 

tool. Secondly, the classification scheme is not used to classify return quality, but 

instead it is based on expected disassembly times, material clusters and presence of 

parts. Hence, the interpretation of the classification scheme is different and moreover, 

we allow for different classification criteria for different assemblies. Finally, we found 

that the cause of stochastic behaviour of disassembly times may have static as well as 

dynamic reasons, where quality classes are originally distinguished for dynamic 

(consumer related) behaviour of return quality. We refer to the discussion in Section 

2.4. Despite of the above, the optimisation model treats the ‘quality’ classes exactly 

the same as before. It does, however, have an impact at the implementation of the 

PRD-strategies when testing is concerned. In the original model of Chapter 2 it is 

assumed that the class of the assembly can be determined before disassembly. Here, 

the best test for estimating disassembly times is disassembly itself, hence an exact test 

and disassembly coincide in the monitor-recycling problem. However, an experienced 

disassembly operator can make pretty good, but not full proof, judgements of 

disassembly times by visual inspection. 

In conclusion, the PRD-model is structurally capable to deal with the monitor-

recycling problem, if classes are more generally interpreted than in Chapter 2 and a 

mingled return flow of multiple product types is modelled as few monostreams by 

means of a pseudo-type typology. Nevertheless, in our view the model is primarily 

meant for a remanufacturing situation with quality dependent reuse options and few 

mono-streams of product returned in high numbers. Especially when products are 

complex and valuable, determining recovery strategies can be worthwhile. For 

simpler, low value products one could confine oneself to a more rough cut analysis 

using the concepts described. One should realise that determining a PRD-strategy 

requires a certain effort that should be in line with the gains to be achieved by it. 

Moreover, consulting a PRD-strategy, by reading a flow chart such as the ones in 

Chapter 2, can take some minutes and in case of disassembly times of about 5 minutes 

per monitor this consulting time should be minimised as much as possible, hence 

simplification is advocated here. For example, normative disassembly times can be 

determined per disassembly level; if disassembly can be done within this time then 

disassembly should be done else not. 
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With respect to the GRD-modelling, there is one matter of interest: fixed costs. In the 

monitor-recycling problem, these costs prove to be very important to the economic 

viability. Since GRD-policies are predetermined and disassembly capacity is given, 

we maximise turnover given the capacity and calculate the fixed costs per product by 

dividing the number of monitors into total fixed costs. However, if the assignment of 

PRD-strategies to the pseudo-types is left open to optimisation, we have to adapt the 

model of Chapter 3. Recall that this MILP-model assigns optimal PRD-strategies from 

a set of alternative strategies to each product part of a product group. In this 

assignment, it is aimed to minimise the violation of group level constraints such as 

environmental recovery targets, market volumes or processing capacity, while a 

minimal level of overall profit must be realised. This profit is calculated as the sum of 

all net profits of processing the individual products, where individual net profit is the 

difference between variable revenues and variable costs. Now, we have to add a total 

fixed cost component OV to the model. This can be solved in different ways. As an 

example, we give a model formulation below, in which we minimise the fixed cost 

component per kg product, while the sum of individual net profits should at least be 

TP and maximum processing capacity T should not be exceeded. The MILP-model 

becomes: 

 

MIN  THROUGHPUT/OV       (3-1) 

 

∑∑ si
ni*wis*fis ≥ TP       (3-2) 

∑∑ si
ni*tis*fis ≤ T        (3-3) 

fis=0,1  ∀i∀s        (3-4) 

∑s
fis=1 ∀i        (3-5) 

∑∑ si
ni*fis*mi = THROUGHPUT      (3-6) 

 

where the meaning of the symbols is: 

 

• i   pseudo-type 
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• s   PRD-strategy 

• ni   number of products of pseudo-type i 

• mi   mass of product of pseudo-type i 

• wis   net difference between variable revenues and variable costs 

• fis   boolean (0,1), 1 indicating that pseudo-type i is processed by 

   PRD-strategy s, 0 indicating it is not. 

• tis   needed disassembly time for realising PRD-strategy s to  

   pseudo-type i 

• THROUGHPUT total amount of return flow disassembled in planning period 

 

Note that this model only considers the coverage of overhead costs and does not 

include other constraints at the group level. This model should therefore be seen as an 

illustration how to handle the coverage of fixed costs. We consider the adaptation of 

the GRD-model as described not a conceptual problem, because in Chapter 3 it is 

allowed to add any criterion c relevant at the product group level. 

For both the PRD - and GRD model it holds that a planning period of 1-3 years may 

be too long in a hectic market such as the recycling market. The management of Roteb 

likes the idea of redetermining the PRD-strategy every 6 weeks. In itself this is no 

problem. However, in that case the idea of a GRD-policy serving as input for the 

physical network design model of Chapter 5 is not realistic. Then, the reverse logistic 

network is fixed and it serves in the GRD-optimisation as a constraint by taking e.g. 

OV and T as given. In fact, the fixed cost coverage model extension described above 

is a complication resulting from this change in approach. 

 

4.5.3 Final conclusions 

 

In our final conclusions, we come back to our goals formulated in Section 4.1. We 

have determined PRD-strategies for the return flow ‘monitors’ and have done so per 

distinguished pseudo-type. Furthermore, we have analysed the economic viability at 

the GRD-policy level, and we compared two feasible GRD-policies that were 
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pregiven. Finally, we have discussed adaptations of our model needed to deal with the 

monitor-recycling problem. 
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Appendix 4-1  Disassembly trees per pseudo type 
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Figure 4-2: Monochrome low intelligence (repeated)      
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Figure 4-3: Monochrome medium intelligence
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Figure 4-4: Monochrome high intelligence
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Figure 4-5: Colour low intelligence 
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Figure 4-6: Colour medium intelligence       



Appendix 4-2   
 
Disassembly costs and net profits 
 
 
 
NB: there is only one feasible RD-option per material cluster 
 
 
 
Table 4-7: Pseudo type ml 
assembly  Djq0 Djq1 Djq2 Djq3 Djq4 Djq5 wj(r/q0) wj(r/q1) wj(r/q2) wj(r/q3) wj(r/q4) wj(r/q5) 
1. monitor 0 X 1.00 2.50 4.00 6.00 0X X -6.7 -6.7 -6.7 -6.7 
2. foot 0 X X X X X 0 X X -0.05 X X 
3. casing ∞ X X X X X 0 X X -0.32 X X 
4. chassis-unit 0 0 0.75 1.75 2.75 4.50 0 -∞ 0.37 0.37 0.37 0.37 
5. chassis ∞ X X X X X 0 0.06 X X X X 
7. trafo ∞ X X X X X 0 X X X 0.35 X 
6. complete power PCB ∞ X X X X X 0 X X 0.13 X X 
8. video PCB ∞ X X X X X 0 X  X 0.01 X X 
9. tube ∞ X X X X X 0 X X X -0.68 X 
10. electr. gun ∞ X X X X X 0 X X X 0.00 X 
11. deflect.spool ∞ X X X X X 0 X X X 0.1 X 
12. wiring ∞ X X X X X 0 X X X 0.06 X 
13. network cable ∞ X X X X X 0 X X X 0.06 X 

 
i=1 
j=1..13 
r=1 
q=q0..q5



Table 4-8: Pseudo-type mm 
assembly Djq0 Djq1 Djq2 Djq3 Djq4 Djq5 wj(r/q0) wj(r/q1) wj(r/q2) wj(r/q3) wj(r/q4) wj(r/q5) 
1. monitor 0 X 1.00 2.50 4.00 6.00 X X -8.00 -8.00 -8.00 -8.00 
2. casing ∞ X X X X X 0 X X -0.42 X     X 
3. foot ∞ X X X X X 0 X X -0.11 X X 
4. chassis-unit 0 0 0.75 1.75 2.75 4.50 0 -∞ 0.63 0.63 0.63 0.63 
5. chassis ∞ X X X X X 0 0.10 0.13 X X X 
6. joints ∞ X X X X X 0 0.02 X X X X 
7. battery ∞ X X X X X 0 X X X -0.02 X 
8. trafo ∞ X X X X X 0 X X X 0.80 X 
9. low power PCB ∞ X X X X X 0 X X 0.1 X X 
10. high power PCB ∞ X X X X X 0 X X 0.125 X X 
11. complete power PCB ∞ X X X X X 0 X X 0.13 X X 
12. mother PCB ∞ X X X X X 0 X 0.52 X X X 
13. all-in PCB ∞ X X X X X 0 X X 0.20 X X 
14. memory PCB ∞ X X X X X 0 X 0.52 X X X 
15. video PCB ∞ X X X X X 0 X X 0.01 X X 
16. tube ∞ X X X X X 0 X X X -0.68 X 
17. electr. gun ∞ X X X X X 0 X X X 0.00 X 
18. deflect. spool ∞ X X X X X 0 X X X 0.1 X 
19. wiring ∞ X X X X X 0 X X X 0.06 X 
20. network cable ∞ X X X X X 0 X X X 0.06 X 

 
i=2 
j=1..20 
r=1 
q=q0..q5



Table 4-9: Pseudo type mh 
assembly Djq0 Djq1 Djq2 Djq3 Djq4 Djq5 wj(r/q0) wj(r/q1) wj(r/q2) wj(r/q3) wj(r/q4) wj(r/q5) 
1. monitor 0 X 1.00 2.50 4.00 6.00 X X -9.90 -9.90 -9.90 -9.90 
2. foot-unit 0 0 0.75 1.75 2.75 4.50 0 -∞ 0.63 0.63 0.63 0.63 
3. foot ∞ X X X X X 0 X X -0.11 X X 
4. frame ∞ X X X X X 0 0.15 X X X X 
9. casing ∞ X X X X X 0 X X -0.42 X     X 
10. chassis-unit 0 0 0.75 1.75 2.75 4.50 0 -∞ 1.38 1.38 1.38 1.38 
11. chassis ∞ X X X X X 0 0.32 0.63 X X X 
12. joints ∞ X X X X X 0 0.09 X X X X 
13. low power PCB ∞ X X X X X 0 X X 0.1 X X 
14. high power PCB ∞ X X X X X 0 X X 0.125 X X 
5./16. mother PCB ∞ X X X X X 0 1.80 X X X X 
6./17. memory PCB ∞ X X X X X 0 1.35 X X X X 
7./18. communication PCB ∞ X X X X X 0 X 0.53 X X X 
8./15. battery ∞ X X X X X 0 X X X -0.02 X 
19. video PCB ∞ X X X X X 0 X X 0.01 X X 
20. tube ∞ X X X X X 0 X X X -0.70 X 
21. electr. gun ∞ X X X X X 0 X X X 0.00 X 
22. deflect.spool ∞ X X X X X 0 X X X 0.1 X 
23. wiring  ∞ X X X X X 0 X X X 0.12 X 
24.  network cable ∞ X X X X X 0 X X X 0.06 X 

 
i=3 
j=1..24 
r=1 
q=q0..q5



 
Table 4-10: Pseudo type cl 
assembly Djq0 Djq1 Djq2 Djq3 Djq4 Djq5 wj(r/q0) wj(r/q1) wj(r/q2) wj(r/q3) wj(r/q4) wj(r/q5) 
1. monitor 0 X 1.00 2.50 4.00 6.00 X X -9.7 -9.7 -9.7 9.7 
2. foot ∞ X X X X X 0 X X -0.11 X      X 
3. casing ∞ X X X X X 0 X X -0.42 X X 
4. chassis-unit 0 0 0.75 1.75 2.75 4.50 0 -∞ 0.48 0.48 0.48 0.48 
5. chassis ∞ X X X X X 0 0.03 X X X X 
6. trafo ∞ X X X X X 0 X X X 0.35 X 
7. complete power PCB ∞ X X X X X 0 X X 0.25 X X 
8. video PCB ∞ X X X X X 0 X X 0.05 X X 
9.  tube ∞ X X X X X 0 X X X -1.00 X 
10. electr. gun ∞ X X X X X 0 X X X 0.00 X 
11. deflect.spool ∞ X X X X X 0 X X X 0.3 X 
12. wiring ∞ X X X X X 0 X X X 0.12 X 
13. network cable ∞ X X X X X 0 X X X 0.06 X 
14. degaussing ring ∞ X X X X X 0 X 0.13 X 0.30 X 
15. colour ring ∞ X X X X X 0 X X X -0.01 X 

 
i=4 
j=1..15 
r=1 
q=q0..q5



Table 4-11: Pseudo type cm 
assembly Djq0 Djq1 Djq2 Djq3 Djq4 Djq5 wj(r/q0) wj(r/q1) wj(r/q2) wj(r/q3) wj(r/q4) wj(r/q5) 
1. monitor 0 X 1.00 2.50 4.00 6.00 X X -11.25 -11.25 -11.25 -11.25 
2. foot ∞ X X X X X 0 X X -0.17 X X 
3. casing ∞ X X X X X 0 X X -0.42 X     X 
4. chassis-unit 0 0 0.75 1.75 2.75 4.50 0 -∞ 0.70 0.70 0.70 0.70 
5. chassis ∞ X X X X X 0 0.08 0.38 X X X 
6. joints ∞ X X X X X 0 0.06 X X X X 
7. low power PCB ∞ X X X X X 0 X X 0.1 X X 
8. high power PCB ∞ X X X X X 0 X X 0.125 X X 
9. complete power PCB ∞ X X X X X 0 X X 0.25 X X 
10. mother PCB ∞ X X X X X 0 X 0.53 X X X 
11. all-in PCB ∞ X X X X X 0 X X 0.25 X X 
12. trafo ∞ X X X X X 0 X X X 0.80 X 
13. battery ∞ X X X X X 0 X X X -0.02 X 
14. memory PCB ∞ X X X X X 0 X 0.53 X X X 
15. filter PCB ∞ X X X X X 0 X X 0.10 X X 
16. management PCB ∞ X X X X X 0 X 0.35 X X X 
17. video PCB ∞ X X X X X 0 X  0.05 X X 
18. tube ∞ X X X X X 0 X X X -1.05 X 
19. electr. gun ∞ X X X X X 0 X X X 0.00 X 
20. deflect.spool ∞ X X X X X 0 X X X 0.35 X 
21. wiring ∞ X X X X X 0 X X X 0.18 X 
22. network cable ∞ X X X X X 0 X X X 0.06 X 
23. degaussing ring ∞ X X X X X 0 X 0.13 X 0.30 X 
24. colour ring ∞ X X X X X 0 X X X -0.01 X 

 
i=5 
j=1..24 
r=1 
q=q0..q5 
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Appendix 4-3 Transition probabilities 
 
 
NB: probabilities for parts are represented in a condensed way. Note that if pj(q*q)=p, p<1 
with q*=q1,q2,q3,q4,q5,  then the probability of finding the part in q0 (=non present) is 1-p. This 
is not explicitly reflected in the Tables. This applies to Tables 4-12 to 4-16. 
 
 
 
Table 4-12: Monochrome low intelligence 
class q of product q0 q1 q2 q3 q4 q5 

pj(q-) 0 0 0.7 0.3 0 0 

part class q* pj(q*q0) pj(q*q1) pj(q*q2) pj(q*q3) pj(q*q4) pj(q*q5) 
foot q3 0.25 0.25 0.25 0.25 0.25 0.25 
casing q3 1 1 1 1 1 1 
chassis q1 0 0 1 1 1 1 
trafo q4 0.5 0.5 0.5 0.5 0.5 0.5 
complete 
power 
PCB 

q3 1 1 1 1 1 1 

video 
PCB 

q3 1 1 1 1 1 1 

tube q4 1 1 1 1 1 1 
electr. 
gun 

q4 1 1 1 1 1 1 

deflect 
spool 

q4 1 1 1 1 1 1 

wiring q4 1 1 1 1 1 1 
network 
cable 

q4 0.5 0.5 0.5 0.5 0.5 0.5 

class q of  unit 
probability 

q0 q1 q2 q3 q4 q5 

pj(qq0) 0 0 0 0 0 0 
pj(qq1) 0 0 0 0 0 0 
pj(qq2) 0 0.75 0.125 0.125 0 0 
pj(qq3) 0 0.35 0.25 0.25 0.10 0.05 
pj(qq4) 0 0 0.33 0.33 0.33 0 
pj(qq5) 0 1 0 0 0 0 
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Table 4-13: Monochrome medium intelligence 
class q of product q0 q1 q2 q3 q4 q5 

pj(q-) 0 0 0.45 0.45 0.05 0.05 

part class q* pj(q*q0) pj(q*q1) pj(q*q2) pj(q*q3) pj(q*q4) pj(q*q5) 
foot q3 0.5 0.5 0.5 0.5 0.5 0.5 
casing q3 1 1 1 1 1 1 
chassis q1+q2 0 0 1 1 1 1 
joints q1 0 1 0 0 0 0 
battery q4 0.25 0.25 0.25 0.25 0.25 0.25 
trafo q4 0.25 0.25 0.25 0.25 0.25 0.25 
low 
power 
PCB 

q3 0.25 0.25 0.25 0.25 0.25 0.25 

high 
power 
PCB 

q3 0.25 0.25 0.25 0.25 0.25 0.25 

complete 
power 
PCB 

q3 0.25 0.25 0.25 0.25 0.25 0.25 

mother 
PCB 

q2 0.5 0.5 0.5 0.5 0.5 0.5 

all-in 
PCB 

q3 0.5 0.5 0.5 0.5 0.5 0.5 

memory 
PCB 

q2 0.5 0.5 0.5 0.5 0.5 0.5 

video 
PCB 

q3 1 1 1 1 1 1 

tube q4 1 1 1 1 1 1 
electr. 
gun 

q4 1 1 1 1 1 1 

deflect. 
spool 

q4 1 1 1 1 1 1 

wiring q4 1 1 1 1 1 1 
network 
cable 

q4 0.5 0.5 0.5 0.5 0.5 0.5 

class q of unit: 
probability: 

q0 
 

q1 q2 
 

q3 
 

q4 
 

q5 
 

pj(qq0) 0 0 0 0 0 0 
pj(qq1) 0 0 0 0 0 0 
pj(qq2) 0 0.75 0.125 0.125 0 0 
pj(qq3) 0 0.35 0.25 0.25 0.10 0.05 
pj(qq4) 0 0 0.33 0.33 0.33 0 
pj(qq5) 0 1 0 0 0 0 
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Table 4-14: Monochrome high intelligence 
class q of product q0 q1 q2 q3 q4 q5 

pj(q-) 0 0 0 0.5 0.5 0 

part class q* pj(q*q0) pj(q*q1) pj(q*q2) pj(q*q3) pj(q*q4) pj(q*q5) 
foot q3 0.25 0.25 0.25 0.25 0.25 0.25 
frame q1 0 1 1 1 1 1 
mother 
PCB 
chassis 

q1 0 1 1 1 1 1 

memory 
PCB 
chassis 

q1 0 1 1 1 1 1 

commun. 
PCB 
chassis 

q2 0 1 1 1 1 1 

battery q4 0 1 1 1 1 1 
casing q3 1 1 1 1 1 1 
chassis q1+q2 0 0 1 1 1 1 
joints q1 0 1 0 0 0 0 
low 
power 
PCB 

q3 1 1 1 1 1 1 

high 
power 
PCB 

q3 1 1 1 1 1 1 

battery q4 0 0 1 1 1 1 
mother 
PCB foot 

q1 0 0 1 1 1 1 

memory 
PCB foot 

q1 0 0 1 1 1 1 

communi
cation 
PCB foot 

q2 0 0 1 1 1 1 

video 
PCB 

q3 1 1 1 1 1 1 

tube q4 1 1 1 1 1 1 
electr. 
gun 

q4       

deflect. 
spool 

q4 1 1 1 1 1 1 

wiring q4 1 1 1 1 1 1 
network 
cable 

q4 0.5 0.5 0.5 0.5 0.5 0.5 

class q of  unit 
probability 

q0 
 

q1 q2 q3 q4 q5 

pj(qq0) 0 0 0 0 0 0 
pj(qq1) 0 0 0 0 0 0 
pj(qq2) 0.2 0 0.4 0.4 0 0 
pj(qq3) 0.2 0 0.4 0.4 0 0 
pj(qq4) 0.2 0 0.4 0.4 0 0 
pj(qq5) 0.2 0 0.4 0.4 0 0 
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Table 4-14 continued 

class q of  unit 
probability 

q0 
 

q1 
 

q2 
 

q3 
 

q4 
 

q5 
 

pj(qq0) 0 0 0 0 0 0 
pj(qq1) 0 0 0 0 0 0 
pj(qq2) 0 0.8 0.10 0.10 0 0 
pj(qq3) 0 0.8 0.1 0.1 0 0 
pj(qq4) 0 0.8 0.1 0.1 0 0 
pj(qq5) 0 0.8 0.1 0 0 0 

 
 
Table 4-15: Colour low intelligence 
class q of product q0 q1 q2 q3 q4 q5 

pj(q-) 0 0 0.3 0.6 0.05 0.05 

part class q* pj(q*q0) pj(q*q1) pj(q*q2) pj(q*q3) pj(q*q4) pj(q*q5) 
foot q3 0.75 0.75 0.75 0.75 0.75 0.75 
casing q3 1 1 1 1 1 1 
chassis q1 0 0 1 1 1 1 
trafo q4 0.5 0.5 0.5 0.5 0.5 0.5 
complete 
power 
PCB 

q3 1 1 1 1 1 1 

video 
PCB 

q3 1 1 1 1 1 1 

tube q4 1 1 1 1 1 1 
electr. 
gun 

q4 1 1 1 1 1 1 

deflect. 
spool 

q4 1 1 1 1 1 1 

wiring q4 1 1 1 1 1 1 
network 
cable 

q4 0.5 0.5 0.5 0.5 0.5 0.5 

degauss. 
ring 

q2 
q4 

0.5 
0.5 

0.5 
0.5 

0.5 
0.5 

0.5 
0.5 

0.5 
0.5 

0.5 
0.5 

colour 
ring 

q4 1 1 1 1 1 1 

class q of  unit 
probability 

q0 
 

q1 
 

q2 
 

q3 
 

q4 
 

q5 
 

pj(qq0) 0 0 0 0 0 0 
pj(qq1) 0 0 0 0 0 0 
pj(qq2) 0 0.75 0.125 0.125 0 0 
pj(qq3) 0 0 0.35 0.35 0.15 0.15 
pj(qq4) 0 0 0.33 0.33 0.33 0 
pj(qq5) 0 1 0 0 0 0 
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Table 4-16 : Colour medium intelligence 
class q of product q0 q1 q2 q3 q4 q5 

pj(q-) 0 0 0.45 0.45 0.05 0.05 

part class q* pj(q*q0) pj(q*q1) pj(q*q2) pj(q*q3) pj(q*q4) pj(q*q5) 
foot q3 0.75 0.75 0.75 0.75 0.75 0.75 
casing q3 1 1 1 1 1 1 
chassis q1+q2 0 0 1 1 1 1 
joints q1 0 1 0 0 0 0 
battery q4 0.25 0.25 0.25 0.25 0.25 0.25 
trafo q4 0.25 0.25 0.25 0.25 0.25 0.25 
low power 
PCB 

q3 0.25 0.25 0.25 0.25 0.25 0.25 

high power 
PCB 

q3 0.25 0.25 0.25 0.25 0.25 0.25 

complete 
power PCB 

q3 0.25 0.25 0.25 0.25 0.25 0.25 

mother 
PCB 

q2 0.5 0.5 0.5 0.5 0.5 0.5 

all-in PCB q3 0.5 0.5 0.5 0.5 0.5 0.5 
memory 
PCB 

q2 0.5 0.5 0.5 0.5 0.5 0.5 

video PCB q3 1 1 1 1 1 1 
tube q4 1 1 1 1 1 1 
electr. gun q4 1 1 1 1 1 1 
deflect. 
spool 

q4 1 1 1 1 1 1 

wiring q4 1 1 1 1 1 1 
filter PCB q3 0.5 0.5 0.5 0.5 0.5 0.5 
manage 
ment PCB 

q2 0.5 0.5 0.5 0.5 0.5 0.5 

degauss. 
ring 

q2 
q4 

0.5 
0.5 

0.5 
0.5 

0.5 
0.5 

0.5 
0.5 

0.5 
0.5 

0.5 
0.5 

colour ring q4 1 1 1 1 1 1 
network 
cable 

q4 0.5 0.5 0.5 0.5 0.5 0.5 

class q of  unit 
probability 

q0 
 

q1 q2 q3 q4 q5 

pj(qq0) 0 0 0 0 0 0 
pj(qq1) 0 0 0 0 0 0 
pj(qq2) 0 0.75 0.125 0.125 0 0 
pj(qq3) 0 0 0.35 0.35 0.15 0.15 
pj(qq4) 0 0 0.33 0.33 0.33 0 
pj(qq5) 0 1 0 0 0 0 
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Appendix 4-4 Data material clusters 
 

 
Table 4-17: Data regarding recycling of material clusters 

 cluster RD-option revenue in Dfl 
bulk plastics incinerate/recycle -0.21 kg 
ferro recycle 0.10 kg 
non-ferro recycle 1.25 kg 
PCB category 1 recycle 4.50 kg 
PCB category 2 recycle 1.75 kg 
PCB category 3 recycle 0.25 kg 
tube recycle/incinerate -0.175 kg 
electrons gun none 0 kg (assumed) 
deflection spool/trafo recycle 0.50 kg 
network cable recycle 0.50 kg 
wiring recycle 0.60 kg 
battery storage -2.00 kg 
degaussing ring copper recycle 3.00 kg 
mixed shred/recycle/disp. -0.75 kg 
 

Table 4-18: Clusters and masses of assemblies of ml 
assembly material  cluster mass in kg 
product mixed 6.9 
chassis-unit mixed 0.85/1.5 (non-mod/modular) 
foot plastics 0.25 
casing plastics 1.5 
chassis ferro 0.6 
trafo own  cluster 0.7 
complete power PCB PCB3 0.5 
video PCB PCB3 0.02 
tube own  cluster 3.9 
electr. gun own  cluster 0.02 
deflection spool own  cluster 0.2 
wiring own  cluster 0.1 
network cable own  cluster 0.1 
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Table 4-19: Clusters and masses of assemblies of mm 
assembly material cluster mass in kg 
product mixed 8.7 
chassis-unit mixed 1.7/ 2.5 (non-mod/modular) 
foot plastics 0.5 
casing plastics 2.0 
chassis ferro+non-ferro 1.0+0.1 (separable) 
joints ferro 0.2 
battery own  cluster 0.01 
trafo own  cluster 1.6 
low power PCB PCB3 0.4 
high power PCB PCB3 0.5 
complete power PCB PCB3 0.6 
mother PCB PCB2 0.3 
all-in PCB PCB3 0.8 
memory PCB PCB2 0.3 
video PCB PCB2 0.02 
tube own  cluster 3.9 
electrons gun own  cluster 0.02 
deflection spool own  cluster 0.2 
wiring own  cluster 0.1 
network cable own  cluster 0.1 

 
Table 4-20: Clusters and masses of mh 

assembly material  cluster mass in kg 
product mixed 11.2 
foot-unit mixed 0/2.5 (non-mod/modular) 
chassis-unit mixed 1.7/5.5 (non-mod/modular) 
foot plastics 0.5 
frame ferro 1.5 
mother PCB PCB1 0.4 
memory PCB PCB1 0.3 
communications PCB PCB2 0.3 
battery own  cluster 0.01 
casing plastics 2.0 
chassis ferro+non-ferro 3.2+0.5 (separable) 
joints ferro 0.9 
low power PCB PCB3 0.4 
high power PCB PCB3 0.4 
battery own  cluster 0.01 
mother PCB PCB1 0.4 
memory PCB PCB1 0.3 
communications PCB PCB2 0.3 
video PCB PCB3 0.02 
tube own  cluster 4.0 
electrons gun own  cluster 0.02 
deflection spool own  cluster 0.2 
wiring own  cluster 0.2 
network cable own  cluster 0.1 
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Table 4-21: Clusters and masses of cl 
assembly material cluster mass in kg 
product mixed 10.9 
chassis-unit mixed 1.6/1.9 (non-mod/modular) 
foot plastics 0.5 
casing plastics 2.0 
chassis ferro 0.3 
trafo own  cluster 0.7 
complete power PCB PCB3 1.0 
video PCB PCB3 0.2 
tube own  cluster 5.7 
electrons gun own  cluster 0.1 
deflection spool own  cluster 0.6 
wiring own  cluster 0.2 
network cable own  cluster 0.1 
degaussing ring non-ferro/own  cluster (copper) 0.1 
colour ring disposal 0.03 

 
 

Table 4-22: Clusters and masses of cm 
assembly material cluster mass in kg 
product mixed 13.0 
chassis-unit mixed 2.3/2.8 (non-mod/modular) 
foot plastics 0.8 
casing plastics 2.0 
chassis ferro+non-ferro 0.8+0.3 (separable) 
joints ferro 0.6 
battery own  cluster 0.01 
trafo own  cluster 1.6 
low power PCB PCB3 0.4 
high power PCB PCB3 0.5 
complete power PCB PCB3 1.0 
mother PCB PCB2 0.3 
all-in PCB PCB3 1.0 
memory PCB PCB2 0.3 
video PCB PCB3 0.2 
tube own  cluster 6.0 
electrons gun own  cluster 0.1 
deflection spool own  cluster 0.7 
wiring own  cluster 0.3 
filter PCB PCB3 0.4 
network cable own  cluster 0.1 
management PCB PCB2 0.2 
degaussing ring non-ferro/own  cluster (copper) 0.1 
colour ring disposal 0.03 

 



Chapter 5 

Network design of a multi-echelon reverse logistic 

system 
 

(submitted in adapted form to European Journal of Operational Research, special issue) 

 

5.1 Introduction 

 

In the chapters 2, 3, and 4, we have discussed the determination of recovery strategies 

for expected return flows. In these recovery strategies, decision rules are formulated 

on the handling of return flows in terms of degree of disassembly and Recovery and 

Disposal (RD-) options to be applied. Applying recovery strategies to return products 

results in an expected net profit, but also in expected magnitudes of product, 

component and material flows assigned to various RD-options. The latter is of interest 

for the logistic network design, since the reverse logistic system must provide capacity 

for the realisation of recovery strategies. 

In this chapter, we study the design of the reverse logistic network, by which we mean 

the logistic system between the collection stations and secondary market locations. 

We focus on networks that are multi-echelon and are designed for the recovery of 

multiple types of durable assembly products. Supply and demand are balanced by the 

predetermined recovery strategies, which neutralises push and pull effects in the 

system. As a consequence, the facility location problem also has transhipment 

characteristics. Conceptually, the problem situation is depicted in Figure 5-1. A 

detailed problem definition will be given in the next section. 

The relevance of facility location models in reverse logistics can be motivated as 

follows. First of all, a reverse logistic system may involve a high number of 

processing steps to be performed. It may be profitable to spread activities over 

multiple locations. Usually, only some components of a return product are valuable, 

which implies that sometimes only (small) fractions of return flows should be 

transported over a long distance. Also, investments in ‘recycling’ facilities are 
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geographic 
lay-out and 
capacities? 

generally high, so it may be quite profitable to investigate economies of scale effects, 

especially in multi-product situations with potential synergy in processing.  

 

REVERSE CHAIN       FORWARD CHAIN 
 
        consumer locations 

 
predetermined recovery strategies     sales locations 

 
remanufacturing locations

  
central stock location 
 
supplier locations 
 

EXTERNAL MARKETS 
 

material recycling market locations 
 
disposal locations 

 
 
collection stations reverse logistic system  external/internal 

secondary market locations 
 
 
Figure 5-1: Reverse logistic network design problem 

 

In conclusion, the issue of determining the degree of centralisation-decentralisation of 

activities is of great relevance in reverse logistic network design. It involves a trade 

off in investment - , transportation - and processing costs. In an optimal network, 

overall costs should be minimised.  

This chapter is built up as follows. In Section 5.2, the problem situation is defined. In 

Section 5.3, a review of relevant literature is given and our work is positioned. In 

Section 5.4, a general mathematical model is presented, which is modified for a 

specific situation as a MILP-model in Section 5.5. Also, a heuristic algorithm is 

developed. The MILP-model and the heuristic algorithm are applied to cases from the 

automotive industry in Section 5.6. Section 5.7 is meant for discussion and 

conclusions. 
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5.2 Problem definition 

 

The problem situation studied can be described as follows. Return products of 

multiple types are discarded from the consumer market. The products are collected 

through a collection system and delivered at a finite number of collection stations in 

various quantities. From here, they are supplied to the reverse logistic system, whose 

design is the subject of this chapter. Every product is to be processed by a 

predetermined Product Recovery and Disposal (PRD-) strategy, which was described 

in Chapter 2. Recall that in a PRD-strategy, decision rules are formulated for the 

assignment of disassembly and Recovery and Disposal (RD-) options to a return 

product and its released components. The assignment rules are conditional, i.e., 

disassembly and RD decisions depend on the state of return. For example, if a 

discarded product has good quality, it is reused, if not, it is disassembled. In the latter 

case, options are similarly assigned to the released components of the product, also in 

a quality dependent way. In some RD-options, the product or component is reused or 

disposed of. In other options, it is broken down to the material level to facilitate 

material recycling. The recovered products, components or materials are to be 

delivered in various volumes at a finite number of demand locations. 

A PRD-strategy is optimised on commercial, technical and environmental criteria and 

based on a forecast of expected return flows. An optimisation procedure results in the 

above mentioned conditional assignment rules, an expected net profit and –essential 

for the network design problem- an estimate of streams of products, components and 

materials to be subjected to different processing steps in the reverse logistic system. In 

other words, the magnitude of flows to be disassembled, repaired, transported etc. can 

be estimated. Note that as a result of the PRD-strategy, supply and demand in our 

network design model are balanced, but asymmetric. This is due to the conversion that 

takes place in the processing, i.e., return products are converted into (multiple) 

components or materials. In this conversion, volume or weight reduction may occur 

due to emissions or material losses.  

It is very important that the PRD-strategy is correctly implemented in the network 

design. To facilitate the discussion, we introduce the concept of a processing graph. A 

processing graph is a directed graph with one root, which reflects the sequences of 
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processes needed to implement a PRD-strategy. Note that this concept is only 

functional, i.e., the processes can be installed at different locations. Due to 

disassembly and material separation processes, sub-streams (e.g. released 

components) emerge that can be processed simultaneously. In that case, some 

processes within a processing graph are parallel. After being split, streams may rejoin. 

For example, different parts from a product may be cleaned at the same type of 

cleaning process after different pre-processing steps. Product flows from different 

types of products can also be subjected to joint processes. In that case, processing 

steps of different processing graphs coincide. As a result of the above, divergence as 

well as convergence of flows will occur frequently in a reverse logistic system. 

Diverging flows need different processing in the next step whereas converging flows 

share a resource type in the next step. Some processes in a processing graph can be 

repetitive, i.e., product flows may return to a process after being subjected to other 

processes.  

To enable the implementation of the PRD-strategies for the return products, a reverse 

logistic system has to provide the capacity necessary for the collective of processing 

graphs. To this end, a number of different facilities as well as transportation links have 

to be established. We suppose that each process can be located at a pregiven set of 

potential locations, where there is a choice from different levels of capacity. Each 

capacity level incurs a certain cost, which incorporates fixed costs for processing and 

capital investment as well as variable costs per unit of product for processing. Cost 

functions for new facilities are assumed to be concave: fixed costs go up with 

expanding capacity, while variable unit costs go down. However, in a re-design 

situation some facilities already exist and cost functions turn out to be a bit different, 

because processing costs are partly independent from processing volumes. 

Furthermore, transportation costs are assumed to be a linear function of volumes and 

distances. Capacities of potential facilities are limited, capacities of transportation 

links are not. 

Furthermore, our modelling assumptions include the following. The optimisation is 

single period, where a planning period covers a tactical management period of 1-3 

years. Supply and demand are reasonably spread over the planning period such that 

variance can be absorbed by the logistic system. A natural choice for a large buffer 
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inventory are the collection stations, which can serve as a decoupling point between 

the collection system and the reverse logistic system. Finally, we opt for global 

network optimisation, thus paying no attention to the possibility of opposing members 

that might strive for their own sub-optimal solutions. We point out the model 

parameters and decision variables below. 

 

Model parameters: 

 

• for each collection station: the amounts of various return products (in weight, 

numbers or volumes), 

• for each demand location: the magnitude of demand for secondary products, 

components and materials, 

• for each product: the PRD-strategy and the corresponding processing graph, 

• for each process: a set of feasible facility locations with potential capacities,  

• for each process: investment costs for potential new locations and expansion costs 

for existing locations and constant as well as variable processing costs for both 

types of locations, 

• for each process: the reductions in flows due to material loss or emissions during 

processing, 

• distances between all possible locations plus unit transportation cost. 

 

Decision variables: 

 

• per process: the locations to be opened and the capacities to be installed, 

• per process per location: the product flows to be processed, 

• the product flows through the system, from collection stations through the facilities 

to demand locations. 

 

The aim is to minimise the overall costs while demand, supply and capacity 

constraints are satisfied. Formally, the problem can be described as a “multi-product 

multi-echelon facility-location transhipment” problem. For simplicity, we shall call it 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 154 
 

 

the reverse logistic network design (RLND-) problem.  

We emphasise the important view of incorporating the collective of processing graphs 

into the network design of the reverse logistic system. To this end, we match the 

processing graph with the transportation graph. A transportation graph is a directed 

graph that reflects all available transportation links between supply-, facility- and 

demand locations. Combining the processing graphs with the transportation graph 

leads to a network graph, which reflects the configuration of the ‘maximal’ reverse 

logistic network possible, i.e., it incorporates all facilities and transportation links 

allowed. A general mathematical model, based on this network graph, is formulated to 

obtain an optimal network design, which is usually a sub-graph of the network graph. 

In the sequel, we develop a MILP version of the model and also a heuristic algorithm 

to solve it. Moreover, we test the heuristic in automotive cases. Before we get to our 

model however, we first take a look at the literature to investigate which facility 

location models are available for reverse logistics. 

 

5.3  Literature 

 

A huge amount of research has been carried out in facility location theory in general, 

for a review see e.g. (Domschke and Krispin, 1997). However, classical models are 

forward oriented and not directly applicable to reverse logistics due to some typical 

characteristics of reverse chains. In our view, the differences between forward and 

reverse logistic systems are fourfold.  

Firstly, forward logistic systems are pull systems, while in reverse logistics it is a 

combination of push and pull due to the fact that there are clients on both sides of the 

chain, namely the disposer and the reuser. In forward logistics, only customer markets 

need to be served and the entire logistic chain, including suppliers (the ‘equivalent’ of 

disposers), adjusts itself to it. As a result of extended producer responsibility, the 

amount of waste supplied to the reverse logistic system (the push) cannot be 

influenced in the long run and has to be matched with demand (the pull). Of course, 

disposal can serve as an escape route for unwanted waste, but the amount of disposal 

is limited by legislation. Although we fix the problem of matching supply and demand 

in the PRD-strategy, there remains a logistic design problem quite different from 
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forward problems, because it includes both transhipment and facility location aspects. 

Secondly, forward logistic models usually deal with divergent networks, while reverse 

flows can be strongly divergent and convergent at the same time. Thirdly, return flows 

follow a predefined processing graph in which discarded products are transformed 

into secondary products, components and materials. In forward logistics, this 

transformation takes place in a production unit, which serves as a source in the 

network. Fourthly, in reverse logistics, transformation processes tend to be 

incorporated in the distribution network, covering the entire ‘production’ process from 

supply (=disposal) to demand (=reuse). In addition, since only a fraction of return 

flows is valuable, it is likely that in an efficient design, operations are spread over a 

high number of echelons. Traditional forward logistics models usually focus on one or 

two echelons. We come back to this subject in the discussion of Section 5.7. For the 

moment we conclude that the classical facility location models lack most of the above 

characteristics, which are typical for reverse logistic systems. Therefore, we only 

survey models specifically developed for reverse logistics. This is the subject of 

paragraph 5.3.1. In 5.3.2 we make an evaluation of the literature and discuss some 

new facets of our work. 

 

5.3.1 Facility location models for recovery systems 

 

(Caruso et al., 1993) consider an Urban Solid Waste Management System (USWMS). 

They develop a location-allocation model to find the number and locations of the 

processing plants, given the locations of the waste generators and landfills. For each 

processing plant, the technology -incineration, composting or recycling-, the amount 

of waste processed as well as the allocation of service users (waste sources) and 

landfills (waste sinks) are determined. No more than one facility may be located in 

one geographic zone and there are maximum capacities for all facilities and landfills. 

The model is single period and has a multi-criteria objective function, with 

components for economic cost, waste of resources and ecological impact. Efficient 

heuristics are developed to solve the problem. The model was applied in a case study 

for the region of Lombardy (Italy). 

(Ossenbruggen and Ossenbruggen, 1992) describe a computer package for solid waste 
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management (SWAP) based on LP-modelling. The model describes a waste 

management district as a network, where nodes represent waste sources, intermediary 

(capacitated) processing facilities and destinations (sinks) on given locations. Sources, 

sinks and intermediary stations can be of multiple (technology) types. Decision 

variables are the amount of waste to be processed by each facility and the magnitude 

of flows between the facilities. Implicitly, the processing paths are determined, where 

a flow can be split into sub-streams for different processing. Constraints follow from 

technically allowed processing sequences and capacity limitations. The algorithm 

finds a cost optimal solution, where the cost function only includes variable costs per 

waste unit, e.g. kg. These unit costs incorporate tipping fees, shipping costs and 

revenues from reuse. 

(Pugh, 1993), describes the HARBINGER model, which gives decision support in the 

long term waste management planning of a city or county. The waste management 

system involves collection, transportation, treatment and disposal or reuse of a 

communities waste stream. These systems tend to be very complicated, which 

explains the need for mathematical analysis. The heart of HARBINGER lies in the 

multi-period allocation sub-model, which determines the cost-optimal assignment of 

waste flows from the sources to treatment and disposal facilities on given locations, 

within constraints set by the user (e.g. for capacity). Optimisation occurs on least cost. 

Other sub-models of HARBINGER are used to specify the input for the allocation 

sub-model and for post-optimality analysis. Unfortunately, the model description is 

not very detailed. 

In a study of (Marks, 1969), the problem of selecting transfer stations is considered. 

Waste is generated at discrete sources and from there routed via intermediary transfer 

stations to discrete sinks, representing the disposal locations. The sinks have a demand 

that varies between a lower and upper bound reflecting minimal throughput 

requirements and maximum capacities of these disposal locations. At the intermediary 

transfer stations activities like transfer, packing and sorting can take place. The 

transfer stations can be located at a number of locations, where capacities are 

restricted. Each opened location has a fixed cost and linear processing cost. Also 

transportation cost between sources, intermediary transfer stations and sinks are linear. 

A Branch & Bound algorithm, using an out-of-kilter algorithm at the nodes, is 
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developed to find the solution with the least overall cost. 

(Gottinger, 1988) develops a similar, but more extensive regional management model. 

The model is concerned with the number, location and capacity (expansion) of both 

intermediary transfer stations and the ultimate disposal locations (sinks) as well as the 

routing from discrete waste sources through the system to the sinks. There is one type 

of transfer station and one type of disposal facility. For both types of facilities a set of 

potential and existing locations is given. The concave cost functions are approximated 

by linear segments, whereby one segment is represented by a pseudo-facility. Each 

pseudo-facility has a fixed cost and linear processing cost, in compliance with the cost 

function of the corresponding real life facility, within the capacity range covered by 

the pseudo-facility. Only one pseudo-facility per location can be opened. Existing 

locations have a restricted (current) capacity, potential new locations have infinite 

capacity. In addition, source locations and magnitude of waste flows generated and 

(linear) transportation costs are given. The aim is to minimise overall cost. A B&B 

procedure, very similar to the one of (Marks, 1969), is used for optimisation. Some 

variations of the model are described, for which special purpose algorithms are 

developed. The general model is applied in a case study for the Munich Metropolitan 

Area. 

(Spengler et al., 1997) develop a MILP-model for the recycling of industrial by-

products in German steel industry. The model is based on the multi-level warehouse 

location problem and modified for this case study. It has to be determined which 

locations will be opened and how flows are routed from the sources through the 

intermediary facilities to the sinks. The model is multi-stage and multi-product, while 

it is allowed to transfer sub-streams of interim products from one intermediary facility 

to another in various ways, before delivering it at a sink. A sink can be either a reuse 

or a disposal location. Facilities can be installed at a set of potential locations and at 

different capacity levels, with corresponding fixed and variable processing cost. The 

type of processes to be installed at the intermediary facilities also have to be 

determined, hence the processing graph is not given in advance. Maximum facility 

capacities are restricted and transportation costs between locations are linear. While 

the amounts of waste generated at the sources are fixed, the demand at the sinks is 

flexible within a range. This range is set by the minimal required throughput and the 
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maximum capacity of the sink. 

(Barros et al., 1997) present a model to determine an optimal network for the 

recycling of sand. In this real life case, sieved sand is coming from construction 

works, which represent the sources. The sand is delivered at a regional depot, where it 

is sorted in three quality classes. The first two classes, clean and half clean sand, are 

stored at the regional depot in order to be reused. The dirty sand is cleaned at a 

treatment facility, where it is also subsequently stored as clean sand. Both the clean 

and the half clean sand can be reused in new projects, which represent the sinks. Both 

supply and demand are fixed for the respectively three and two qualities of sand. It has 

to be determined at which locations regional - and treatment centres must be opened, 

where locations can be picked from a pregiven set of potential locations. Also the 

capacities of the facilities and the routing through the system have to be determined, 

where capacities of both facilities are restricted. Opening a facility incurs a fixed and 

variable linear processing cost, transportation costs are also linear. The model used is 

a multi-level capacitated warehouse location model, for which heuristic algorithms are 

developed. 

(Thierry, 1997) describes the underlying LP-model of a Decision Support System 

REVLOG, which supports the design of a network for both forward and return flows. 

Given the locations of warehouses and (re-) manufacturing plants, good flows are 

optimised. Trade offs are made with respect to the amount of new production versus 

remanufacturing, the amount of remanufacturing versus disposal, local versus central 

testing and direct distribution versus distribution via intermediary warehouses. All 

facilities are capacitated, transportation links are not. The aim is to maximise net 

profits, i.e., the net difference between sales from new and remanufactured products 

minus the variable processing and transportation costs. Supply and market demand are 

given, but not all market demand needs to be met. If applicable, lost sales are 

accounted for. 

In (Kooi et al., 1996), a MILP-model is developed for the set-up of a multi-echelon 

reverse logistic network with given and balanced supply and demand. The heart of the 

model lies in the concept of the processing route. A processing route is a physical 

implementation (or path) of processes needed to realise a recovery or disposal option. 

Now, the clue to the problem is to generate a set of possible processing routes for each 
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RD-option. If a processing route is used then costs are incurred, i.e., volume related 

(=variable) processing costs of every facility in the processing route and volume 

related transportation costs between the facilities (from the first to the last facility on 

the route). A facility must be opened, if at least one processing route is chosen that 

‘passes’ through this particular facility. This incurs a certain fixed cost, which are 

added to the variable costs. If multiple facilities are opened at one location, facility 

investment costs are not shared. Facility investment costs are also not capacity 

dependent. In addition to processing routes, we need entry routes and delivery routes. 

An entry route is the connection between a supply point and the first facility of a 

processing route. Entry routes can be used at a certain volume related cost, equivalent 

to the transportation cost between the two locations involved. Analogously, the 

customer is supplied with recovered products, components or materials via the 

delivery route. The ‘delivery costs’ are also volume related and equivalent to the 

transportation costs between the last facility of the processing route and the demand 

point. In the optimisation, an optimal configuration of entry, processing and delivery 

routes is determined, using a MILP-solver (LINGO). The model is single product and 

distinguishes no capacity levels or capacity constraints. The model formulation is 

relatively complex, resulting in long computation times for larger problem instances. 

This may be reduced by clustering of supply and demand points or reducing the set of 

possible routes by eliminating routes unlikely to be selected. 

 

5.3.2 Notes on the literature 

 

In this paragraph we reflect upon the similarities and differences of the models found 

and the usability of the different models in our problem situation. To this end, we first 

specify the model characteristics needed to solve our problem. We want our model to 

meet the following requirements: 

 

• A reverse logistic system, with fixed sources (collection stations) and sinks 

(demand locations), must be designed. The collection system is not part of the 

reverse logistic system in this study. 

• Decisions are taken on the location of facilities and the good flows through the 
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system, hence a location-allocation model is needed. 

• It must allow for multi-product and multi-echelon situations. 

• It must distinguish existing facilities and new facilities. 

• Facilities can be established or expanded at different capacity levels with 

corresponding cost functions. 

• The PRD-strategy, described by the processing graph, must be implemented for 

each product type. To this end, given supply and demand must be met and the 

correct sequences of processes must be compelled by model constraints. 

• Divergence and convergence must be covered. Facilities can have a few 

monostreams as an input and multiple sub-streams as an output, where these sub-

streams are delivered at different successive processes. For example, a disassembly 

facility can have one product as an input flow and multiple part streams as output 

flows, of which some are to be repaired, others shredded etc. Similarly, a facility 

may have multiple input sub-streams -delivered from different predecessor 

facilities- and convert these into few mono output flows. Note that this requirement 

is necessary to implement processing graphs of assembly products with 

disassembly and material separation processes as admitted in the PRD-strategy. 

• It should be able to (quickly) compute results for different scenarios on an average 

PC. An important reason for this is the high level of uncertainty in reverse logistics. 

 

In Table 5-1, we indicate which model meets which requirements. Clearly, the model 

of (Spengler et al., 1997) comes closest to our requirements, since it is multi-echelon 

and multi-product. It also incorporates the divergence and convergence of sub-streams 

and has multi-capacity levels. However, it fails to implement a processing graph in the 

network design. Also, it is optimised by a MILP-solver, which results in computation 

times up to 6 hours (computations carried out on a pentium PC). This places a serious 

burden on carrying out scenario analysis. The long computation times partly result 

from the complex model formulation. The same goes for the model of (Kooi, et al., 

1996), (Barros et al., 1997) and (Caruso et al., 1993) use heuristics, which are fast, but 

obtain only nearly optimal solutions. (Marks, 1969) and (Gottinger, 1988) develop 

special purpose Branch and Bound methods to find an optimal solution, but more 
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computation time is required. The other models use standard LP-techniques. Except 

(Spengler et al., 1997), all models are single product and cover one or two echelons. 

Interesting are the models of (Ossenbruggen and Ossenbruggen, 1993) and (Barros et 

al., 1997), because they meet the divergence/convergence requirement. However, 

Ossenbruggen and Ossenbruggen only deal with allocation decisions, hence an LP-

formulation suffices. The model of (Barros et al., 1997) is the only model in which the 

processing graphs are (implicitly) taken into account. In the other models the 

processing options partly depend on the cost functions for processing and 

transportation, while in the sand-recycling problem environmental laws impose the 

application of different cleaning options for different qualities of sand. Remarkably, 

this problem can also be modelled as a three-product situation, where each of the three 

types (=qualities) of sand is offered in certain quantities at the various sources and 

from there processed by their own processing graphs. The model described in 

(Thierry, 1997) is different from the other models, because reverse networks are 

strongly integrated into forward networks and the use of forward facilities can be 

compared with specialised recovery facilities. However, it only deals with allocation 

decisions. Only the model of (Gottinger, 1988) distinguishes existing and new 

recovery facilities, but existing facilities cannot be expanded. Finally, (Kooi et al., 

1996) contains some of our previous work in which we considered concepts which we 

extend here, especially concerning the implementation of processing graphs in 

network design. 

 

Table 5-1: Literature models matched with our requirements 
mo- 
del 

multi-
cap. 
levels 

loc.-
alloc. 

S&D 
volume  
balanced 

proc. 
graphs 
 

conv.& 
div. of 
sub-str. 

no. of 
pro- 
ducts 

no. of 
echl. 

algo- 
rithm 

new + 
exist. 
fac. 

Caru no yes no no no 1 1 heur no 
Osse no no no no yes 1 2 LP no 
Pugh no no no no ? 1 ? LP no 
Mark no yes no no no 1 1 B&B no 
Gott yes yes no no no 1 1 B&B yes 
Spen yes yes no no yes multi multi MILP no 
Barr no yes yes implic. yes 1 2 heur no 
Thie no no no no no 1 2 LP no 
Kooi no yes yes yes yes 1 multi MILP no 

 

In conclusion, all models have interesting features that are useful in modelling our 
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problem. However, none of the models fits our problem definition entirely. Therefore, 

we shall present a new model in the next section. 

 

5.4 Modelling the RLND-problem 

 

In this section, we introduce our modelling approach for the RLND-problem. In 

Section 5.4.1 we define some concepts used throughout the remainder of the chapter. 

The processing graph and the transportation graph are mathematically defined in 

Section 5.4.2. Subsequently, it is described how they are combined into a network 

graph in 5.4.3. A (general) optimisation model based on the network graph is 

discussed in 5.4.4. 

 

5.4.1 Definitions 

 

Process - a set of coherent activities. 

 

Processing graph - a directed graph with one root, reflecting the sequence of 

processes needed to implement a PRD-strategy of one return product. 

 

Processing step - a process positioned in a node of a processing graph. 

 

Level – the level of a processing step is the maximal number of arcs in any path from 

the root to the processing step under consideration. 

 

Facility location – a location where processes can be installed. 

 

Facility - a process assigned to a location, where it is still to be determined what 

capacity level will be installed (this may be level zero!). 

 

Supply point – a collection station where return flows are collected for supply to the 

reverse logistic system. 
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Demand point – a demand location where secondary market processes (reuse, 

recycling or disposal) take place. 

 

Product flow - a physical sub-stream of materials, components or complete products, 

resulting from a return product after a number of processing steps part of the 

processing graph of this product. Different units may be used, e.g. tons/year, 

numbers/year or m3/year. 

 

Echelon - a set of non-interacting processes, used in the construction of a reverse 

logistic network. 

 

Echelon-configuration - a physical implementation of an echelon where each process 

part of the echelon has been assigned to one or more locations and facility capacity 

levels are fixed. 

 

Transportation graph - a directed graph representing feasible transportation links 

between collection stations, facility locations and demand locations. 

 

Network graph - a directed graph, that incorporates all allowed assignments of 

processes to locations as well as all allowed transportation links between collection 

stations, locations and demand locations. ‘Allowed’ means allowed by both the 

transportation graph and the collective of processing graphs. In other words, a network 

graph represents the maximal reverse logistic network possible given the parameter 

settings, where supply points serve as sources, facilities serve as intermediary nodes 

and demand points serve as sinks. 

 

Reverse logistic system - an optimal sub-graph of the network graph. 

 

Reverse logistic sub-system - an incomplete reverse logistic system, covering a sub-set 

of the echelons. 

 

Note that process, processing step, processing graph, level and echelon are defined 
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functionally while facility location, facility, echelon-configuration, supply and demand 

points, product flows, transportation graph, network graph and the reverse logistic 

(sub-) system are physical entities. Also note the difference between echelons and 

levels. A level structure is determined for each processing graph, hence for each 

separate product. An echelon structure is defined for the reverse logistic network 

design for multiple products. An echelon structure can be defined in different ways 

and it serves as a tool in the heuristic optimisation. The problem owner has to assign 

processes to echelons for the entire network, taking into account the level structure of 

all individual processing graphs. One way of doing this is described in paragraph 

5.5.3. Also note that the definition of facility is somewhat different from the classic 

definitions, since processes can be installed at capacity level zero, which means that 

the facility is actually not taken into operation. 

 

5.4.2 Processing graph and transportation graph 

 

We shall use the following notation: 

 

• i   product, i=1,..,I 

• p   process, p=1,..,P 

• f   facility location, f=1,..,F 

• s   collection station, s=1,..,S 

• d   demand location, d=1,..,D 

• m   secondary market, m=1,..,M 

• Gi
proc  processing graph of product i 

• Gtrp   transportation graph 

• o(arc)  origin of arc 

• e(arc)  end of arc 
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Processing graph 

 

The processing graph Gi
proc for product i can formally be described as follows: 

 

• a set of levels:  " , " = 0,..,Li 

• per level:   a set of processing nodes indicated by N( " ,z,i), where 

    proc(N( " ,z,i)) equals some process p and z = 1,..,Zi( " ), 

    with Zi( " ) the number of processes in "  

• a set of arcs   b, with o(b) = N( " ,z,i), e(b) = N( " ’,z’,i) and with " ’> "  

• successor relation  αi(b), fraction of product flow i for which the next  

    processing node is e(b) after being processed at o(b) 

 

 
    collection N(0,1,i)    level 0 
 
  
 
  N(1,1,i)    N(1,2,i)  level 1 
 
 
 
  N(2,1,i)    N(2,2,i)   level 2 
       disposal 
 
 
  N(3,1,i)       level 3 
 
 
 
  N(4,1,i)  N(4,2,i)      level 4 
  reuse   recycling 
 
 

Figure 5-2a: An example of a processing graph Gi
proc 

 

A processing graph is derived from the PRD-strategy. Figure 5-2a depicts an example 

of a processing graph with five levels and eight processes. The basic elements of a 

processing graph are the nodes, representing the processing steps N( " ,z,i), and the 
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arcs b, representing the product flows from one processing step to a subsequent one. 

The root is the collection process N(0,1,i), the leafs of the graph are processes taking 

place in a secondary market, e.g. recycling. For each arc b, αi(b) defines the fraction of 

product flow over the arc and together with the magnitude of the return flows and the 

successor relations of the preceding arcs, the magnitude of the product flow over the 

corresponding arcs in the eventual logistic network can be calculated.  

In general, we shall assume that different processing nodes correspond to different 

processes. Furthermore, we assume that shared processing steps are allowed in the 

processing graph, but this requires some explanation. Let us have a look at the 

processing graph of Figure 5-2a. One can see that the parts stemming from N(1,2,i) 

and N(2,1,i) both go through N(3,1,i). This leads to indistinguishable output flows 

from different inputs, once they leave processing step N(3,1,i). For example, two 

modules entering a cleaning process are not identified as separate entities after 

cleaning. If this causes problems, e.g. because the two modules have different end 

markets, the processing graph needs to be altered, for example in the way reflected in 

Figure 5-2b. 

 

 
    collection N(0,1,i)    level 0 
 
  
 
  N(1,1,i)    N(1,2,i)  level 1 
 
 
 
  N(2,1,i)  N(2,2,i)* N(2,3 ,i)   level 2 
       disposal 
 
 
  N(3,1,i)*  N(3,2,i) N(3,3,i)  level 3 
     reuse  recycling 
 
 
  N(4,1,i)  N(4,2,i)      level 4 
  reuse   recycling 
 
 

Figure 5-2b: Alternative representation of a processing graph Gi
proc 
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Here proc(N(3,1,i))=proc(N(2,2,i)). A logistic network in this situation may be quite 

different from the previous one, in case N(3,1,i) and N(2,2,i) occurring in Figure 5-2b 

are installed at different locations. However, we can also solve this tractability 

problem by using processing graphs in the original way and defining virtual products. 

We argue that, without loss of generality, product i can be artificially represented by 

two products i1 and i2, where i1 takes the left part of the processing graph of Figure 5-

2b and i2 takes the right part. In other words, the processing graph Gi
proc is split in two 

sub-graphs Gi1
proc and Gi2

proc. This idea can be generalised to more complex situations 

of shared processing steps with multiple distinguishable output flows for different 

input flows, by splitting them into more artificial products. Therefore, we assume in 

the remainder of this study that for intermediary nodes, i.e., nodes that are neither 

roots (reflecting the collection process) nor leafs (reflecting the secondary markets), it 

holds that: 

 

if ( " ,z) ≠ ( " ’,z’) then proc(N( " ,z,i)) ≠ proc(N( " ’,z’,i)).  

 

In words: if a node is a shared processing step, output flows resulting from different 

input flows are indistinguishable for a certain product type i. 

 

Transportation graph 

 

A transportation graph reflects the transportation network between collection stations, 

facility locations and demand locations. These physical locations therefore represent 

the nodes of this graph. The arcs reflect the transportation links allowed. In the final 

network design, only a sub-set of the locations and links is likely to be used, since 

costs are minimised. Formally, a transportation graph Gtrp is described by: 

 

• a set of nodes: collection stations s, s=1,..,S, facility locations f, f=1,..,F and 

demand locations d, d=1,..,D 

• a set of arcs: g, g=1,..,G, where for each g it holds that {o(g)=s and e(g)=f} or 

{o(g)=f and e(g)=f’} or {o(g)=f and e(g)=d} 
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Now that we have defined both graphs, we have the elements to construct a network 

graph. This is done in the next paragraph. 

 

5.4.3 Construction of a network graph 

 

Again, we first introduce some symbols: 

 

• Gnet  network graph 

• k  facility (p,f), i.e., a process p assigned to a location f 

• pk  process p of facility k 

• fk  location f of facility k 

• pm  process in secondary market m 

• p0  collection process 

• F(p)  set of potential locations f for process p 

• K(p) all facilities (p,f) with f∈F(p) 

 

A network graph is a directed graph with multiple roots. The roots are supply points 

(p0,s), i.e. all locations where products have been collected. The intermediary nodes 

are the facilities k=(p,f), where processes p are assigned to all allowed locations f 

(both existing and new) and the leafs are formed by the demand points (pm,d) with d 

all locations where process pm takes place. The arcs are the transportation links 

allowed by at least one of the processing graphs and the transportation graph. Every 

intermediary node has least one inbound and one outbound arc, the roots have at least 

one outbound arc and the leafs at least one inbound arc. Now, formally a network 

graph Gnet can be described by: 

 

• nodes 

 a set of supply points (p0,s), serving as roots 

 a set of facilities k, defined by k=(p,f) with f∈F(p) 

 a set of demand points (pm,d), serving as leafs 
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• arcs 

 a set of entry  arcs, from supply points to facilities, (p0,s)->k 

 a set of intermediary arcs, between facilities, k->j (pk and pj not in the same 

 echelon) 

 a set of delivery arcs, from final facilities to demand points, k->(pm,d) 

 

An arc can be labelled by the products to which it might apply. 

 

• successor balance relations 

ui(p0,p) fraction of product flow i, collected at any supply point (p0,s), 

to be transported to any facility where process p is installed 

vi(pk,p) fraction of product flow i, processed at facility k, to be 

transported to any facility where process p is installed 

wi(pk,pm) fraction of product flow i, processed at facility k, to be 

transported to any demand point where process pm takes place 

 

These successor balance relations are inherited from the processing graphs ∀i as 

follows: 

 

• ui(p0,p)= αi(b) with b∈Gi
proc such that o(b)=N(0,1,i) and proc(e(b))=p 

• vi(pk,p)=αi(b) with b∈Gi
proc such that proc(o(b))=pk and proc(e(b))=p 

• wi(pk,pm)=αi(b) with b∈Gi
proc such that proc(o(b))=pk and proc(e(b))=pm 

 

Note that the parameters ui(p0,p), vi(pk,p) and wi(pk,pm) are input/output ratios that 

cover the divergence and convergence in the processing graphs of the various 

products. Constraints can be set on nodes k or on transportation links for capacity 

reasons. The roots and leafs may also involve a number of (equality) constraints, 

concerning the magnitudes of supply and demand. As an example, a conceptual 

picture of a two product problem situation with four supply points, three demand 

points and four recovery processes is given in Figure 5-3. Each of the four recovery 

processes has two potential locations. Thus, two facilities k can in principle be used 
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per process. At each demand location there is demand for one market. Both products 

are (partly) reused and recycled, only one is partly disposed of. 

 

collection 

    p0,s1 p0,s2 p0,s3 p0,s4        
         SUPPLY POINTS
         
 
disassembly k1 k2      INTERMEDIARY 
 
 
 
 k3 k4  k5 k6     PROCESSING 

repair      refurbishing 
 
 
cleaning  k7 k8      FACILITIES  
 
                     
         
  p1,d1              p2,d2   p3,d3   

DEMAND 
  reuse recycling   disposal  POINTS 
  
 
Figure 5-3: Representation of a RLND-problem as a network graph 

 

A network graph incorporates both the processing graph and the transportation graph 

and is therefore a good representation of the full RLND-problem. Note that the 

echelon structure arises quite naturally in this example. In the heuristic algorithm in 

Section 5.5 we shall give a method to explicitly define and exploit echelon structures. 

 

5.4.4 A general mathematical model for the RLND-problem 

 

Next, we formulate an optimisation model to determine which facilities k in the 

network graph will actually be opened and, if so, at what capacity level. It is also to be 

determined which transportation links in the network graph will actually be used in 

the reverse logistic system. The following quantities are assumed to be given: 
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• Vm
d   magnitude of demand at demand point (pm,d) 

• Vi
s   amount of product i collected at supply point (p0,s) 

• Qk   maximum capacity for facility k 

 

The following decision variables are introduced: 

 

• Xi
k   product flow i processed at facility k 

• Xi
sk   product flow i from supply point (p0,s) to facility k  

• Xi
kj   product flow i from facility k to facility j≠k 

• Xim
kd  product flow i from facility k to demand point (pm,d) 

 

The cost functions are a cost function Zk
fix for fixed costs of installing a facility k, a 

cost function Zk
var for variable costs for each unit processed at k and cost functions 

Zsk
trp, Zkj

trp and Zkd
trp for transportation between supply points and facilities, for 

intermediary transport and transportation between facilities and demand points 

respectively. Our general model becomes: 

 

MIN    k
K

=∑ 1 Zk
fix( i

I
=∑ 1 Xi

k)+Zk
var( i

I
=∑ 1 Xi

k)+ s
S
=∑ 1 k

K
=∑ 1 Zsk

trp( i
I
=∑ 1 Xi

sk) 

+ k
K

=∑ 1 j
K
=∑ 1 Zkj

trp( i
I
=∑ 1 Xi

kj)+ k
K

=∑ 1 d
D

=∑ 1 Zkd
trp( i

I
=∑ 1 m

M
=∑ 1 Xim

kd) (5-4-0) 

 

subject to 

balance equations 

 

Vi
s* ui(p0,p) = ∑ ∈ )( pKk Xi

sk   ∀i ∀s ∀p   (5-4-1) 

∑ =
S
s 1 Xi

sk  + ∑ ≠=
K

kjj ,1 Xi
jk  = Xi

k  ∀i ∀k    (5-4-2) 

Xi
k * vi(pk,p) = ∑ ∈ )( pKj Xi

kj   ∀i ∀k ∀p≠pk   (5-4-3) 

Xi
j * wi(pj,pm) = d

D
=∑ 1 Xim

jd   ∀i ∀j ∀m   (5-4-4) 

j
K
=∑ 1 i

I
=∑ 1 Xim

jd  = Vm
d   ∀d ∀m    (5-4-5) 
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capacity constraints 

 

i
I
=∑ 1 Xi

k  ≤ Qk    ∀k    (5-4-6) 

 

logical constraints        (5-4-7) 

 

Xi
sk ≥ 0      ∀s ∀k ∀i 

Xi
kj ≥ 0      ∀k ∀j≠k ∀i 

Xim
jd ≥ 0     ∀j ∀d ∀m ∀i 

Xi
k ≥ 0      ∀k ∀i 

 

The balance equations ensure that input and output are equivalent for each facility, but 

also that processing graphs are implemented and supply and demand are satisfied. 

More specifically, (5-4-1) enforces that all products collected are properly supplied to 

the reverse logistic system, (5-4-2) guarantees that product flows entering a facility are 

actually processed, (5-4-3) and (5-4-4) reflect the requirement that all product flows 

processed by any facility are transported to a correct successive facility or to the right 

market and (5-4-5) ensures that demand is satisfied. Constraints (5-4-6) and (5-4-7) 

speak for themselves. 

 

5.5 A MILP-formulation and heuristic algorithm 

 

In the previous section we have allowed for general cost functions. In this section we 

analyse an RLND-situation that can be modelled as a MILP-problem. The cost 

functions are capacity related and supposed to be piecewise linear. They are discussed 

in detail in paragraph 5.5.1. We formulate the model in 5.5.2 and we develop a 

heuristic algorithm in 5.5.3. Let us first introduce some more notation: 

 

• q(p)req capacity required for process p to implement the processing graphs of 

  all products collected 

• n  potential capacity level of facilities, n=0,..,N, where n=0 means closed 
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  and n=N means opened at maximum capacity 

• csk  unit cost of transportation from supply point (p0,s) to facility k 

• ckj  unit cost of transportation from facility k to facility j≠k 

• ckd  unit cost of transportation from facility k to demand point (pm,d) ∀m 

• ck(n) unit processing cost of product flow at facility k operating at level n 

• FIXk(n) fixed cost of facility k when installed at capacity level n 

• Qk(n) maximal capacity of facility k when installed at capacity level n 

 

The decision variables for the facilities are: 

 

• Xi
k  total product flow i processed at facility k  

• yk(n) boolean indicating whether facility k is installed at level n (value=1) 

  or not (value=0) 

 

By introducing Xi
k(n)=yk(n)*Xi

k and omitting Xi
k= n

N
=∑ 0 Xi

k(n), we obtain a model 

which is linear in Xi
k(n) and yk(n). The decision variables for transportation remain 

unchanged compared with the general model. 

 

5.5.1 Capacity levels and cost functions 

 

In the MILP-model, we consider a situation where the potential capacity of facilities is 

limited and the cost functions are capacity dependent. Facilities can be established at 

N+1 levels of capacity, where a level can range from 0 (closed) to N (maximum 

capacity). Operating a facility incurs a certain cost, built up of the following cost 

components: 

 

1. variable operating cost, i.e., all costs related to the level of operation (product 

flow), 

2. fixed operating cost, i.e., overhead costs related to the level of capacity installed, 

3. capital charges, i.e., costs related to the capital investment in facilities, e.g. 

depreciation and interest, related to the level of capacity installed. 
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The cost parameter settings are only valid within a specified capacity range. 

Therefore, if a level n is actually installed at k, the flow handled by k must be in the 

range between capacity Qk(n-1) and Qk(n). The capacity of n=0 is zero by definition, 

since it represents a closed facility. We define FIXk(n) as all fixed costs to make or 

keep k operational at level n. This is the sum of fixed operating costs and capital 

charges. Note that these costs for a level n are incurred as soon as the flow through k 

exceeds Qk(n-1).  

For positive flow values, the cost function is modelled as a non-decreasing, 

continuous piecewise linear function. It can be used to approximate a concave cost 

function, see e.g. (Gottinger, 1988), but it can also be argued that this is a real life cost 

function. For example, a shredder may be available in a few sizes. For a new facility, 

we take FIXk(0)=0. For an existing facility we might obtain a different cost function. 

In our model, an existing facility can be installed at level 2 or higher. This cost 

function is piecewise linear, similar to new facilities. The levels 0 and 1 are artificial, 

representing situations where capacity level 2 is actually (kept) installed, but not or 

not fully utilised. Level 0 and 1 have a higher fixed cost than level 2, but other 

(usually lower) linear costs. As a consequence, concavity is generally lost. In case the 

result of an optimisation is that an existing facility is not going to be used, because all 

product flows are zero, then the decision of actual close down should be addressed 

separately. Our point of view here is that a facility can always be kept open: if it is not 

used for return flows, it may be closed down or left idle for later use, but also 

alternative use may be found. In other words, close down costs are not included in the 

optimisation. 

Figure 5-4, reflects an example of a cost function of an existing facility k with current 

capacity nk
*=2. Note that it is assumed that costs do not decrease if an existing facility 

is (partly) idle. We consider transportation cost as a linear function of cost drivers like 

distance and amount of goods transported similar to the general model. We also 

restrict ourselves to situations where transportation links are not capacitated. 
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TOTAL 
COST 
 
 
 
      
  
 
    
         CAPACITY 
 Qk(0) Qk(1)  Qk(2)                  Qk(3)                                                Qk(4) 
 
    <n=1><n=2><   n=3          > <          n=4                   > 

    FLOW  ∑i Xi
k 

 
Figure 5-4: Cost function for existing facility with nk

*=2 and N=4 
 

5.5.2 A MILP-model 

 

Now the MILP-formulation is as follows: 

 

(variable and fixed processing costs) 

MINIMISE n
N
=∑ 0 k

K
=∑ 1 i

I
=∑ 1 ck(n)*Xi

k(n) + n
N
=∑ 0 k

K
=∑ 1 FIXk(n)*yk(n) + 

    (transportation costs) 

s
S
=∑ 1 k

K
=∑ 1 i

I
=∑ 1 csk*Xi

sk + k
K

=∑ 1 j
K
=∑ 1 i

I
=∑ 1 ckj*Xi

kj + 

j
K
=∑ 1 d

D
=∑ 1 m

M
=∑ 1 i

I
=∑ 1 cjd*Xim

jd  

(5-5-0) 

subject to 

balance equations 

 

Vi
s* ui(p0,p) = ∑ ∈ )( pKk Xi

sk    ∀i ∀s ∀p  (5-5-1) 

∑ =
S
s 1 Xi

sk + ∑ ≠=
K

kjj ,1 Xi
jk  = n

N
=∑ 0 Xi

k(n)  ∀i ∀k   (5-5-2) 

∑ =
N
n 0 Xi

k(n) * vi(pk,p) = ∑ ∈ )( pKj Xi
kj   ∀i ∀k ∀p≠pk  (5-5-3) 

n
N
=∑ 0 Xi

j(n)  * wi(pj,pm) = d
D

=∑ 1 Xim
jd  ∀i ∀j ∀m  (5-5-4) 
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j
K
=∑ 1 i

I
=∑ 1 Xim

jd  = Vm
d    ∀d ∀m   (5-5-5) 

 

capacity constraints 

 

i
I
=∑ 1 Xi

k(n)  ≤ Qk(n)* yk(n)    ∀k ∀n   (5-5-6) 

i
I
=∑ 1 Xi

k(n)  ≥ Qk(n-1)* yk(n)    ∀k ∀n≥1  (5-5-7) 

n
N
=∑ 0 yk(n) = 1     ∀k   (5-5-8) 

 

logical constraints        (5-5-9) 

 

yk(n) = 0,1      ∀k ∀n 

Xi
sk ≥ 0       ∀s ∀k ∀i 

Xi
kj ≥ 0       ∀k ∀j≠k ∀i 

Xim
jd ≥ 0      ∀j ∀d ∀m ∀i 

Xi
k(n) ≥ 0      ∀k ∀n∀i 

 

The capacity constraints (5-5-6) and (5-5-7) are necessary to install facilities at the 

correct capacity level, i.e., not too low but also not too high, in agreement with the  

cost functions. The other constraints are the equivalent of the ones in the general 

model. 

For smaller problem sizes, problems of this kind can be solved exactly by special 

purpose Branch and Bound algorithms, like the ones of (Marks, 1969) and (Gottinger, 

1988) or by using professional solvers like CPLEX. However, we wish to be able to 

quickly compute scenarios on a regular PC platform, especially for larger problem 

instances. Therefore, we developed an efficient heuristic algorithm to obtain nearly 

optimal solutions, also for reasonably large problems. The efficiency and effectiveness 

of this procedure will be tested in automotive cases in Section 5.6. Next, we shall 

describe the heuristic procedure in the next paragraph. We advise the reader to 

thoroughly examine the definitions of paragraph 5.4.1 again. 
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5.5.3 An efficient heuristic algorithm 

 

In view of the heuristic algorithm, we come back to the concept of echelons. In 

paragraph 5.4.1, an echelon was defined conceptually as “a set of non-interacting 

processes, used in the construction of a reverse logistic network”. Thus, an echelon is 

a concept distinguished in order to facilitate the (heuristic) optimisation of the reverse 

logistic network. Often, the echelon structure arises quite naturally, but in fact 

echelons are user defined! In other words, the problem owner must assign processes to 

echelons. In our approach, the level structure of the individual processing graphs must 

be reflected as much as possible in the echelon structure. We opt for the following 

two-step procedure to assign processes to echelons. Note that this is just an option and 

that echelon structures can be determined in many different ways. 

Let SETP be the set of all processes, except the collection process p0 and the 

secondary market demand processes pm, m=1,..,M. In the first step, an echelon 

structure of SETP echelons is generated by assigning exactly one process p to each 

echelon in the following way. The processes are assigned iteratively in a greedy way, 

such that the number of reverse arcs is minimised. For product i and processes p and 

p’ in the processing graph of i, we put PRi(p,p’)=1 if there exists a precedence relation 

between execution of process p and process p’ (i.e., p’ after p) and else PRi(p,p’)=0. 

Now, suppose that ASS={p1,..,p " } is the set of processes assigned to echelons 1,.., " . 

We consider p∉ASS as a candidate for echelon " +1. Therefore, we compute the 

reverse arc index: 

 

 RAI(p) =∑i
{∑ ∈ASSp’

PRi(p,p’) + ∑ ∪∈ }}{\{’ pASSSETPp
PRi(p’,p)} 

 

A process p with minimal reverse arc index is chosen. In this way, starting with " =1, 

all processes are assigned, where each echelon is filled with one process. In the second 

step, we cluster multiple processes in echelons where allowed. Allowed means by 

definition that processes clustered in one echelon do not interact (see definition). 

Moreover, the number of reverse arcs in the echelon structure should not increase. We 

do so as follows. Consider process p2 in echelon 2 and set " =SETP. We attempt to 
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move it to echelon 1, without violating the interaction constraint. Note that in this case 

the reverse arcs index does not increase. If successful, we renumber the echelons 

3,.., "  as 2,.., " -1. This procedure is repeated, where we try to condensate the number 

of echelons by considering a process p in the next echelon h and trying to move it to 

one of the previous echelons 1,..,h-1, without violating the non-interaction constraint 

mentioned above and without increasing the reverse arcs index or even decreasing it if 

possible. We renumber the echelons h+1,.., "  as h,.., " -1 in case echelon h becomes 

empty and get to the next echelon. In addition, as a sub-step we can also apply this 

procedure to all processes in the echelons preliminary assigned to echelon 1,..,h-1 

within each echelon step, after we have moved p. Note, that this process runs through 

SETP echelon steps, with at most SETP-1 sub-steps per step, eventually 

resulting per echelon h in a set P(h) of  assigned processes p. 

We emphasise that this is just an example of a construction and that the decision 

maker may apply alternative procedures if desired. Note that product flows may have 

to go backwards to a previous echelon, because products processed by the same 

process are not necessarily subjected to this process in the same processing step. In 

other words, a process can be part of multiple processing graphs, but it is assigned to 

only one echelon. Interaction between processes in the same echelon is excluded in 

order to get a simple optimisation problem per echelon iteration in the heuristic. 

The heuristic exploits the echelon structure by building up the network echelon by 

echelon. Iteratively, we consider for the next echelon a number of echelon-

configurations, i.e., different assignments of processes to one or more locations with a 

certain capacity. Subsequently, we evaluate sub-systems, constituted by echelon-

configurations of the echelons considered so far, and save a sub-set of the most 

promising ones. Note that higher echelons do not play a role in this procedure. After 

considering all echelons, we have obtained a set of full network designs, of which the 

best one is selected. It is clear that the procedure reduces complexity due to echelon 

decoupling. However, there is also a danger of sub-optimisation. In order to reduce 

that danger, a number of different echelon-configurations is considered for each 

echelon. Moreover, the most promising sub-systems that are intermediately saved, are 

carefully selected on different criteria. This way, a well controlled co-ordination 

between subsequent echelons can be built into the heuristic, through which (nearly) 
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optimal solutions should be obtained. Let us now describe the working of the heuristic 

algorithm. We start with a rough sketch and, subsequently, provide the details. 

In the first phase, we start off with generating a number of most promising echelon-

configurations for the echelon h=1. Here, ‘most promising’ points at a priori choices 

concerning which locations to be opened (at maximal capacity) for which processes p. 

The exact definition of ‘most promising’ will be given later. The number of echelon-

configurations generated at echelon 1 is indicated with A(1). The transport flows 

between the supply points and the facilities in a first echelon-configuration as well as 

all outgoing flows and the processing flows of these facilities are optimised on 

variable (transportation and processing) costs. This is done for each of the echelon-

configurations using an LP-model described below. We save the C(1) ‘most 

promising’ solutions as reverse logistic sub-systems. The definition of ‘most 

promising’ will also be given later. Subsequently, we go to echelon h=2 and again 

generate the A(2) most promising echelon-configurations. We combine each of these 

echelon-configurations with each of the C(1) most promising (temporarily stored) 

intermediate reverse logistic sub-systems. We thus obtain C(1)*A(2) extended reverse 

logistic sub-systems (covering two echelons), which are also optimised by the same 

LP-model just mentioned. The C(2) most promising extended reverse logistic sub-

systems are stored again and we continue the procedure for the remaining echelons. In 

each step, the A(h) most promising echelon-configurations are generated for echelon h 

and they are combined with the previous C(h-1) intermediate sub-systems, covering 

the echelons 1 to h-1, into C(h-1)*A(h) extended sub-systems, which are again 

optimised by the LP-model, after which the C(h) most promising ones are saved, etc. 

After all echelons have been considered, each of the C(H) final most promising 

reverse logistic (sub-)systems represents a complete reverse logistic system.  

In the second phase, for each of these complete systems capacity levels are matched 

with the actual flows, which are not necessarily at the presupposed maximum and to 

which a more complicated cost structure applies than assumed in the LP-models. 

Next, an improvement step is made by testing the possibility of replacing expensive 

capacity by cheaper capacity. The resulting reverse logistic systems are again 

optimised on variable costs with the LP-model with parameter settings adapted for the 

improved capacity levels. Fixed costs are added and the reverse logistic (sub-)system 
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with the lowest overall cost is selected as the logistic network design. After this, the 

heuristic stops.  

Now that we know its rough working, let us describe the heuristic algorithm in more 

detail. In order to construct the heuristic algorithm, we need the following elements: 

 

• a heuristic procedure to generate the A(h) most promising echelon-configurations 

for an echelon, 

• a heuristic procedure to select the C(h) most promising extended reverse logistic 

sub-systems for intermediate saving, 

• a heuristic procedure to match and improve capacity levels for the final C(H) most 

promising systems, 

• an LP-model to optimise extended reverse logistic sub-systems on variable costs. 

 

LP-model 

 

Let us first describe the LP-model used in the heuristic. This LP-model is a 

modification of the MILP-model of paragraph 5.5.2. In this modification, processes 

can be installed at only one capacity level. Capacity constraints as well as variable 

processing costs are adapted accordingly. We also remove fixed costs from the 

objective function. Now, if h is the echelon being considered, TP(h) = �
hh

hP
,..,1’

)’(
=

 

represents all processes in the echelons 1,..,h and TK(h) = {kpk∈TP(h)} represents 

all facilities k with a process in one of the echelons 1,..,h. The following LP-problem 

optimises an h echelon extended sub-system. 

 

MINIMISE k
K

=∑ 1 i
I
=∑ 1 Xi

k*ck   + s
S
=∑ 1 k

K
=∑ 1 i

I
=∑ 1 Xi

sk*csk    + 

k
K

=∑ 1 j
K
=∑ 1 i

I
=∑ 1 Xi

kj*ckj  + j
K
=∑ 1 d

D
=∑ 1 m

M
=∑ 1 i

I
=∑ 1 Xim

jd*cjd 

          (5-5-10) 

subject to 

Vi
s * ui(p0,p) = ∑ ∈ )( pKk Xi

sk  ∀i ∀s ∀p∈TP(h)   (5-5-11) 

s
S
=∑ 1 Xi

sk + ∑ ≠=
K

kjj ,1 Xi
kj  = Xi

k ∀i ∀k∈TK(h)    (5-5-12) 
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Xi
k * vi(pk,p) = ∑ ∈ )( pKj Xi

kj  ∀i ∀k∈TK(h) ∀p≠pk   (5-5-13) 

Xi
j * wi(pj,pm) = d

D
=∑ 1 Xim

jd  ∀i ∀m∀j∈TK(h)   (5-5-14) 

j
K
=∑ 1 i

I
=∑ 1 Xim

jd  = Vm
d  ∀d ∀m, if h=H else leave out  (5-5-15) 

i
I
=∑ 1 Xi

k  ≤ Qk
max   ∀k∈TK(h)    (5-5-16) 

i
I
=∑ 1 Xi

k  ≥ Qk
min

   ∀k∈TK(h)    (5-5-17) 

Xi
sk ≥ 0     ∀i ∀s ∀k∈TK(h)   (5-5-18) 

Xi
kj ≥ 0     ∀i ∀k∈TK(h) ∀j≠k  

Xim
jd ≥ 0    ∀i ∀j∈TK(h) ∀d ∀m 

Xi
k ≥ 0     ∀i ∀k∈TK(h) 

 

Note that some parameters and variables are changed compared with the original 

problem. Capacities Qk
min and Qk

max reflect required minimal and allowed maximal 

product flows through k. Variable costs ck reflect the (weighted) unit processing costs. 

All parameters are tuned for the reverse logistic sub-system under consideration. This 

is done as follows. In the first phase, Qk
min = 0 and Qk

max = Qk(N) if k is opened and if 

k is closed they are both set zero. Variable costs ck are calculated as 

n
N
=∑ 1 ck(n)*{(Qk(n)-Qk(n-1))/Qk(N)}. In the second phase, installed capacity levels 

nk
* have been determined for the C(H) most promising final systems. Now, ck is set to 

ck(nk
*), Qk

min
  is set to Qk(nk

*-1) if nk
*>0 else 0 and Qk

max is set to Qk(nk
*). 

 

Heuristic procedure to generate A(h) most promising echelon-configurations for an 

echelon h 

 

At first all potential facilities k in echelon h are closed. 

 

(0) Initialise: 

   set maximum capacity Qk
max:=0  for all  facilities k with pk∈P(h) 

  set minimum capacity Qk
min:=0  for all  facilities k with pk∈P(h) 
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To start with, we consider a possibility with a minimal number of open locations per 

process. We open a sub-set of all k with pk∈P(h) as follows: 

 

(i)   For each p∈P(h) do 

select  facilities k with pk=p according to the selection rule described 

in Box 5A (see page 185) and set selected facilities on maximum 

capacity, i.e., Qk
max:=Qk(N) , 

continue until just enough capacity is opened for p, i.e., the sum of the 

maximum capacities of all opened facilities is greater than or equal to 

q(p)req,   

  label this echelon-configuration as a=1, 

  set a:=2 

 

Now, for each process in echelon h, we iteratively try to set one additional facility k 

on maximum capacity in order to generate an additional echelon-configuration. 

 

(ii)    For each p∈P(h) do 

select one additional facility k according to the selection rule of Box 

5A (page 185), 

  if no feasible k can be found goto next p else 

  set selected facility k on maximum capacity, i.e., Qk
max:=Qk(N) 

  label this echelon-configuration a, 

  a:=a+1 

  set Qk
max  back to zero before going to next p. 

 

Note that in step (ii) we generate a number of echelon-configurations at most equal to 

the number of processes in the echelon h. In step (iii) we open all facilities k selected 

in the previous steps together and create one more configuration. 

 

(iii)   Set capacity of all facilities k selected at one stage in step (i) or (ii) on 

maximum, label this configuration A:=a. 
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This is the last echelon-configuration. We have generated A(h) most promising 

echelon-configurations, with A(h) ≤P(h)+2. 

 

Heuristic procedure for intermediate storage of C most promising reverse logistic sub-

systems 

 

As mentioned before, for each echelon h we generate the A(h) most promising 

echelon-configurations, after which each is combined with each of the temporarily 

stored C(h-1) most promising reverse logistic sub-systems, covering the previous h-1 

echelons.  The resulting C(h-1)*A(h) extended sub-systems are optimised on variable 

costs, after which it is redetermined which are the C(h) most promising ones. The 

latter step can be done in different ways. We save three sub-sets of systems as follows: 

c1 sub-systems with the lowest transportation costs, c2 sub-systems with the lowest 

variable processing costs and c3 with the lowest fixed costs, with c1+c2+c3=C(h). In 

this way, we obtain a hybrid mix of ‘most promising’ sub-systems, which are 

temporarily stored and used when we get to the next echelon h+1. Other ways of 

selecting C most promising systems are of course possible. 

The reason for saving intermediate systems lies in the reduction of the number of 

combinations of echelon-configurations. As a result of this procedure, we have to 

solve at most H*Cmax*Amax LP-problems instead of at most (Amax)
H, where Cmax and 

Amax respectively denote the maximal number of intermediate sub-systems and 

echelon-configurations at any echelon. Example, if H=4, Amax=5 and Cmax=3 we now 

have to solve at most 60 instead of at most 625 LP-problems. 

 

Heuristic procedure to match and improve capacity levels of facilities in a final  

sub-system 

 

If h=H, all final C(H) sub-systems are complete reverse logistic systems and we can 

select the best one from this set. So far, for all facilities k, capacities Qk
min = 0 and 

Qk
max= Qk(N) or 0. Thus, some facilities will have excessive capacity, while 

conceptually all facilities must be exactly at the right capacity level in order to obtain 

real costs. Next, it may also be profitable to switch capacity between couples of 
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facilities k. Therefore, we apply the following matching and improvement steps to 

each final sub-system c, c=1,..,C(H). 

 

(i) Match the capacity levels to the actual flows resulting from an optimal LP-

 solution for c,  resulting for each k in an installed capacity level nk
*. 

 

(ii) Adapt parameters ∀k as follows 

  Qk
min:= Qk(nk

*-1) if nk
*>0 else 0 

  Qk
max:=Qk(nk

*) 

  ck:=ck(nk
*)  

   

(iii) Solve the LP-problem with the new parameter settings and add the fixed costs 

to its solution. Save this as reverse logistic system c’. 

 

(iv)  For each p do 

Exchange capacities per couple of facilities k,j∈K(p), resulting in 

 alternative capacity levels nk
* and nj

*. This is done as described in Box

 5B (page 186). 

     

(v) Adapt parameters ∀k as follows 

  Qk
min:= Qk(nk

*-1) if nk
*>0 else 0 

  Qk
max:=Qk(nk

*) 

  ck:=ck(nk
*) 

   

(vi) Solve the LP-problem with the new parameter settings and add the fixed costs 

 to its solution. Save the result as reverse logistic system c”. 
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Box 5A  Heuristic rule to select a facility for opening 
 
 
The selection rule for selecting a facility k* for a given process p is: 

open the facility k∈K(p), which has not yet been opened, with the lowest estimated associated unit 
 costs Wk. 
 
The associated unit costs Wk  are estimated  in the following way. Firstly, we introduce estimates for: 
 
• the maximal transport flow to k: TRsk and TRjk 

• the maximal throughput flow of k: kQ
~

 

• the maximal transport flow from k: TRkj and TRkd 
 
The definitions of these quantities are: 
 

TRsk = min { ∑i Vi
s * ui(p0,pk), Qk(N)} 

TRjk = Qj(N) * min {1, ∑i vi(pj,pk)} 

kQ
~

= min { ∑s TRsk  + ∑ j TRjk , Qk(N)} 

TRkj = kQ
~

* min {1, ∑i vi(pk,pj)} 

TRkd = min { ∑ ∈ )(kMm Vm
d , kQ

~
* min {1, ∑ mi, wi(pk,pm)}} with M(k) = {m ∃i with wi(pk,pm)>0} 

 
 
Secondly, we estimate the associated unit costs Wk as follows: 
 

Wk := ∑ =
kn

n
~

1 FIXk(n)/Qk(n) + ck + {λk*( ∑s csk*TRsk + ∑ j cjk*TRjk) + ∑ j ckj*TRkj + ∑d ckd* TRkd}/ kQ
~

 

 

with Qk( kn~ -1)< kQ
~

≤ Qk( kn~ ) and  

λk = kQ
~

/( ∑s TRsk + ∑ j TRjk) as a  supply reduction factor. 

 
Now choose: 
 
k* := 

k
ARGMIN Wk  
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Box 5B  Heuristic rule to exchange capacity between facilities 
 
 
The exchange rule for exchanging capacity between facilities k and j for a process p is: 

given a process p and facilities k∈K(p) and j∈K(p), with current capacity levels nk
* and nj

* and not 
yet subjected to a capacity change, determine alternative capacity levels nk

* and nj
* , proposed to be 

installed at k and j respectively. 
 
The alternative levels nk

* and nj
* are determined in the following way. 

Firstly, we define: 
 
 n, n’    candidate alternative capacity levels 

 Xk
* = ∑i Xi

k (nk
*)  current flow through k 

kX
~

(n) = Qk(n)   flow through k if k is installed at candidate level n 

jX
~

( n’) = X*
j + Xk

* – Qk(n) flow through j if k is installed at candidate level n, where j is 

automatically installed at level n’, with Qj(n’-1)≤ jX
~

( n’) ≤ Qj(n’) 

 
Secondly, we calculate cost reduction CR(k,j,n): 
 
CR(k,j,n): = {FIXk(nk

*)-FIXk(n)}+{FIXj(n
*
j)-FIXj(n’)}+  

{ck(nk
*)*Xk

* -ck(n)* kX
~

(n)}+{cj(n
*
j)*X*

j -cj(n’)* jX
~

( n’)}  ∀n 

 
Note that if no feasible n’ can be found for j, then CR(k,j,n) is set -∞ 
 
CR(j,k,n) is determined analogously (switch k and j)    ∀n 
 
 
Thirdly, we determine: 
 
nk

* := 
n

ARGMAX CR(k,j,n) 

nj
* := 

n
ARGMAX CR(j,k,n) 

 
if CR(k,j,nk

*) ≥ CR(j,k,nj
*) then nk

*:=nk
*  and nj

*:= n’ else 
nj

*:=nj
* and  nk

*:= n’  
with n’ according to the above definitions. 

 
  
We now have determined alternative capacity levels for k and j. Note that one or both alternative levels may 
be equivalent to the original levels. 
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Explanation Box 5A and Box 5B 

 

The selection rule in Box 5A can be explained as follows. First, we calculate an upper 

bound for the transportation flows from and to all facilities k where a process p is 

installed as well as an upper bound for the processing flows in these facilities. 

Subsequently we estimate the associated unit cost as the sum of (fixed and variable) 

processing costs and transportation costs on the basis of the upper bounds since we do 

not know the real flows yet. Here, a correction factor λk is necessary for the 

transportation flows entering a facility k, because the sum of these flows could 

otherwise exceed the maximum facility capacity. In general, it can be expected that 

favourable facilities are selected by this rule. However, in some cases (e.g. if a lot of 

installed capacity is not utilised), cost reductions may be achieved by exchanging 

capacity between facilities. To this end, we have formulated the exchange rule in Box 

5B. The working of this exchange rule can be explained as follows.  

Within Box 5B, we consider two facilities k and j, where the same process p is 

installed. Each facility has its own cost function Z, built up of fixed and variable costs, 

which vary with the installed capacity levels nk
* and nj

* and processing flows Xk
* and 

Xj
* respectively. Cost functions and capacity levels can be different for k and j. A 

representative example is given in Figure 5-5a. 

 

 

Zk(X)      Zj(X)  n=1  n=2 

 n=1 n=2  n=3 

 

    

     Xk      Xj 

   Xk
*    Xj

* 

 

Figure 5-5a: Examples of cost functions for facilities k and j 

 

Now, if δ is the change in volume in Xk
* and Xj

* (see figure above), then the new joint 

processing costs of k and j are reflected by: 

δ δ 
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Fkj(δ) = Zk(Xk
*+δ) + Zj(Xj

*-δ) with –min(Qj(N)-Xj
*,Xk

*)≤ δ≤min(Qk(N)-Xk
*,Xj

*) 

 

Now, we are interested in the cost reduction that can be achieved for different values 

of δ, i.e.: 

 

∆Fkj(δ) = {Zk(Xk
*)-Zk(Xk

*+δ)} + {Zj(Xj
*)-Zj(Xj

*-δ)} 

 

We determine δ* such that ∆Fkj(δ*) = 
δ

max ∆Fkj(δ). Note that δ* can be zero. Figure 5-

5b represents a possible shape of ∆Fkj(δ) as a function of δ. 

 

 

    ∆Fkj(δ) 

 

       δ 

 

Figure 5-5b: Cost reductions ∆Fkj(δ) as a function of δ (example) 

 

Note that the points of interest in the figure, i.e., points where an optimal value δ* may 

be found, coincide with capacity levels nk
* and nj

*. Hence, only 2N values of δ can 

represent an optimal value if for each facility N capacities are considered. Also note 

that some values of δ are infeasible, because capacity constraints are violated. This 

reduces the number of 2N values. After determining δ* we determine nk
* and nj

* such 

that: 

 

Qk(nk
*-1) < Xk

*+δ ≤ Qk(nk
*) and Qj(nj

*-1) < Xj
*-δ ≤ Qj(nj

*) 

 

In Box 5B we explore potential values for δ by calculating the cost reductions that can 

be achieved by manipulating the capacity level n of facility k (where facility j is 

automatically installed at level n’) and eventually by choosing optimal alternative 

levels nk
* and nj

*. 
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Full heuristic algorithm for the reverse logistic design problem 

 

Now that we have described all elements, the complete heuristic algorithm can be 

formulated. The heuristic proceeds as follows. 

 

 (0) Initialise intermediate sub-system with 0 echelons, i.e., C(0)=1. 

 

(i) For h:=1 to H do 

  generate A(h) most promising echelon-configurations, 

  generate C(h-1)*A(h) extended reverse logistic sub-systems (c,a), 

  solve the LP-problem for each extended sub-system (c,a), 

  save C(h) most promising extended sub-systems. 

 

(ii) If h=H then 

  for c:=1 to C(H) do 

match capacity levels nk
* of all k in each final sub-system c into c’  

improve capacity levels nk
* of all k in each final sub-system c into  c”, 

  set c:=min(c’,c”). 

 

(iii) Select the final (sub-)system c, c=1,..,C(H), with lowest total cost as the final 

reverse logistic network design. 

 

In the next section we shall test this heuristic algorithm in an automotive case. The 

LP-problems, part of the heuristic, are solved by the LP-solver LINDO. 

 

5.6 Test of the heuristic in automotive cases 

 

In this section, the heuristic algorithm will be tested, both on its computational 

efficiency and its optimality. As a reference, we will compute optimal solutions with 

the solver CPLEX and compare the results with the heuristically obtained ones. In 

order to test our model, we formulate four different cases, each with its own distinct 

problem structure, i.e., network graph. The cases are all based on an artificial recovery 
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problem concerning a Dutch automotive manufacturer. For each case, 5 scenarios are 

worked out, in which the parameter settings are varied. Thus, the model is tested in 20 

tests. Although the cases are artificial, the data are derived from business practice, see 

(Kooi and Ruessink, 1996). We describe the cases and scenarios in 5.6.1 and 5.6.2. In 

5.6.3, we compare the computational results of all tests analysed. 

 

5.6.1 Case 1 

 

An OEM takes back two types of cars: a high volume middle class car A and a low 

volume luxurious car B. In the PRD-strategies for this case three processes can occur, 

namely disassembly (p1), repair (p2) and shredding (p3), for which we have to find 

efficient locations. The cars are collected (p0) in various quantities at three regional 

distribution centres in Bergen op Zoom (s1), Den Helder (s2) and Zwolle (s3). The 

PRD-strategies are as follows: 

 

• Car A is disassembled, after which a toxic fraction of 5 mass% is delivered at a 

specialised dump (pm2) in Lemmer (d2). The remaining 95 mass% is shredded after 

which the fluff (consisting of commingled materials) is delivered to a big material 

recycler in Hoek van Holland (d1) for material recovery (pm1). 

• Car B is also disassembled, after which a toxic fraction of 3 mass% is disposed of 

at the dump in Lemmer. In addition, 48.5 mass% of the car is reused at the part 

level in the car repair business (pm3) throughout the Benelux. To this end, these 

parts are repaired and subsequently delivered at the Benelux Main Distribution 

Centre in Roermond (d3). The remaining parts, another 48.5 mass%, are shredded 

and transported to Hoek van Holland for material recovery. 

 

For car B, tests are installed at the disassembly facility to assess the feasibility of parts 

for reuse. The processing graphs and transportation graph are omitted here for brevity. 

Instead, we give the network graph straight away. Here, the regional distribution 

centres serve as supply points and the demand points are the secondary markets at 

various locations. The three processes, disassembly, repair and shredding, can each be 

installed in three of the following seven cities, Enschede (f1), Groningen (f2), Haarlem 
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(f3), Maastricht (f4), Tilburg (f5), Utrecht (f6) and Middelburg (f7). These assignments 

constitute the intermediary nodes. All facilities can be installed at capacity level 0, 1 

or 2 (hence N=2) with varying cost functions. Note that on the demand side, each 

market m is located at only one demand location. This is done for the purpose of 

simplification, but in the additional cases in Section 6-2, we have multiple markets on 

multiple locations. All facilities have to be newly established, except for a shredder in 

Tilburg.  

The network graph is visualised in Figure 5-6, where the bold lines represent the joint 

processing steps of both products and the thin lines the separate repair steps of product 

B. The parameter settings of this case for the base scenario, referred to as test 1_0, is 

given in Appendix 5-1. Next, we discuss additional scenarios. 

 

 
(p0 ,s1) B op Z (p0 , s2) Den Helder (p0 ,s3) Zwolle 
        SUPPLY POINTS  
         1/1 

1/1  1/1 
                
p1 disassembly    0.05/0.03 
        ECHELON 1 
0/0.485        0.95/0.485 
 
        ECHELON 2 
p2 repair  p3 shredding 
 
 
 0/1        1/1 
              DEMAND POINTS 
(pm3 ,d3)  (pm1,d1)    (pm2,d2) 
BMDC  material recycler  dump 
Roermond Hoek van Holland  Lemmer 
 
 

Figure 5-6: Network graph of the case 1 recovery problem 

 

Additional scenarios 

 

Additional scenarios are generated as follows: 

 

• Test 1_1: Fixed facility costs for new facilities are reduced by 50% for all capacity 
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 demand point 
 supply point 
 facility 

levels n≥1. The shredder in Tilburg does not exist, a new one now has the same 

cost function as for the other locations. All other parameter settings are equal to 

1_0. 

• Test 1_2: Facility costs are set back to normal (1_0). Now, capacities are changed: 

for p1 potential capacities are increased by 50% while capacities for all other 

processes are decreased by 50% for all locations for all capacity levels n≥1. 

• Test 1_3: Facility capacities are set back to normal. Here, we increase 

transportation costs by 25%. 

• Test 1_4: Transportation costs are set back to normal and supply and demand 

volumes are reduced by 25%. 

 

The exact and heuristic results for all 20 tests are discussed in paragraph 5.6.3. The 

outcome of the optimisation is a reverse logistic network design. As an example, we 

depicted the design for test 1_0 in Figure 5-7. 

 

 
 

Figure 5-7: Network design for test 1_0 (heuristic solution) 

 

5.6.2 Additional cases 

 

In case 2, the problem is more complicated because of a different implementation of 

facility capacity flow A flow B 

k1=(p1,f1) level 1 100 75 
k2=(p1,f3) level 2 200 150 
k3=(p1,f7) level 2 200 150 
k6=(p2,f7) level 2 0 180 
k7=(p3,f5) level 2 485 180 

 

k3,k6 

k1 

k2 

k7 
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the PRD-strategy of car B. Instead of testing at the disassembly stations, tests are 

installed at the repair facility itself. As a result, 95 mass% of car B is first transported 

to the repair station. Half of this flow is returned to the disassembly station, where it is 

further disassembled and prepared for shredding. The other half is transported to the 

Benelux Main Distribution Centre for reuse in service as in case 1. The other product 

flows as well as supply and demand points are identical to case 1. Scenarios are 

generated similarly to case 1, except that all potential facility capacities are increased 

by 5 (tons) to avoid infeasibility.  

In case 3, the problem is extended with two supply points, where car A and B are 

collected in various quantities. As in case 2, parts of car B are tested at the repair 

station, but now disapproved parts are sent straight to the shredder. Moreover, the 

processing graphs are extended with one process: decontamination, to be applied to 

parts after the shredding process. As a result of the decontamination process, some 

shredded materials are feasible for high quality recycling (pm4) instead of low quality 

recycling (pm1). Thus, we now also have a fourth secondary market, for which there is 

demand at demand location Hoek van Holland. Also, the number of potential facilities 

is increased: all processes can now be installed at four locations. Finally, the number 

of capacity levels is increased to 10 (n=0,..,9) in order to obtain a better approximation 

of a concave cost function and there are no existing facilities. Also, costs and 

capacities are generally higher than in case 1 and 2. Note that case 3 is a 4-echelon 

problem due to the direct connection between processes p2 and p3 in the processing 

graph of car B and the extra process decontamination. 

Case 4 is equivalent to case 3, except that Galway (IRL) replaces Middelburg (NL). 

Fixed and variable facility costs are here 50% lower than in the Dutch cities, which 

might surpass the extra transportation costs. Also for case 3 and 4, scenarios are 

generated analogously to case 1.  

 

5.6.3 Computational results 

 

All tests have been solved by CPLEX as well as the heuristic algorithm. CPLEX is 

implemented on a HP 9000/710 workstation and the heuristic on a Switch 486 

personal computer. The results are compared in Table 5-2, in which we display the 
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pure computation times, hence time lost for i/o operations is excluded for both 

optimisations. Moreover, we correct the heuristic times with a factor 3, because of the 

different platforms. We have estimated this factor (conservatively) on the basis of the 

processor speeds. C(h) is set 3 for all h. 

As we can see, the performance of the heuristic regarding optimality is quite good, 

either an optimal or nearly optimal solution is found. Differences stay within the limit 

of 1%. We note that some solutions were found after manipulating the mix of 

intermediately stored sub-systems C(h). In some cases, we can only find a (nearly) 

optimal solution for all scenarios by increasing the number C(h) of intermediately 

stored sub-systems in the heuristic algorithm or by changing the criteria for storage of 

intermediate sub-systems. The intelligence of the problem owner is used here. 

 
Table 5-2: Comparison of computational results for all tests 
test total cost  

CPL 
total cost 
heur. 

CPL time 
(sec) 

heur. 
time 
(sec) 

no. of 
contin. 
var. 

no. of 
binary 
var. 

no. of 
constr. 

1-0 702.9 703.3 1.44 1.60 432 27 207 
1-1 1473.6 1477.9 1.25 1.60 432 27 207 
1-2 3597.6 3650.3 9.21 1.70 432 27 207 
1-3 711.6 713.8 1.44 1.60 432 27 207 
1-4 576.2 577.2 1.03 1.66 432 27 207 
2-0 840.9 844.7 0.80 1.80 432 27 207 
2-1 1553.9 1554.9 0.79 1.83 432 27 207 
2-2 3731.2 3744.7 6.96 1.66 432 27 207 
2-3 855.4 855.4 0.79 1.70 432 27 207 
2-4 714.4 714.4 1.23 1.70 432 27 207 
3-0 11,601.6 11,607.9 92.13 2.40 1120 160 664 
3-1 9490.8 9502.9 71.00 2.40 1120 160 664 
3-2 11,547.0 11,602.8 41.37 2.30 1120 160 664 
3-3 11618.5 11,654.1 78.44 2.40 1120 160 664 
3-4 9956.8 9961.2 140.05 2.40 1120 160 664 
4-0 8250.2 8253.1 9.94 2.40 1120 160 664 
4-1 7079.3 7088.8 7.76 2.40 1120 160 664 
4-2 8195.6 8248.5 3.90 2.30 1120 160 664 
4-3 8414.2 8423.0 9.57 2.30 1120 160 664 
4-4 6879.6 6881.8 21.45 2.30 1120 160 664 
5-0 not found 1,540,783.7 X 300 1120 5160 10,664 

 

Concerning computational efficiency, we can see from the table, that with increasing 

problem complexity the heuristic has an increasing advantage over the MILP solver. 

Moreover, CPLEX cannot handle problems like these when too many binary variables 

are used. We tried a test with 5160 binary variables in test 5-0. Due to the modest 
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number of iterations and the use of an LP-solver instead of a MILP-solver, the 

heuristic can handle fairly large problem instances in bounded and stable time. 

 

5.7 Discussion  

 

In this chapter, we have developed a general model for the RLND-problem. In this 

section, we discuss underlying assumptions and generalisations of the model. 

 

Cost functions for different facilities 

 

The model distinguishes existing and new facilities, which both have piecewise linear 

cost functions, with a fixed cost component. This also covers outsourced activities, 

where facilities are given, which may imply that only variable processing cost apply to 

these facilities, hence fixed costs are zero. 

Moreover, in a generalised version of our model, variable processing costs –which are 

now in (5-5-0) product independent- may be multiplied by a coefficient τip in the 

objective function, reflecting the relative processing cost needed for product i at 

process p. For example, a product may require twice as much processing time as 

others, resulting in double processing costs, hence τip=2. Furthermore, the model can 

be refined by distinguishing several resource types with different price/performance 

ratios for one process. 

Finally, installing similar processes at one location may result in increased efficiency. 

Then, the model should not only take into account economies of scale per process, but 

also for combinations of processes per location. The latter cannot yet be handled by 

the current version of our model. 

 

Constraints 

 

A well known problem in waste management is the legislative limitation on 

transportation of recyclables. For example, EC-regulation prohibits the transport of 

certain discarded products between different EC-countries. In general, waste 
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transportation between different regions may be forbidden or very difficult. This type 

of complications can easily be captured by setting transportation cost ckj:=∞, where k 

and j are  facilities in different regions. In addition, transportation capacities can be 

restricted, because of limited transportation resources. 

Also, in our model multiple processes can be assigned to one location. In practice, the 

space at a location can be limited for a set of processes installed on a certain location. 

Adding a constraint reflecting the limited available space on this location can solve 

this. Every capacity level assigned to a facility then claims a part of the available 

space, proportional to its volume. 

Finally, flows and capacities are often expressed in tons (or numbers). However, other 

units may be more appropriate in some constraints. For example, disassembly times 

can vary heavily for different products of equal weight, so it might be more 

appropriate to measure disassembly capacity in time units and add a time related 

coefficient to the constraints for the various product flows, similar to τip in the cost 

function, such as described above. 

 

Inventories 

 

Due to the high uncertainty in return rate and secondary market demand, inventories in 

reverse chains tend to be relatively large. In the literature, quite some research can be 

found on this issue, see for a review (Fleischmann et al., 1997). In our model, we do 

not explicitly deal with inventory management. However, if it is necessary to keep 

inventory at some stage in the processing graph, then we define a process ‘stock 

holding’ with a cost function incorporating fixed and variable holding costs for a set 

of potential locations. This way, inventory costs can be included in the optimisation. 

 

Process supplies 

 

In the (remanufacturing) business case of Chapter 6, we shall see that the new 

materials and new components, needed for recovery processes, can have an influence 

on network design. Here, return flows are seen as the main stream and the new 

components and materials (incl. packages) are distinguished as “process supplies”. 
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They are supplied from inventories and (supporting) production facilities, which also 

supply forward processes, hence the location of these inventories and processes affects 

both the forward and the reverse chain. In cases where only supplies of reverse chain 

processes from given locations are considered, costs for process supplies can be 

included in the processing costs, unless capacity constraints impose multi-sourcing. 

 

Integral optimisation of forward and reverse chain 

 

A final generalisation concerns situations of integral re-design of the forward and 

reverse chain. In this study, the set-up of reverse logistic systems is decoupled from 

the (existing) forward network. However, in the business case of Chapter 6 it turns out 

that this may not always be the case in a remanufacturing situation or other closed 

loop situations. In remanufacturing, new products are manufactured from three kinds 

of components:  

 

(i) components that are always retrieved from return products, 

(ii) components that are always purchased new, 

(iii) components that can either be purchased new or retrieved from return 

products, depending on availability and costs. 

 

A conceptual representation of a remanufacturing situation is depicted in Figure 5-8. 

 

 

recovery  secondary components(i+iii) 

         re-assembly 

 purchasing  new components(ii+iii) 

 

 

Figure 5-8: Conceptual representation of a remanufacturing situation 

 

In these situations, processes (including stock-holding) of forward and reverse chain 

interact so strongly that an integral design may be at place. Integrating the 

optimisation of forward and reverse chains causes complications in the following 
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areas: 

 

• Simultaneous optimisation of reverse and forward distribution. This implies that 

transport cost functions must be adapted. The following generalised method can 

be useful. Consider a situation where new products are delivered from a facility A 

to demand location B (flow XAB) and discarded products are transported vice versa 

(flow XBA). Unit transportation costs are cAB. Define Z = max(XAB,XBA), i.e., 

Z≥XAB and Z≥XBA, and calculate the transportation costs as Z*cAB. In words, only 

the maximum flow incurs a transportation cost, the other flow gets a free ride. 

Using this formulation, the linearity of the modelling is preserved. This way, 

synergy of forward and return flows can be taken into account. However, one 

should realise that many OEMs outsource transportation and then a linear cost per 

ton per km is a realistic approximation of real costs. In this situation, combining 

freight is a routing problem of the transportation company.  

• Trade off between new production or recovery of components. A decision variable 

that could be added to the model concerns the choice of resources for component 

group (iii), because this choice may depend on e.g. transportation costs. However, 

in our approach we make this choice in the recovery strategies. 

• Interaction of reverse and forward processes. In a hybrid system, the interaction 

between secondary and new component flows in the re-assembly phase may cause 

complications in production planning and inventory control. However, in network 

design this operational aspect should not cause any conceptually new problems. 

 

In conclusion, in certain remanufacturing situations it may be profitable to redesign 

the forward and reverse network integrally. Let us now take a look at the suitability of 

our model for these integral re-design situations. 

Firstly, we argue that the complications described above can be modelled as indicated 

there. Secondly, we recall from Section 6.1 that four differences between forward and 

reverse logistic networks are distinguished. Looking at the differences, we argue that 

the differences 2 (divergence/convergence), 3 (transformation by processing graph) 

and 4 (multi-echelon) are the result of a difference of scope: forward logistic network 
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re-design generally focuses on sections of the supply chain, e.g. between the OEM and 

the customer or between supplier and OEM. This observation is supported by a review 

of (Thomas and Griffin, 1996). In our view, the only fundamental difference is 

difference 1, which concerns the push-pull effects that are present in reverse chains 

and absent in forward chains of durable consumer products. Applying our model to a 

pure pull system requires that in constraint (5-5-1), the ‘=’ is replaced by ‘≥’, where 

Vi
s represents supplier capacity. Given the possibilities to adapt our model for the 

above complications, we consider our model conceptually applicable to both 

(separate) reverse - and integral logistic network re-design. An example model 

suitable for integral design is given in Appendix 5-2. 

 

5.8 Conclusions 

 

One of the issues OEMs have to deal with when confronted with return flows is the 

Reverse Logistic Network Design or RLND-problem. The aim is to choose efficient 

locations for reverse chain processes and optimise good flows in the system such that 

overall costs are minimised. Predetermined PRD-strategies balance supply and 

demand and prescribe the necessary processing steps per product. As a result push-

and-pull effects are dealt with and the problem remaining has facility location as well 

as transhipment characteristics. A PRD-strategy is reflected by a processing graph that 

must be implemented in the network design. To this end, the collective of the 

processing graphs is combined with a transportation graph into a network graph, 

which serves as a basis for a general optimisation model. A MILP-version of the 

model and an efficient heuristic were developed and tested. 

Compared to other approaches found in the literature, the added value of the model 

lies in the ability to comprehensively deal with location-allocation decisions in 

RLND-situations with multiple echelons, multiple products and general cost 

functions, e.g. with capacity related fixed and variable costs. Balanced supply and 

demand also give the problem transhipment characteristics. Constraints can be set on 

facilities and transportation links if required. The essential feature of the model is the 

inclusion of the processing graph in the network design, thus connecting tactical 
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recovery planning with network planning. The heuristic makes it possible to quickly 

compute scenarios for fairly large problems. 

The model can be easily adapted if managerial complications arise. With some more 

effort, it may be extended with forward flows, so that an integral network design can 

be made. In the next chapter, we test the practical applicability of our locational model 

in a business case, conducted at Océ, a copier firm in Venlo (NL). 
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Appendix 5-1 Parameter settings test 1_0 

 

Table 5-3: Successor balance relationships for product A and B 
ui(p0,p) p1 (disassembly) p2 (repair) p3 (shredding) 
s1 (B op Z) 1/1 0/0 0/0 
s2 (Den Helder) 1/1 0/0 0/0 
s3 (Zwolle) 1/1 0/0 0/0 
successor relations from supply points to process for car A/B respectively 
vi(p,p’) p1 (disassembly) p2 (repair) p3 (shredding) 
p1 (disassembly) 0/0 0/0.485 0.95/0.485 
p2 (repair) 0/0 0/0 0/0 
p3 (shredding) 0/0 0/0 0/0 
successor relations between facilities for car A/B respectively 
wi(p,pm) m1 (material recycler) m2 (dump) m3 (BMDC) 
p1 (disassembly) 0/0 0.05/0.03 0/0 
p2 (repair) 0/0 0/0 0/1 
p3 (shredding) 1/1 0/0 0/0 
successor relations from process to market for car A/B respectively 
 

Table 5-4: Yearly supply of cars A and B in tons 
Vi

s i1 (A) i2 (B) 
s1 (Bergen op Zoom) 200 150 
s2 (Den Helder) 200 150 
s3 (Zwolle) 100 75 

 

Table 5-5: Yearly demand for markets m at locations d in tons 
Vm

d m1 (material recycler) m2 (dump capacity) m3 (BMDC) 
d1 (Hoek van Holland) 656.8 0 0 
d2 (Lemmer) 0 36.25 0 
d3 (Roermond) 0 0 181.8 

 

Yearly supply and demand are both 875 tons in total. 
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Table 5-6: Potential locations and capacities per facility, where at f5 a shredder already exists 
process set of potential 

locations F(p) 
capacity Qk(1)  at 
level 1 

capacity Qk(2)  at 
level 2 

p1 disassembly f1 f3 f7 (k=k1,k2,k3) 250 tons/year 350 tons/year 
p2 repair f2 f4 f7 (k=k4,k5,k6) 250 tons/year 350 tons/year 
p3 shredding f5 f6 f7 (k=k7,k8,k9) 500 tons/year 750 tons/year 
 

Table 5-7: Yearly fixed costs of facilities with three capacity levels (Dfl 1000) 
FIXk(n) f1 f2 f3 f4 f5 f6 f7 
p1 disassembly  n0:0 

n1:100 
n2:150 

X n0:0 
n1:100 
n2:150 

X X X n0:0 
n1:100 
n2:150 

p2 repair X n0:0 
n1:50 
n2:75 

X n0:0 
n1:50 
n2:75 

X X n0:0 
n1:50 
n2:75 

p3 shredding X X X X n0:0 
n1:0 
n2:0 

n0:0 
n1:2000 
n2:3000 

n0:0 
n1:2000 
n2:3000 

 

Table 5-8: Variable costs/ton of facilities for three capacity levels (Dfl 1000) 
ck(n) f1 f2 f3 f4 f5 f6 f7 
p1 disassembly n0: 0 

n1: 0.2 
n2: 0.1 

X n0: 0 
n1: 0.2 
n2: 0.1 

X X X n0: 0 
n1: 0.2 
n2: 0.1 

p2 repair X n0: 0 
n1: 0.2 
n2: 0.1 

X n0: 0 
n1: 0.2 
n2: 0.1 

X X n0: 0 
n1: 0.2 
n2: 0.1 

p3 shredding X X X X n0: 0 
n1: 0.2 
n2: 0.1 

n0: 0 
n1: 0.2 
n2: 0.1 

n0: 0 
n1: 0.2 
n2: 0.1 

 

Facilities all can be installed on three different levels of capacity: Qk(0), Qk(1) and 

Qk(2), where Qk(0) is zero by definition and Qk(2) is the maximum potential capacity. 

 
Table 5-9: Transportation costs/ton between supply/demand and facility locations in Dfl 
csk  or ckd s1 

B. op Z. 
s2 
Den H. 

s3 
Zwolle 

d1 
Hoek v.H. 

d2 
Lemmer 

d3 
Roermond 

f1 Enschede 38.9 37.8 11.5 35.4 20.3 32.8 
f2 Groningen 47.4 24.1 16.6 39.8 12.3 44.3 
f3 Haarlem 29.1 12.5 20.8 11.6 19.3 30.1 
f4 Maastricht 29.1 46.4 37.1 36.1 46.4 7.2 
f5 Tilburg 10.1 31.5 25.3 17.3 31.4 14.2 
f6 Utrecht 17.9 19.5 14.4 13.6 18.4 22.9 
f7 Middelburg 10.1 43.8 40.8 14.9 45.4 33.1 
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Table 5-10: Costs per ton for intermediary facility transport in Dfl 
ckj f1  f2  f3  f4  f5  f6  f7  
f1 Enschede X       
f2 Groningen 21.4 X      
f3 Haarlem 28.3 31.4 X     
f4 Maastricht 41.6 53.3 35.5 X    
f5 Tilburg 29.9 41.4 20.5 19.7 X   
f6 Utrecht 22.1 30.4 8.5 28.3 13.3 X  
f7 Middelburg 48.3 57.0 31.7 38.6 19.7 27.3 X 

 
Transportation costs are Dfl 0.16 per ton per km. Now, with the distances given we 

calculate the transportation costs between supply points, demand points and potential 

facility locations.  

The parameter settings in the base case scenario, or test 1_0, are summarised in Table 

5-11. 

 
Table 5-11: Summary parameter settings for test 1_0 
ui(p0,p)      see Table 5-3  
vi(pk,p)      see Table 5-3 
wi(pj,pm)    see Table 5-3 
csk             see Table 5-9, one can look up the 
                 corresponding location for k in Table 5-6 
ckj             see Table 5-10, one can look up the 
                 corresponding location  in Table 5-6 
cjd             see Table 5-9, one can look up the 
                 corresponding location in Table 5-6 
ck

 (n)         see Table 5-8 
FIXk(n)     see Table 5-7 

n =             0,1,2 
p =             p1,p2,p3 

f=              f1,f2,f3,f4,f5,f6,f7 

F(p)           see Table 5-6 
k =            k1,k2,k3,k4,k5,k6,k7, see Table 5-6 
m =           m1,m2,m3 

d =            d1,d2,d3 
i =             i1,i2 (A and B) 
s =             s1,s2,s3 
Vi

s              see Table 5-4 
Vm

d      see Table 5-5 
Qk(n)         see Table 5-6 

 

Appendix 5-2 A model for integral network design 

 

Here, we develop an integral network design model for the following remanufacturing 

situation. A return product is disassembled, after which non-reusable parts are sold to 

material recyclers. The reusable parts are repaired and stocked. New products are 

manufactured partly from these repaired parts and partly from new parts. The latter 

parts and packaging materials, together distinguished as process supplies, are supplied 

by a supplier and shipped directly to the manufacturing process.  

In order to model this problem, we introduce an additional index t for process supplies 

and a parameter uti(p,p’) with p a supplying process for p’, indicating the amount of 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 204 
 

 

process supplies t to be supplied by process p (to p’) for processing one unit of return 

flow i entering process p’. We also introduce an additional decision variable Xti
sk, 

equivalent to the amount of process supplies t transported between supply point (ps,s) 

and facility k for product i and maximal supply capacity Vt
s. Now, suppose the 

parameter settings are as follows: 

 

• one return product, i=1 

• process supplies t1 (new parts) and t2 (packaging) 

• supply points (involving both return and supply flows) 

collection station (p0,s1) 

supplier (p5,s2) 

• facility locations f = f1,..,f4 

• processes (involving recovery and forward processes) 

   p0 = collection 

   p1 = disassembly  F(p1) =  {1,2,3,4} 

   p2 = repair   F(p2) =  {1,2,3,4} 

   p3 = stock holding  F(p3) =  {1,2,3,4} 

   p4 = remanufacturing  F(p4) =  {1,2,3,4} 

   p5 = supply 

• markets (involving both primary and secondary markets) 

new products: m1 

material recycling: m2 

• demand points (involving both primary and secondary markets) 

new products: (pm1,d1) 

material recycling: (pm2,d2) 
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 (p0,s1)      (p5,s2) 
  ui(p0,p1)      uti(p5,p4) 

    vi(p1,p2)      vi(p2,p3)          vi(p3,p4) 

  wi(p1,pm2)     wi(p4,pm1) 

 (pm2,d2)      (pm1,d1) 

 

Figure 5-9: Network graph for a remanufacturing situation (facilities simplified) 

 

Figure 5-9 represents the network graph of this problem. Note that in separate reverse 

chain design p4 would be seen as an (internal) secondary market while it is a process 

here. Also note that the process supplies t are added and ‘absorbed’ by the return flow 

i, which is seen as the mainstream in the system. A general optimisation model is 

formulated similarly to (5-4-0) to (5-4-7), but the following elements are changed or 

added: 
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Chapter 6 

Business case Océ: reverse logistic network re-design 

for copiers 
 

(submitted in adapted form to OR-spektrum) 

 

In this chapter we describe a case study carried out at Océ. The study concerns the re-

design of the reverse logistic network for copiers on the one hand and the practical 

validation of the model developed in Chapter 5 on the other hand. This chapter is built 

up as follows. In Section 6.1, we give an introduction to the problem and describe our 

approach. In Section 6.2, we analyse the problem in more detail, resulting in a 

description of the processing graphs, the transportation graph, locations and relevant 

processes as well as test situations as formulated by Océ management. In Section 6.3, 

we represent the problem by a network graph and discuss optimisation models. We 

compare results for the various test situations defined. Finally, discussion and 

conclusions are the subject of Section 6.4. 

 

6.1 Introduction 

 

Océ is an international firm, which is active in 80 countries and has a yearly turnover 

of more than Dfl  4 billion. It holds headquarters in Venlo (The Netherlands) and 

employs about 16,500 people world-wide. Océ develops, produces and sells high 

quality copying, printing and plotting systems as well as consumables and imaging 

supplies for these systems. Also service and financing (leasing) are part of the product 

range of Océ. The main markets are the office market and the drawing table market 

and the company aims for a prominent position in these markets by producing 

advanced products of excellent quality, reliability, durability and environment 

friendliness. Here, the design and development of the products plays a key role. 

Therefore, Océ invests about 7% of its turnover in R&D. Moreover, one co-operates 

with co-developers and suppliers, thus strengthening the technology base. The 

technology base enables high level recovery of products and components, which is an 
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important ingredient of the business strategy. Let us now describe the reverse chain 

for copying machines. We limit ourselves to the physical reverse chain, i.e., issues 

concerning planning/MRP, administration, controlling, quality management etc. are 

not addressed in this study. 

The return process of machines can roughly be divided into two stages. In the first 

stage, customers return a machine to the local operating company. Océ machines are 

returned from the market due to the ending of lease contracts or active buy back 

because of market demand for recovered machines. The operating company is 

allowed to refurbish the machine and put it back into the market. If operating 

companies themselves are not interested in refurbishing, they return the machine to a 

recovery location of Océ, for which they receive a fee. The machine now enters the 

second stage, in which it can be recovered by three PRD-strategies: 

 

• Revision-strategy. A returned machine is disassembled to a fixed level and 

cleaned. Subsequently, additional disassembly of non-functioning, suspicious or 

retrofitted parts is carried out. Released parts are reused, recycled or in some cases 

disposed of. New or repaired parts, that are the (sometimes improved) equivalent 

of the released parts, are built in. The new machine is thus an upgraded version of 

the returned machine. The machine is inspected and tested before sales and has an 

‘as good as new’ quality status, but it is sold as a secondary machine. 

• Factory Produced New Model-strategy. In FPNM, a returned machine is 

converted into a new model, that contains all features and functions of the old 

model and adds new ones. The return process is basically the same as for revision, 

except that not only released parts are replaced, but also entirely new parts and 

units are added to provide additional functionality. The resulting machine has a 

new quality status and is sold as a new machine. 

• Scrap-strategy. The returned machine is disassembled to the part level. Some parts 

are cleaned and repaired for reuse in recovery, service or regular production of 

other machines. Other parts are recycled or disposed of. 
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The PRD-strategies can, in principle, also be applied to returned components. 

Machines returned to Venlo are classified in four classes, expressing recovery 

feasibility. These classes are: 

 

• A: excellent, 

• B: reasonable, 

• C1: poor, 

• C2: extremely poor. 

 

The higher the class of a returned machine, the better it is suited for revision and 

FPNM since fewer parts need to be replaced due to failure or retrofit. Machines in 

class C2 can only be scrapped. 

In order to be flexible, a large stock of returned machines is built up in Venlo. The 

machines are actually ‘pulled in’ on market demand. The class A machines are used 

up first, then class B and finally class C1 machines. If the stock levels of A, B and C1 

machines become too high, these machines are also scrapped, starting with C1, then B 

and finally A. Reusable parts are also cleaned and repaired on demand. Sometimes, 

they are stocked, before being repaired. If demand or quality is low, the parts are 

recycled. 

Stage 2 activities are carried out in Europe and the USA. Until recently, the European 

recovery processes were centrally located in Venlo. For strategic reasons, it was 

decided to investigate instalment of activities in the Czech Republic, where a number 

of recovery processes should be located in Prague. The cause of this study is the 

desire of the management to evaluate whether the strategically motivated decision to 

move certain recovery activities to Prague is also economically beneficial. On the one 

hand, low wages and purchase prices may make (re-) manufacturing in the Czech 

Republic beneficial. On the other hand, increased flows incur extra transportation, 

inventory and handling costs. Moreover, overhead costs and non-quantifiable costs 

influence an optimal choice of locations. This study should reveal whether the 

(partial) assignment of main recovery processes to Prague is economically justifiable 

and if so, which particular processes should be carried out in Prague and which in 

Venlo. The study is limited to two types of machines: the HV02-machine and the 
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VHV04-machine. These machines are the output machines resulting from applying an 

FPNM-strategy to HV01- and VHV03-machines respectively. Furthermore, we limit 

our study to Europe, hence we do not include recovery locations in the USA. Because 

of these limitations, the reverse logistic network can only be partially redesigned. To 

this end, we have to address two research questions: 

 

• At which locations and at which capacity should recovery processes be installed? 

• How should transportation flows run between the various locations? 

 

The aim of this study is twofold. Firstly, an optimal re-design of the reverse logistic 

network for the HV02- and VHV04-machines should be determined. Because 

optimality depends on many exogenous factors, such as PRD-strategies applied, 

number and quality of returned machines, developments in wages, legislation, etc., we 

shall study various alternative situations. We shall optimise the problem over all 

possibilities, making use of the modelling of Chapter 5. This brings us to the second 

goal of this study, which involves a test of the practical applicability of the model 

developed. In addition, the management of Océ wishes to compare three network re-

designs as intuitive managerial choices. We shall compare these three managerial 

solutions with our optimum. 

 

Methodology 

 

To start with, we define some concepts used in the remainder of this chapter. Some of 

the definitions were already given in Chapter 1, but are repeated here for convenience. 

 

• Part - smallest entity distinguished in the construction of a return product. 

• Unit - a composition of parts. 

• Component - a unit or a part. 

• Module – a unit which can be sold as a separate product, e.g. a finishing module. 

• Transportation means – reusable resources needed for transportation of parts, 

units and products, e.g. pallets, yokes, etc. 
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• Main recovery processes – most important processes in FPNM-recovery, being 

dismantling, preparation and re-assembly. 

• Supportive recovery processes – all processes supporting the main recovery 

processes, being take back, stock keeping, recycling, repair and production of new 

modules. 

• Process supplies – units, parts, packages and test material needed for recovery 

processes. 

 

Note that the definition of unit and module is somewhat different from Chapter 4. 

Next, the research shall be carried out in five subsequent steps, see Table 6-1. 

 

Table 6-1: Methodology 
Research step Result Method Section 
problem analysis processing graphs 

of HV02/VHV04 
set of potential locations 
transportation graph 
test situations 

documents 
interviews 

6.2 

modelling network graph 
optimisation model 

theory Chapter 5 6.3 

data-acquisition parameter settings MRP-system 
administrative system 

6.3 

optimisation results per test situation solver 6.3 
discussion and conclusions evaluation of modelling 

evaluation of results 
directions for further research 

 6.4 

 

6.2 Problem analysis 

 

In order to make a detailed analysis of the problem, we discuss the following issues: 

 

• the set-up of the processing graph for FPNM of the HV02- and VHV04-machine, 

• potential locations for those processes that are subjected to locational decisions, 

• locations of other processes and inventories serving as supply and demand points, 

• the formulation of test situations. 

 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 212 
 

We remark that the assumptions made in this study are based on recent management 

discussions. Although they are not entirely in line with current practice, we consider 

them as reasonable. 

 

6.2.1 Processing graph for FPNM of the HV02-machine 

 

In the reverse chain of the HV02-machine, the following processes take place: 

 

• Return. This involves receipt of input HV01-machines returned from the market 

as well as classification (A/B/C) and stocking of these machines. This is done at 

an external inventory location in Venlo.  

• Dismantling. Returned machines are disassembled to a certain fixed level. A 

predetermined standard set of parts, units and materials is removed. Released parts 

are inspected. Approved parts are restocked directly or after internal/external 

repair. Disapproved parts are recycled or disposed of at specialised firms. The 

removed finishing module is inspected and if approved recovered for reuse in 

other product lines. Disapproved units are broken down into parts, which follow 

the same procedure as the other parts. Also, toner is removed and recycled at the 

original plant after a cleaning process. Now, two big elements remain for the 

FPNM process: the engine (or process module) and by-frame (or paper module). 

Both are cleaned before entering the next process. 

• Preparation. This process only applies to the two modules engine and by-frame. 

Here, it is assessed whether the modules should be further disassembled for 

quality reasons. Hence, the degree of disassembly is not prefixed, but depends on 

the state of return of the incoming machines. Bad or suspicious parts are replaced. 

All these parts are supplied from the central stock. Released parts are recycled at 

specialised firms. 

• Re-assembly. This process is similar to the assembly process in regular 

production. Here, a HV02-machine is assembled from the engine unit, the by-

frame unit, a new finishing module delivered from the Czech Republic and parts 

supplied from parts inventory. The parts are pre-assembled into units before final 

assembly. We assume that this pre-assembly step is always carried out at the same 
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location as the final assembly. The assembled machines are tested and packaged 

before being delivered to the finished machine inventory. 

• Central stock keeping of supplies and transportation means. This involves new 

and secondary units, parts, packaging materials, test materials as well as pallets, 

yokes, etc. This inventory is located in at the Océ plant in Venlo.  

• Buffer stocking. This involves clustering of parts, units, packages, modules and 

products for inbound and outbound transportation. This is only necessary for 

transportation between processes (incl. central stock keeping) installed at different 

locations. Transportation means are also buffered for transportation. 

• Stock keeping of finished products. Finished products are collected at a central 

inventory in Venlo, before delivery. 

• External repair. Internal repair is part of the dismantling process and therefore no 

separate process. External repair is often done by the original suppliers of the parts 

in the area around Venlo. Repaired parts are always returned to Venlo to be 

stocked. 

• Recycling. Recycling of parts is done by specialised firms in the area of Venlo or 

Prague. Toner is recycled by the original plant near Venlo. 

• Disposal. Parts can be disposed of to landfill in the area of Venlo or Prague. 

• New production. New finishing modules are manufactured in the Czech Republic 

to supply the re-assembly process. 

• Transportation. By this we mean the external transportation of parts, packages, 

units, modules, products and transportation means between processes (including 

stock keeping) at various locations. 

• It should be noted that internal transport and working inventories are neglected in 

this study. 

 

The processing graph of the HV02-machine is given in Figure 6-1. The processes 

described above are part of this graph. Box 6A provides an explanation of the symbols 

and abbreviations in order to link the above process descriptions with Figure 6-1. 

Note that the processing graph is represented quite differently from the ones in 

Chapter 5. This is necessary, because inventories must be included and also a 
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distinction is made between processes with fixed locations and processes with non-

fixed locations. We would like to emphasise that processes are product dedicated. 

 

6.2.2 Processing graph for FPNM of the VHV04-machine 

 

The VHV04-machine is currently being built as a new machine, the FPNM process is 

not yet started up. Below, we describe how it is intended to set up FPNM for the 

VHV04-machine in the near future. The processing graph for FPNM of the VHV04-

machine is to a large extent similar to the processing graph of the HV02. However, 

there are some differences. To start with, the input machines are of the VHV03 

family. Although there are many variants of this model, they can be seen as one type 

of machine. In dismantling, the machine is broken down into five modules, (i) the 

finishing module, (ii) the paper module, (iii) the process module, (iv) the RDF module 

and (v) the exposure module. The paper module is recycled, a new one is supplied 

from an Océ manufacturing plant in CZ3 (Czech Republic). The steps preparation and 

re-assembly are the same as for the HV02, except that these processes are outsourced 

for the finishing module, hence the location is fixed for this module. A final 

difference is, that the modules are assembled at the customer site by a service 

engineer. In other words, all modules are sent to the finished product inventory 

separately. In Figure 6-2, the processing graph of the VHV04-machine is visualised. It 

uses the same graphic representation as Figure 6-1 for the same reasons. 

 

6.2.3 Locations and transportation graph 

 

Although we analyse the entire reverse chain in the processing graphs, only the main 

recovery processes preparation and re-assembly will be subjected to locational 

analysis. The process dismantling is not subjected to locational analysis, because its 

activities are closely linked to stock-keeping and forward logistic activities. Moving 

dismantling would require a complete re-design of the logistic system and this is 

beyond the scope of the project. Locations of inventories and supportive processes are 

assumed fixed, also because of their interaction with other (forward) processes in the 

company. Due to the limitations in the scope, we merely optimise a sub-network, 

concerning the main processes preparation and re-assembly as well as the 
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R 

P 

D 

transportation links connecting these processes to other locations, which serve as 

supply and demand points. The sub-system studied is reflected in the Figures 6-1 and 

6-2 by printing the elements inside the sub-system bold and the elements outside the 

sub-system dotted. 
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           1+8  
   6a 
TP 
   4      3+8 
    2a+2b+8        8 
           RP 
RYD   4    8                  3 
       5+8   
          8     CS  CS 
    2a+2b+8     8 
       5+8 
 
        2c+8     5 
           7+8       8    8 
           MP 
 
      FMI 
 
          7+8  sales 
 
 
 
Material flows: 
 
1. return machine: HV01 
2. process supplies: modules 
a. by-frame (paper module) 
b. engine (process module) 
c. twin finishing module 
3. repairables (parts) 
4. parts for recycling 
5. process supplies: parts, testmaterials and packages 
6. materials for recycling 
a. toner 
7. finished product 
8. transportation means (pallets, yokes and part boxes) 
 
 

Figure 6-1: Processing graph for FPNM of HV02-machine 
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Material flows: 
 
1. return machines: VHV03 
2. process supplies: modules 
a. finishing module 
b. RDF module 
c. paper module 
d. exposure module 
e. process module 
3. repairables (parts) 
4. parts for recycling and old paper module 
5. process supplies: parts, testmaterials and packages 
6. materials for recycling 
a.  toner 
7. finished packaged product 
8. transportation means (pallets and part boxes) 
 
 

Figure 6-2: Processing graph for FPNM of VHV04-machine 
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Box 6A  Symbols and terminology of Figure 6-1 and 6-2 
 
 
Meaning of symbols: 
 
   inventory 
 
   supportive process  
 
   buffer inventory for transportation 
 
   optional buffer inventory for transportation needed in case  
   subsequent process or inventory is at other location 
 
   main FPNM-process 
 
   transport flow 
 
Note 

bold: inside sub-system considered,  

dotted: outside sub-system considered. 

 
Meaning of abbreviations: 
 
MP   Module Production 
RP   external RePair 
TP   Toner Production 
RYD   specialised RecYcling firms and Disposal facilities 
MR   Module Recovery 
RI   Returned machine Inventory 
CS   Central Stock (parts, packages, transportation means, test  
   material) 
FMI    Finished Machine Inventory 
D   Dismantling 
P   Preparation 
R   Re-assembly 
 
 

 

Three locations are available for the processes preparation and re-assembly: 

 

• Venlo 1 (an Océ location in Venlo), feasible for preparation, 
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• Venlo 2 (another Océ location in Venlo), feasible for preparation and re-assembly, 

• Prague (Czech Republic), feasible for preparation and re-assembly.  

 

The motivation for two locations in Venlo lies in the internal logistics. Discussion 

with the management reveals that transportation costs justify the distinction of two 

separate locations, because these costs may influence the network design seriously. 

These costs are thus seen as external transportation costs. In principle, a process can 

only be assigned to one location per product, hence at most 3*2*2=12 assignments of 

the main processes preparation and re-assembly to locations are possible.  

 
Table 6-2: Specification of locations 
process/inventory firm location status inside or outside 

sub-system 
TP Océ Venlo 3 fixed outside 
RP suppliers around Venlo fixed outside 
MR firm 1 NL1 fixed outside 
MP Océ CZ3 (in Czech Rep.) fixed inside 
Disposal Venlo parts 
Disposal Prague parts 

firm 2 
local 

near Venlo 
CZ1 (near Prague) 

fixed 
fixed 

outside 
outside 

Recycling Venlo parts 
Recycling Prague parts 

firm 3 
local 

NL2 (near Venlo) 
CZ2 (near Prague) 

fixed 
fixed 

inside 
inside 

RI firm 4 Venlo 4 fixed outside 
CS Océ Venlo 2 fixed inside 
FMI Océ Venlo 5 fixed inside 
Dismantling Océ Venlo 1 fixed inside 
Preparation Océ Venlo 1, 2 or Prague variable inside 
Re-assembly Océ Venlo 2 or Prague variable inside 
 
 
We optimise over all possibilities and moreover compare three assignments or cases, 

described in paragraph 6.2.4, which are interesting from a managerial point of view. 

As we mentioned before, all other locations are fixed. The locations of all processes 

and inventories part of the processing graph are summarised in Table 6-2. We use 

artificial names for all non Océ-recovery locations for confidentiality. We note that 

buffer inventories are always located at the location of the processes and inventories 

involved. 

Regarding transportation, there are no limitations in transportation links, hence the 

transportation graph is a full bi-directed graph with all locations of Table 6-2 that are 

within the sub-system considered as nodes. There are no capacity constraints set on 

the arcs of the transportation graph. Practical complications concerning customs etc. 
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are incorporated in the cost price per transportation link per item to be transported. 

We also assume that combined transport is used: products, modules, units, parts, 

transportation means and supplies can be transported together. In Figure 6-3 the 

transportation graph is reflected. 

 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 6-3: Bi-directed transportation graph (only for locations inside sub-system) 

 

6.2.4 Cases and problem parameters 

 

The points of departure for the machines are: 

 

• HV02. This machine has been manufactured both in regular new production and 

by FPNM-production in Venlo 2 for a couple of years. Now, new production is 

phased out, FPNM production is extended. The current facilities in Venlo 2 can be 

used for both processes preparation and re-assembly. Facilities in Venlo 1 and 

Prague have to be established new, although some facilities may be taken over 

from Venlo 2. 

• VHV04. The VHV04-machine is currently only built in new production, but will 

soon also be produced as an FPNM-machine. At all locations, new facilities need 

to be established, where also some of the regular facilities from Venlo 2 may be 

used for re-assembly. 

 

V5 

Prague 

V1 V2 

CZ2 

NL2 
CZ3 
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As we mentioned, the processes preparation and re-assembly should be assigned to 

optimal locations for both machines. However, these assignments are restricted by the 

following managerial constraints: 

 

• Preparation can be installed at all three locations, re-assembly only in Venlo 2 or 

Prague.  

• Processes cannot be combined randomly. If preparation is assigned to Venlo and 

re-assembly to Prague, then preparation should be located in Venlo 1. If both 

processes are assigned to Venlo, they should both be assigned to Venlo 2. 

• A process installed for the HV02 cannot be used for the VHV04 and the other way 

around. In other words: processes are dedicated per product. 

 

The optimisation is divided in two parts. Firstly, we shall optimise the problem over 

all possibilities, similar to Chapter 5. Secondly, we shall compare the results of this 

optimisation with the intuitive management solutions: the management of Océ wishes 

to compare three network re-designs, here referred to as cases: 

 

• case 1: both processes are installed in Venlo 2, 

• case 2: preparation in Venlo 1, re-assembly in Prague, 

• case 3: both processes are installed in Prague. 

 

The optimisation is carried out for three scenarios, concerning exogenous factors. We 

come back to this in paragraph 6.3.2. The parameters relevant in this optimisation can 

be categorised as follows. 

 

• Cost parameters 

 

Investments costs. These costs are specified per product (!) per process per location. 

They are built up of costs for installing equipment, education of staff, the learning 

curve, translation of instructions and costs for planning and project management. The 

depreciation period is either 10 years or 1 year, depending on the kind of costs. 
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Constant costs. These costs concern the wages and taxes of overhead staff, costs for 

space, etc. They are specified per process per product per location per year. 

 

Variable processing costs. These costs consist of labour and handling costs. These 

costs are also specified per process per product per location. 

 

Recycling tariffs. These costs are specified per location per material type, hence we 

need to assign released parts to a material cluster, such as done in Chapter 4. In the 

sub-system studied, only parts are released in preparation and these are all recycled. 

 

Distribution costs. This concerns costs for transportation (incl. customs fee) and 

transportation related handling of all types of flows: products, parts, packages and 

transportation means. Costs are specified per transportation link per type of flow. 

Transportation frequencies are assumed to be fixed: which is daily between Venlo 1 

and 2, daily between Prague and CZ3 and weekly between the Venlo locations and the 

Czech locations. 

 

Inventory costs. If transport takes place between processes (incl. stock holding) at 

separate locations, an inbound and outbound buffer inventory must be installed 

between these processes, to facilitate batch transportation. The size of these 

inventories depends on the frequency of transportation, because buffer stocks increase 

if transport frequency goes down. Inventory costs are specified per type of flow 

(return product or process supplies) per year and calculated as a percentage of the 

capital value. For return products they are also defined per process, since their capital 

value increases while moving through the reverse chain. Holding costs for parts to be 

recycled or disposed of (after disassembly) are assumed to be zero, since no capital or 

risk is involved. 

 

Overall costs. These involve costs of a Telecom contract concerning all phone, fax 

and email communications between Venlo and Prague. These costs are spread over all 

processes assigned to Prague. If no processes are installed in Prague, no 

telecommunications costs are incurred. 
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• Volumes. 

 

Supply and demand. This involves the number of input and output machines. 

 

Processing graphs. The processing graph concerns the successor relations of the 

recovery  processes. Together with the supply and demand volumes, this determines 

the product flows in the system. Moreover, it determines the flows of transportation 

and flows of process supplies, since these are both linked to the product flows.  

 

Volume data are specified per product. 

 

• We assume that no capacity limitations are set on processes and transportation 

links. 

 

In paragraph 6.3.2. we describe data acquisition with respect to these problem 

parameters. 

 

6.3 Optimisation 

 

Here, we describe the optimisation of the problem. 

 

6.3.1 Modelling in terms of general reverse logistic network design 

 

In this paragraph we discuss the modelling of the network design problem for copying 

machines. Following the methodology of Chapter 5, we construct a network graph 

and subsequently formulate an optimisation model based on this graph. Let us begin 

with discussing some issues underlying the modelling.  

Firstly, some of the additional modelling elements, discussed in Section 5.7, are 

applicable here. To be specific, the elements process supplies and (buffer) inventories 

should be distinguished. Also transportation means, such as pallets, boxes, yokes etc., 

are distinguished. However, a quick scan of the full cost price shows that the costs of 

transportation means are very low, so our approach is to deal with these flows 
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separately after the main streams have been optimised. In other words: we do not take 

flow number 8 of the processing graphs into account in the optimisation, assuming 

that sufficient transportation means are available. Secondly, processes are product 

dedicated and no economies of scale per location are recognised. As a result, cost 

functions are product specific and the networks for the VHV04- and HV02-machines 

may be designed separately. Thirdly, the company uses numbers (of machines) 

instead of kilograms (of material) to measure volumes and there are no capacity 

constraints set on facilities and transportation links. Now, let us continue with the 

construction of the network graph of the HV02-machine. In Figure 6-4, we visualise 

this network graph. 

The dismantling process D in Venlo 1, the central stock CS in Venlo 2 and module 

production MP in CZ3 serve as supply points. The intermediate nodes are formed by 

the combinations of the processes preparation P and re-assembly R and the available 

locations Venlo 1, Venlo 2 and Prague. Demand points are the finished machine 

inventory FMI in Venlo 5 and the recycling locations RYD NL2 and CZ2. Returned 

machines are identified as return products, finished machines and recyclables or 

disposables are defined by their end markets. Note that (ps,s) stands for supply point, 

(pm,d) for market m at demand location d (together demand point), p for process and f 

for facility location (together a facility). Also note that the main stream of input 

machine i, being transformed into an output machine or recyclables m is depicted as a 

bold line, while process supplies are dotted. Now the HV02-machine problem of 

Figure 6-4 is modelled as a good illustration of the theory of Chapter 5. The MILP-

model is a bit simplified since it is formulated for each product separately. On the 

other hand, the complications mentioned above have been taken care of. The model 

for the HV02-machine can be found in Appendix 6-1. Note that this is a two-echelon 

problem. 

In the next paragraph it is described how data are collected for the HV02-machine, for 

the VHV04 no data were readily available. Subsequently, the results for the HV02-

machine are discussed for each of the cases for several scenarios defined below. It 

turns out that the optimal solution obtained by the MILP-model coincides with one of 

the cases as suggested by the management. 
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(ps,s) =  (D,V1)  (CS,V2)  (MP,CZ3) 
 

 

 

 

 

(p,f)=  (P,V1)   (P,V2)       (P,Prague) 

 

 

(p,f)=           (R,V2)    (R,Prague) 

 

 

 

 

(pm,d)=   (RYD,NL2) (RYD,CZ2)   (FMI HV02,V5) 

 

Figure 6-4: Network graph for the HV02-machine 

 

6.3.2 Data acquisition and scenarios 

 

Here, we describe data acquisition and scenarios analysed for the HV02-machine. The 

planning period chosen is December 1997-December 1998, because this matches the 

financial year. Planning periods after 1998 are covered by the scenarios, assuming 

that only a few parameters will change severely.  

The following scenarios are analysed. In scenario 0, the parameter settings, based on 

current forecasts of Océ for the financial year 1998, are as given in Appendix 6-2 and 

the problem is optimised for this year. In scenario 1, the problem is optimised for the 

financial years 1998 and 1999, assuming that variable cost in the Czech Republic 

(=labour+handling cost) increase by 20% in 1999. In scenario 2, the problem is again 

optimised for one year (1998) and the market volume for the HV02-machine is 

increased to 1000 items. Thus, three scenarios are analysed, resulting in nine test 

situations. Data are supplied by officials of the company, who retrieve them from 

planning- and MRP-systems as well as the financial system. The units used are 

numbers for volumes and not given for costs (for confidentiality reasons). Data with 

respect to recycling had to be converted from kg to numbers. 
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In the next paragraph, we shall optimise the corresponding MILP-problems, see 

Appendix 6-1. Because of the changes in the model compared to Chapter 5, we have 

not used the heuristic developed there, but a MILP-solver. 

 

6.3.3 Results 

 

In the optimisation, we minimise the sum of yearly constant and variable processing 

costs, inventory costs and transportation costs for the HV02-machine with the MILP-

model of Appendix 6-1. Investment costs are left out of the optimisation. This way, 

one can calculate a pay-back period. Note that the investment costs are relative: for 

convenience only differences in investments are calculated. The optimal solution for 

all three scenarios corresponds with case 3. For analytical purposes, it is interesting to 

compare this optimum with the other cases. We do so, by removing locations from the 

set of feasible locations for both processes such that only one network design can be 

obtained, namely the predefined one. Subsequently, we repeat the ‘optimisation’. The 

yearly costs per case per scenario are set out against the investment costs in Table 6-3. 

Note that although case 3 is the optimum, it also requires the highest investments. 

 

Table 6-3: Results of reverse logistic sub-network re-design (optimum bold) 
 yearly cost 

scenario 0 
(1998) 

yearly cost 
scenario 1 
(1998+1999) 

yearly cost 
scenario 2 
(1998) 

investment 
costs 

case 1 2,184,698 2,184,698 2,394,190 0 
case 2 2,215,213 2,248,288 2,391,850 299,000 
case 3 2,083,091 2,128,678.5 2,227,390 655,000 
 

Note that in cases 2 and 3, a part of the telecommunication costs (20,000 per year) is 

assigned to the HV02-machine. It is not known which part exactly. 

 

6.4 Discussion and conclusions 

 

This section falls apart in a discussion on modelling, a discussion on results and some 

final conclusions. 
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6.4.1 Discussion of modelling 

 

In Chapter 5, we have described a general model and discussed ways to extend it for 

possible practical use. Below, we discuss the adaptations made in order to deal with 

the copier sub-network re-design problem as well as some generalisation issues. The 

discussion focuses on four subjects: 

 

• Firstly, some additional modelling elements of the discussion of Chapter 5 are 

applicable here, namely process supplies, transportation means and buffer 

inventories. We shall discuss them one by one. In an FPNM-situation, process 

supplies are essential to the PRD-strategy to convert an input machine into an 

output machine. They can have a strong impact on locational decisions because 

their supply points are fixed, magnitudes can be substantial and transportation 

costs severe. Transportation means have to be distinguished for transportation of 

products and process supplies. Partly, they follow the products and process 

supplies and partly they have their own routing. Although we distinguish this 

element, these flows are optimised as a decoupled problem after an optimal sub-

network design for products and process supplies has been determined. Buffer 

inventories incur extra costs for external transportation. In our case, these costs are 

variable and they could be assigned to the transportation links. However, in other 

situations, fixed costs or capacity constraints may be related to installing a buffer 

inventory. Thus, buffer inventories should be distinguished as a separate entity, 

with fixed and/or variable costs and/or capacity constraints. As a constraint, the 

buffer capacity should be larger than the yearly volume divided by a delivery 

frequency augmented with a safety buffer. 

• Secondly, cost functions turn out to be somewhat different compared to the model 

of Chapter 5. The major difference is that all processes and hence cost 

components (with the exception of the telecom costs) are specified per product per 

process per location. In our model, costs are not product dependent. In addition, it 

is reasonable to assume that economies of scale can be achieved per location. For 

example, it is reasonable to assume that the management capacity needed in the 

Czech Republic will not double if two processes are installed instead of one. 
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Nevertheless, the Controlling Department treats cost functions as described in 

Section 6.3 and it is virtually impossible to determine the real cost behaviour 

within the scope of this study. In case we would have been able to do so, our 

general model of Chapter 5 would have needed some changes since it does not 

consider economies of scale per location. In general, if we could determine that 

economies of scale do play a role, the capacity levels used in the original model 

can be of use to approximate concave cost functions. Finally, investment costs are 

built up of several components, of which ‘learning costs’ are the most exceptional. 

This concerns the extra labour costs needed to manufacture the first batches of 

machines. After having manufactured a dozen of machines, these variable costs go 

down due to increased experience of the workers. We solve this by multiplying 

the number of (early) products by the reduction in variable costs per product and 

settle this as investment costs. 

• Thirdly, we have taken an approach in which the reverse chain is optimised 

separately from the forward chain. This can be done, because we only consider a 

sub-network concerning two main recovery processes, assuming that all other 

locations are fixed. One should realise that some of these locations fulfil a task in 

the forward as well as the reverse chain. For example, the central stock not only 

supplies preparation and re-assembly, but also forward chain processes. Also, 

transportation means and transportation links are used in forward and return flows. 

Moreover, for some machines (although not the VHV04/HV02) the re-assembly 

process is integrated with regular assembly. Because of the strong interaction of 

processes, either directly or via inventories or transportation, an integral 

optimisation of forward and reverse chain is in our view preferable in a 

remanufacturing situation.  

• Fourthly, if an input machine is processed, process supplies are added to it. As a 

result, an output machine is created step by step. During these steps, the weight of 

a machine increases. This can be handled in two ways. One way is to add 

variables Xtm
sk, X

tm
kj and Xtm

kd and serve each market m with the proper process 

supplies, analogously to the way products i serve markets m. The other way is to 

set the successor relations vi(pk,p) and/or wi(pk,pm) to a value v (v>1), reflecting 

the gain in weight. The market demand Vd
m (also expressed in kg) should be 
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expressed accordingly. We experienced no problems, because we used numbers 

instead of kg.  

• Fifthly, the management of Océ had some clear solutions in mind for the reverse 

logistic network design and wished to compare three solutions. We suspect that 

this will often be the case and therefore a MILP-model may not always be needed 

(an LP-model is sufficient for the comparison of management solutions with 

prefixed locations). 

 

In general, we conclude that the applicability of an optimisation model for network 

design depends on the PRD-strategy applied and the managerial questions to be 

addressed. In (van de Velde and Krikke, 1998) it is noticed that different product 

recovery situations should be distinguished and that each situation requires a specific 

modelling approach in terms of optimisation criteria, modelling elements, scope etc. 

However, the basic elements of the modelling in Chapter 5, such as successor 

relations, location-allocation-transhipment, multi-echelon structures, integrating 

processing graphs and the transportation graph into a network graph are in our view 

generally applicable. Moreover, although cost functions for Océ are relatively simple, 

with no concave behaviour as far as can be retrieved from the administrative systems, 

more specific insight in cost structures may prove that the capacity level concept is 

quite useful. 

 

6.4.2 Discussion of results 

 

The results show clearly that there are only minor cost differences between the cases. 

Case 2 is more expensive in all scenarios, at most the yearly costs are about 7% higher 

than in the other two cases. Furthermore, it appears that installing both processes at 

one location is cheaper than installing them at different locations due to lower 

transportation and inventory costs. With the parameter settings chosen, case 3 is a 

little bit cheaper than case 1, but scenarios can be imagined in which case 1 is cheaper 

than case 3. Moreover, investments for case 3 are higher than for case 1. 

Another observation concerns the choice of optimisation criteria. Since Océ is 

primarily a quality driven company one can question whether cost minimisation is the 
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right optimisation criterion, instead of performance indicators concerning e.g. JIT 

delivery or the controllability of return flows. One should realise that the logistic costs 

part of this optimisation represent about 10% of the overall cost price. Also, 

constraints may be altered. In this study, we assume that processes can be installed at 

different locations, which implies that the processes dismantling, preparation and re-

assembly are separable. However, it can be argued that separating these three 

processes has serious drawbacks in terms of the maintenance of know-how on 

machines, education of staff, instruction of staff, quality control, logistic control and 

administration. These arguments are in favour of keeping all three processes on one 

location, which changes the optimisation problem.  

Finally, opportunities for improvement may also be found in internal logistics and the 

forward chain. Especially the possibility of an integral re-design of forward and 

reverse logistic network may be interesting because of the strong interactions between 

forward and reverse processes. This goes not only for the HV02- and VHV04-

machine, but for a broader product range. Internal logistics may be addressed after 

external logistics has been dealt with.  

 

6.4.3 Conclusions 

 

In the conclusion, we come back to the goals defined in Section 6.1 and also address 

directions for further research. The goals we set were: (i) determine an optimal design 

for the reverse logistic network for the HV02- and VHV04-machines and (ii) test the 

practical viability of the model developed in Chapter 5. 

With respect to optimisation, we have optimised a sub-network for the HV02-machine 

for three scenarios and also we compared three re-designs for the reverse logistic sub-

network given by Océ-management. The VHV04-machine was left out due to lack of 

data. This caused no problems for the HV02-machine, because parameters are product 

specific, hence the networks of both products can be optimised separately. From the 

results we conclude that the decision to install activities in the Czech Republic for the 

HV02-machine must be well motivated from a strategic point of view, since there are 

no convincing economical reasons. Moreover, the underlying optimisation criteria 

(cost minimisation) can be criticised in relation to Océ’s business strategy, hence it 

should be reviewed whether quality indicators should have a higher weight. Other 
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future issues for Océ include the improvement of internal logistics and the advisability 

of an integral re-design  of the reverse and forward logistic network. 

With respect to modelling we have found that different product recovery situations 

require different optimisation models, as we anticipated in Chapter 5. Concepts from 

our model could be used in an adapted version. Additional research is necessary to 

develop logistic optimisation models for a wider scope of product recovery situations 

encountered in business practice.  
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Appendix 6-1  

MILP-model for optimisation of HV02-machine network 

 
Based on the network graph of Figure 6-4, we construct an single product MILP-

model. The following symbols are used to identify the modelling elements: 
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indices: 

 

i  return product, i=1 (HV01) 

p process, p=ps,p1,p2,pm (process at supply location: preparation, re-

assembly and secondary markets respectively) 

f facility location, f=f1,f2,f3 (Venlo 1, Venlo 2, Prague) 

F(p) set of feasible locations f for process p, with F(p1)={Venlo 1, Venlo 2, 

Prague}, F(p2)={Venlo 2, Prague} 

k facility (p,f), f∈F(p) with  

k1 = (p1,f1), k2 = (p1,f2), k3 = (p1,f3), k4 = (p2,f2), k5 = (p2,f3) 

s  supply locations, s=s1,s2,s3 (Venlo 1, Venlo 2, CZ3) 

d  demand locations, d=d1,d2,d3 (Venlo 5, NL2, CZ2) 

m  secondary market, m=m1,m2 (HV02, parts recycling) 

t  process supplies, t=t1,t2 (process supplies, twin fin module) 

IN(k)  inbound buffer stock of return flow  at facility k  

OUT(k) outbound buffer stock of return flow  at facility k 

IN(t,k)  inbound buffer stock of process supplies t at facility k 

OUT(t,s) outbound buffer stock of process supplies t at supply location s 

OUT(s) outbound buffer stock of return flow at supply location s 

IN(pm,d) inbound buffer stock of return flow  at demand point (pm,d) 

FIXk yearly constant processing costs when facility k is opened, investment 

costs are excluded 

 

parameters: 

 

ck  unit cost of processing return product  at facility k 

csk  unit cost of transporting return product  from supply location s to  

  facility k 

ckj  unit cost of transporting return product  from facility k to facility j 

ckd  unit cost of transporting return product  from facility k to demand  

  location d 

ct
sk  unit cost of transporting process supplies t from supply location s to 

  facility k 
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chin(k)  yearly unit holding costs of return product flow  entering facility k 

chout(k)  yearly unit holding costs of return product flow  leaving facility k 

chout(s)  yearly unit holding costs of return product flow  leaving supply  

  location s 

chin(m) yearly unit holding costs of a return product flow ready to be used in 

market m 

cht  yearly unit holding costs of process supplies t 

λsk  av. no. of days between two transports from s to k divided by (2*365) 

λkj  av. no. of days between two transports from k to j divided by (2*365) 

λkd  av. no. of days between two transports from k to d divided by (2*365) 

u(ps,p) fraction of return product flow at supply location s to be supplied to 

process p installed at any facility k, k∈K(p) 

v(pk,p)  fraction of return product flow  processed by process pk at facility k 

  to be processed by process p at any facility j, j∈K(p) 

w(pk,pm) fraction of return product flow  processed by process pk at facility k to 

be reused in market m at any demand location d with Vd
m>0 

ut(ps,pk) number of units of process supplies t supplied from s, needed when one 

unit of return product flow is subjected to process pk installed at k 

Vs  yearly supply of return product flow at supply location s 

Vm
d  yearly demand of market m at location d 

Vt
s  maximal yearly supply possible for process supplies t at supply  

  location s 

M  a very large number 

 

decision variables: 

 

Xk  total no. of return flow units  processed at facility k per year 

Yk  boolean, value is 1 if facility k is opened else 0 

Xsk total no. of return flow units  transported from supply location s to 

facility k per year 

Xkj  total no. of return flow units  transported from facility k to facility j per 

  year 
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Xkdm  total no. of return flow units  transported from facility k to market m at 

  demand location d per year 

Xt
sk total no. of process supplies units t supplied from supply location s to 

facility k per year 

Xin(k)  average no. of return flow units  stored in inbound buffer at facility k 

Xin(t,k)  average no. of process supplies units t stored in inbound buffer at  

  facility k 

Xout(k) average no. of return flow units  stored in outbound buffer at facility k 

Xout(t,s) average no. of process supplies units t stored in outbound buffer at 

supply location s 

Xout(s)  average no. of return flow units  stored in outbound buffer at supply 

  location s 

Xin(pm,d)  average no. of return flow units  stored in inbound buffer at demand

  point (pm,d) 

 

Now the MILP-model becomes: 

 

MINIMISE  (processing costs + transportation costs + inventory costs) (6-1) 

∑k ck*Xk + ∑k
FIXk*Yk + 

∑s ∑k csk*Xsk + ∑k ∑ j ckj*Xkj +∑k ∑d ∑m ckd*Xkdm + 

∑t ∑s ∑k ct
sk*Xt

sk + ∑k chin(k)*Xin(k) +∑k chout(k)*Xout(k) + ∑t ∑s cht*Xout(t,s) 

+ ∑t ∑k cht*Xin(t,k) + ∑s chout(s)*Xout(s)
 + ∑d ∑m chin(m)*Xin(pm,d) 

 
subject to 
 
Vm

d = ∑ = 2, ppk k
 Xkdm     with d=d1,m=m1 (6-2) 

Vm
d ≥ ∑ = 1, ppk k

Xkdm     with d=d2,d3,m=m2 (6-3) 

Xk*w(pk,pm) = ∑d Xkdm    ∀k∀m   (6-4) 

Xk*v(pk,p) = ∑ ∈ )( pKj Xkj    ∀k ∀p≠pk  (6-5) 

Vs*u(ps,p) ≥ ∑ ∈ )( pKk Xsk    ∀s ∀p   (6-6) 
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Xk = ∑s Xsk + ∑ ≠kj Xjk    ∀k   (6-7) 

Vt
s ≥ ∑k Xt

sk      ∀t∀s   (6-8) 

Xt
sk = Xk*ut(ps,pk)     ∀t ∀s ∀k  (6-9) 

Xin(k) = ∑s Xsk*λsk + ∑ ≠kj λjk*Xjk   ∀k   (6-10) 

Xout(k) = ∑ ≠kj Xkj*λkj +∑d ∑m Xkdm*λkd  ∀k   (6-11) 

Xin(t,k) = ∑s Xt
sk*λsk     ∀t ∀k   (6-12) 

Xout(t,s) = ∑k Xt
sk*λsk     ∀t ∀s   (6-13) 

Xout(s) = ∑k Xsk*λsk     ∀s   (6-14) 

Xin(pm,d) = ∑k Xkdm*λkd    ∀m∀d   (6-15) 

Yk*M ≥ Xk      ∀k   (6-16) 

∑ = ppk k,
Yk = 1     ∀p   (6-17) 

Yk2 = Yk4         (6-18) 

Yk1+Yk3 = Yk5 

Yk=0,1          (6-19) 

all Xk,Xsk,Xkj,Xkdm are integer 

all Xt
sk, X

in(k), Xin(t,k), Xout(k),Xout(t,s),Xout(s), Xin(pm,d)≥ 0 

 

Objective function (6-1) minimises overall costs. The balance equations (6-2) to (6-7) 

make sure that input and output of facilities are balanced in the system according to 

the PRD-strategies implemented. Constraints (6-8) to (6-9) guarantee that sufficient 

process supplies are provided. Constraints (6-10) to (6-15) make sure that buffer 

inventories are installed correctly. Constraint (6-16) and (6-17) enforce that one 

facility is opened for each process. Constraints (6-18) reflect the limitations in 

combining processes at locations, such as described in paragraph 6.2.4. Finally, some 

logical constraints are formulated in (6-19) which speak for themselves. 

The parameters λ are used to estimate the average time an item is stored in a buffer, 

which is assumed to be 0.5*(mean time between transport). Our modelling 

assumptions include: 

 

• Supply and demand are equally spread over the planning period. 
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• The capital value of return flows is the sum of the material values, added value 

through labour and transportation is zero. Parts to be recycled have zero capital 

value. 

• All parts released in dismantling are re-assembled in re-assembly. 

• All parts released in preparation are re-assembled in preparation. 

• Pipeline inventories, i.e., items in trucks during transportation are ignored. 

• Working inventories, i.e., items in process, are ignored. 

• Transportation costs are calculated per single trip, assuming that trucks are also 

full on related return trips. 

• Internal transport is neglected. 

• The transportation matrix is symmetric. 

• A week has 7 days, a year 365 days. 

 

Finally, we note that a part of the telecommunications costs should be added to the 

objective function, in case processes are installed in Prague. 

 

Appendix 6-2 Specification of parameter settings HV02-machine 

 

For reasons of confidentiality, numbers in this appendix have been multiplied by 

certain factors and the monetary unit is not mentioned. 

 
Table 6-4: Unit processing costs per facility 
k ck 
k1 = (p1,f1) 429 
k2 = (p1,f2) 429 
k3 = (p1,f3) 143 
k4 = (p2,f2) 1116 
k5 = (p2,f3) 378 
 
Table 6-5: Unit transportation costs between supply locations and facility locations 
csk fk= f1 fk=f2 fk=f3 

s1 0 2.5 132 
s2 2.5 0 132 
s3 132 132 ∞ 
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Table 6-6: Unit transportation costs between facility locations 
ckj fj= f1 fj=f2 fj=f3 

fk=f1 0 2.5 132 
fk=f2 2.5 0 132 
fk=f3 132 132 0 
 
Table 6-7: Unit transportation costs between facility locations and demand points 
ckd (pm1,d1) (pm2,d2) (pm2,d3) 
fk=f1 2.5 -12 ∞ 
fk=f2 2.5 -12 ∞ 
fk=f3 132 ∞ 0 
NB: other possible transportation links are not relevant in Table 6-7. For (pm2,d2), costs are negative 
due to revenues from recycling. 
 
 
Table 6-8: Unit transportation costs from supply locations to facility locations for t=t1 
ct1

sk fk= f1 fk=f2 fk=f3 

s1 ∞ ∞ ∞ 
s2 2.5 0 35 
s3 ∞ ∞ ∞ 
 
Table 6-9: Unit transportation costs from supply locations to facility locations for t=t2 
ct2

sk fk= f1 fk=f2 fk=f3 

s1 ∞ ∞ ∞ 
s2 ∞ ∞ ∞ 
s3 ∞ 93 12 
 
Table 6-10: Unit holding costs per year per facility k for inbound buffer stock 
pk chin(k) 

p1 1259.25 
p2 1635.20 
 
Table 6-11: Unit holding costs per year per facility k for outbound buffer stock 
pk chout(k) 

p1 1635.20 
p2 4234.00 
 
Table 6-12: Unit holding costs per year for process supplies 
t cht 

t1 365 
t2 773.80 
 
Table 6-13: (number of days between transport between supply and facility locations)/(2*365)  
λsk fk= f1 fk=f2 fk=f3 

s1 0 2.74 10E-3 9.58 10E-3 
s2 2.74 10E-3 0 9.58 10E-3 
s3 9.58 10E-3 9.58 10E-3 2.74 10E-3 
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Table 6-14: (number of days between transport between facility locations)/(2*365)  
λkj fj= f1 fj=f2 fj=f3 

fk=f1 0 2.74 10E-3 9.58 10E-3 
fk=f2 2.74 10E-3 0 9.58 10E-3 
fk=f3 9.58 10E-3 9.58 10E-3 0 
 
Table 6-15: (number of days between transport between facility and customer 
locations)/(2*365)  
λkd d1 d2 d3 
fk=f1 2.74 10E-3 2.74 10E-3 ∞ 
fk=f2 2.74 10E-3 2.74 10E-3 ∞ 
fk=f3 9.58 10E-3 ∞ 2.74 10E-3 
 
NB: all transportation matrices are symmetrical. 
 
Table 6-16: Fraction of return product flow  transported from s to any k with pk=p 
u(ps,p) p1 p2 

s1 1 0 
s2 0 0 
s3 0 0 
 
Table 6-17: Fraction of return flow  transported from k to any j with pj=p 
v(pk,p ) p=p1 p=p2 

pk=p1 0 1 
pk=p2 0 0 
 
Table 6-18: Fraction of return flow  transported from k to any d with demand for market m 
w(pk,pm) m=m1 m=m2 
pk=p1 0 1 
pk=p2 1 0 
 
Table 6-19: Number of units of process supplies t=t1 needed for processing one unit of return 
flow 
ut1(ps,pk) pk=p1 pk=p2 

s=s1 0 0 
s=s2 0.6 5.3 
s=s3 0 0 
 
Table 6-20: Number of units of process supplies t=t2 needed for processing one unit of return 
flow 
ut2(ps,pk) pk=p1 pk=p2 

s=s1 0 0 
s=s2 0 0 
s=s3 0 1 
 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 238 
 

Table 6-21: Volumes 
flow: 

location: 
i=1 
Vi

s 

t1 

Vt
s 

t2 m1 

Vm
d 

m2 

s1 ∞ 0 0   
s2 0 ∞ 0   
s3 0 0 ∞   
d1    875 0 
d2    0 ∞ 
d3    0 ∞ 
 
Table 6-22: Constant processing costs per facility 

 
facility 

Fixed costs   

k1 

k2 
k3 
k4 
k5 

228,875 
228,875 
323,125 
489,375 
749,875 

  

 



Chapter 7 

General summary and discussion 
 

In this chapter, we summarise the contents of this thesis in Section 7.1. In Section 7.2, 

we discuss the major contributions of this thesis. In Section 7.3 we give directions for 

further research. 

 

7.1 Summary 

 

In this thesis, we study the set-up of a reverse logistic system for durable consumer 

products with complex assembly structures. In particular, we study two research 

questions: (i) the determination of a recovery strategy, i.e., an optimal degree of 

disassembly and an optimal assignment of recovery and disposal options to the 

product or its released components, (ii) the determination of a (geographic) reverse 

logistic network design, i.e., optimal locations and capacities for processes as well as 

optimal good flows between these locations. In general, the complex assembly 

structures of durable consumer products force us to decouple the optimisation of 

recovery strategies and reverse logistic network design: the recovery strategy serves 

as input for the logistic network design. This may cause the eventual solution to be 

theoretically sub-optimal for the original problem, but as a form of hierarchical 

decomposition it reduces problem complexity. In Chapter 1 we introduce the problem. 

We start off with summarising this chapter. 

The necessity of setting up a reverse logistic system results from recent environmental 

developments. New government policies are based on the concept of Integral Chain 

Management (ICM), which aims at closing material flows, thereby limiting emissions 

and residual waste. A common trend in European policies is to make the Original 

Equipment Manufacturer (OEM) responsible for take-back and recovery of discarded 

products. Thus, industry is (legislatively) made responsible for solving the waste 

problem. Consumer demand for recycling and economic gains may be additional 

driving forces to enhance (extended) producer responsibility. Compulsory take-back 

and mandatory recovery confronts the OEMs with a set of managerial problems; a 
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new field called Product Recovery Management (PRM) emerges. As sub-aspects, 

PRM regards technology (e.g. Design For Recycling), marketing (e.g. developing 

secondary end markets), information (e.g. forecasting return flows), organisation (e.g. 

strategic alliances), finance (e.g. how to finance non-profitable recovery) and reverse 

logistics. Within the latter field, relevant issues include the adaptation of MRP-

systems, product and inventory control and also the set-up of a reverse logistic 

system, which is the subject of this thesis. In our research, we develop logistic 

optimisation models concerning recovery strategies and reverse logistic network 

design. The models are implemented in software and tested on artificial problems. 

Subsequently, the practical applicability is tested in business cases, conducted at 

Roteb, municipal waste company of the city of Rotterdam and Océ, copier firm in 

Venlo (NL). We focus on reverse chains of durable consumer products, taking a 

tactical management view and considering the OEM as the central decision maker in 

the chain. 

In Chapter 2, we develop an optimisation model for determining a recovery strategy 

for a single product, referred to as PRD-strategy. Starting point is the disassembly 

tree, which describes the disassembly structure for the return product in question. The 

return product itself acts as the root of the tree and retrievable modules, parts, sub-

parts, etc. are identified and represented in various sub-levels. Products as well as 

retrievable components are called assemblies. It is supposed that each assembly is 

classified according to its quality class, once it is collected or released after 

disassembly. To this end, classification tests are installed as part of the PRD-strategy. 

Next, an inventarisation of the feasibility of Recovery and Disposal (RD-) options for 

each assembly of the disassembly tree is made. Note that feasibility does not only 

refer to the quality of the assembly, but also to other technical as well as commercial 

and ecological criteria. Now, the main part of a PRD-strategy is a complete set of 

conditional assignment rules: if assembly j in level "  is in quality class q, then it is 

treated according to option r, where option r is either processing by some RD-option 

or disassembly. Note that the set of feasible RD-options can be empty and 

disassembly is not allowed at the lowest assembly level. Once it is determined that an 

assembly is to be processed by an RD-option (and thus not disassembled), this 

decision is automatically dominant over the optimal RD-options of all the children of 
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this assembly. The assignment rules are optimised over all possibilities. The objective 

of the optimisation is maximisation of the expected net profit while meeting technical, 

commercial and ecological constraints. The objective function incorporates technical, 

commercial and ecological feasibility criteria, quality classes and uncertainty aspects. 

Input for the optimisation will be disassembly costs for each disassembly step, 

processing costs and revenues for each RD-option, both per assembly. Other 

ingredients are the conditional probabilities for finding an assembly in a certain class 

(defined by the technical state of the assembly), when disassembling the parent 

assembly of a pregiven class. We develop an efficient DP-algorithm for the 

optimisation job. A sub-procedure is developed for material recycling options, in 

order to specify optimal recycling options for all materials present in an assembly. 

The output of the optimisation is a PRD-strategy and its expected overall net profit. A 

discussion is held on the different reasons for uncertainty and the fact that only 

uncertainty in product related criteria can be dealt with by the classification scheme. 

A TV example is worked out to illustrate the working of the model. 

As an extension of this theory, Chapter 3 deals with the determination of a recovery 

strategy for a multi-product situation. In general, OEMs of durable assembly products 

are confronted with legislative take-back and recovery obligations for multiple types 

of return products. Of course, a PRD-strategy can be determined independently for 

each single product, in the way we described in Chapter 2. However, in case these 

products belong to one (coherent) product group, e.g. electronic products or cars, one 

will find that decision criteria differ in nature: some decision criteria apply to single 

products while others apply to the product group as a whole. Optimisation at the 

group level involves optimising some objective function with respect to these decision 

criteria, where it may be necessary to engage in trade-offs, e.g. a trade-off between 

profit and amount of recycled content. As a result, one may have to go back to the 

product level, in order to improve on the group level decision criteria. In other words, 

alternative PRD-strategies may be assigned to single products for the benefit of group 

level decision criteria. We propose a two-stage optimisation procedure: (i) a 

procedure to determine alternative PRD-strategies for single products in view of 

group level optimisation, resulting in a set of potentially applicable PRD-strategies 

per single product and (ii) an optimisation model for the assignment of PRD-strategies 

at the product group level, resulting in a recovery strategy at the product level, 
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referred to as GRD-policy. In step (i), we use a heuristic procedure to modify the sets 

of allowed recovery, disposal and disassembly options to improve the performance on 

various group level decision criteria and repeat optimisation at the single product level 

with the stochastic DP-model of Chapter 2. In this way, alternative recovery strategies 

at the product level are generated for each product part of the product group. In step 

(ii), a MILP-model is developed to select an optimal strategy from the set of 

alternatives for each product, balancing conflicting objectives at the group level. Also 

here, theoretical examples are worked out to illustrate the working of the procedure in 

case of TVs. 

The full scope of the modelling the Chapters 2 and 3 is applied in a business case 

carried out at Roteb (municipal waste company of Rotterdam) in Chapter 4. It 

concerns the recovery of PC-monitors, where recovery is limited to material 

recycling. The aim of the project is on the one hand to analyse the economic viability 

of recycling pc-monitors and on the other hand to test the practical applicability of the 

models developed. The single product model of Chapter 2 needs to be modified in two 

ways: (i) a typology of monitors was added to reduce the number of product types and 

hence the number of PRD-strategies to be determined, (ii) the classification scheme is 

not based on return quality, but on presence and material composition of assemblies, 

disassembly times and modularity of construction. The resulting problem is optimised 

for each of the six pseudo-types of monitors. In general, three disassembly levels are 

distinguished: the product level, the module level and the part level. At the highest 

two levels, assemblies are recycled ‘mixed’, resulting in secondary materials of 

relatively low quality. At the lowest level, parts are separated per type of material and 

higher quality recycling is possible. Now, two PRD-strategies (a) and (b) are 

determined for each pseudo-type: in (a) only full disassembly and high quality 

recycling is allowed and in (b) also mixed recycling options are allowed. In both 

cases, economic costs are minimised. At the product group level, two GRD-policies 

(c) and (d) are compared: in (c) all products are recycled by PRD-strategy (a) and in 

(d) all products are recycled by PRD-strategy (b). Combined strategies are not 

considered.  Optimisation results indicate that GRD-policy (c) has a cost price of Dfl 

1.01/kg and (d) has a cost price of Dfl 0.75/kg. This difference of Dfl 0.26/kg is partly 

due to lower variable costs (Dfl 0.06) and partly due to a better coverage of fixed 

costs (Dfl 0.20). The latter is the result of a higher turnover that can be realised, 
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because the average disassembly time goes down (given fixed capacity and assuming 

sufficient supply). The fixed cost coverage issue poses the only conceptual problem 

with respect to the modelling of Chapter 3. However, the model allows for additional 

decision criteria at the product group level, hence this causes no real trouble. The 

implementation of recovery strategies for material recycling must be formulated in a 

simplified way, because reading instructions of recovery strategies may be too time 

consuming compared to the disassembly times (3-7 minutes). In other words, too 

complex formulation of recovery strategies makes the recovery of monitors 

economically infeasible in itself. Also, the length of the planning period may be 

shortened in hectic markets, but then the nature of the recovery strategies becomes 

operational instead of tactical. Additional improvements in the organisation can 

reduce the cost price to Dfl 0.57 per kg. 

In the second part of this thesis we present a model for the (geographic) reverse 

logistic network design in Chapter 5. After having determined how to handle forecast 

return flows in recovery strategies, we now determine where to do what. In other 

words, we choose efficient locations and capacities to install processes and optimise 

good flows between the chosen locations. In order to implement the recovery strategy 

properly, we use the concept of graphs. A processing graph reflects the sequence of 

processes needed to realise a single product recovery strategy. A transportation graph 

reflects the available facility locations and transportation links between the locations. 

Now, the collective of the processing graphs is projected on the transportation graph, 

which results in a network graph. A network graph represents a ‘maximal’ reverse 

logistic system, i.e., it incorporates all assignments of processes to locations as well as 

transportation links allowed by the processing graphs and the transportation graph. 

We formulate a MILP-model to select an optimal sub-graph from the network graph, 

i.e., a sub-graph that has the lowest overall cost and meets capacity and other 

constraints. This sub-graph represents the reverse logistic network design. Because of 

the complexity of the problem, we develop a heuristic algorithm in order to solve 

large problem instances in reasonable time. The working of the model is illustrated by 

four examples. Finally, we discuss some extensions of the model, such as 

differentiation of costs per product, the inclusion of inventories and supplying 

processes and also the integration of forward and reverse logistic network design. 



RECOVERY STRATEGIES AND REVERSE LOGISTIC NETWORK DESIGN 244

In Chapter 6, we discuss a business case study carried out at Océ, a copier firm in 

Venlo (NL). Here, we test the practical applicability of the model described in the 

previous chapter. The research focuses at the instalment of remanufacturing processes 

for copying machines. In remanufacturing, return machines are partly disassembled to 

a fixed level, after which suspicious or bad parts are additionally removed. 

Subsequently, repaired or totally new components (with improved functionality) are 

added. Thus, an entirely new type of machine is manufactured. The reverse chain 

consists of three main recovery processes: (i) dismantling, in which return products 

are disassembled to a prefixed level, (ii) preparation, in which critical parts are 

inspected and if necessary replaced and (iii) re-assembly, where the remaining carcass 

of the returned machine is actually remanufactured into a new machine by assembling 

repaired and new components into it. The main processes are supported by supportive 

processes, such as central stock keeping, sub-assembly production, material recycling 

etc. In our research we suppose that the supplying processes as well as dismantling are 

fixed and that locations and good flows must be optimised for preparation and re-

assembly. There is a choice from two locations in Venlo (NL) and one in Prague 

(Czech Republic), where assignments are subjected to managerial constraints. 

Conceptually, we adapt our model in some respects, we summarise the most 

important ones. Firstly, some additional elements are built in, such as process supplies 

(i.e., repaired and new parts, new modules, test and packaging materials), buffer 

inventories (inventories resulting from periodic transportation) etc. Secondly, cost 

functions are defined per product per process, i.e., according to the controlling 

department no economies of scale can be realised by installing multiple processes at 

one location. Although we feel that this is not a realistic representation of cost 

functions, we have no other option than to use this cost function, since it is impossible 

to trace real cost behaviour. Thirdly, we only optimise a part of the reverse chain, due 

to the fixation of dismantling and the supportive processes. Despite the changes, basic 

concepts of our model, such as the processing graph, transportation graph and 

network graph, prove to be applicable. As a result of the model changes, the heuristic 

cannot be used and we have to rely on a solver. Also, the scope is limited and the 

network optimisation can be done per product. We limit ourselves to an optimisation 

of the HV02-machine, since data are available on this machine. We optimise on total 

operational costs over all possibilities and also compare three pregiven managerial 
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solutions (=network designs). One of these managerial solutions, installing all 

processes in Prague, appeared to be the overall optimum concerning operational 

costs. However, this solution also requires the highest investments. In general, 

differences in economic costs were very small, hence installing recovery activities in 

Prague for the HV02-machine must be well motivated from a strategic point of view. 

Moreover, we argue that besides cost minimisation, Océ should include performance 

indicators, such as JIT, reliability, in logistic optimisation to support its quality 

oriented business strategy. Also, we argue that in a re-design situation, such as the 

case here, an integral re-design of forward and reverse chain is favourable, because 

the interactions between reverse and forward processes affect overall optimality 

strongly. 

 
7.2 Discussion 

 

7.2.1 Scientific contributions 

 

Scientifically, we claim that some interesting contributions are made to OR-literature 

regarding reverse logistics, in particular regarding the subjects discussed below. 

 

Recovery strategies 

 

Return flows involve a considerable amount of uncertainty. Especially uncertainty in 

quantity and quality are of relevance for the set-up of a reverse logistic system. In 

order to deal with this, traditional OR methods for sensitivity analysis, such as shadow 

prices and scenario analysis, can be used for most problem parameters. However, we 

found that some problem parameters are product related, which means that 

information regarding the actual value of this parameter is released in the disassembly 

process. For this reason, we introduced a classification scheme with conditional 

probabilities in our single product recovery model. Compared to other models, this is 

a significant new feature. Because of the tactical nature of our model, we do not 

optimise disassembly sequences and assume a fixed disassembly tree, which reduces 

problem complexity. We have also modelled the recovery problem for a multi-product 

situation, resulting in a two-level procedure. The distinction of single versus multi-
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product optimisation is also new: although there are several assignment models for 

multi-type waste stream recovery, these models focus at mixed (urban) waste streams 

and do not deal with complex disassembly structures at a single product level. 

Moreover, we explicitly link commercial, technical and ecological feasibility criteria 

to the optimisation procedure and develop a separate sub-procedure for material 

recycling.  

Compared to forward logistics, we argue that the recovery or disassembly strategy is 

not immediately contained in the assembly strategy. At first sight, one may argue that 

a disassembly strategy may be found by inverting the assembly strategy. However, 

there are three obvious differences: (i) a disassembly tree can be quite different from 

the assembly tree, due to obsoleteness, corrosion or construction methods, (ii) in 

assembly processes, there is no information hidden in the product concerning the 

product related parameters, hence the classification scheme is not applicable here and 

(iii) usually, no matching of supply and demand needs to be done in forward logistic 

chains of durable consumer products, since these are generally demand driven. 

 

Reverse logistic network design 

 

We made a comparison of reverse logistic models available in the literature and 

modelling requirements for reverse chains in Table 5-1. Below, we repeat this table 

for convenience.  

 
Table 5-1: Literature models matched with requirements of reverse chains (repeated) 
mo- 
del 

multi-
cap. 
levels 

loc.-
alloc. 

S&D 
volume  
balanced 

proc. 
graphs 
 

conv.& 
div. of 
sub-str. 

no. of 
pro- 
ducts 

no. of 
echl. 

algo- 
rithm 

new + 
exist. 
fac. 

Caru no yes no no no 1 1 heur no 
Osse no no no no yes 1 2 LP no 
Pugh no no no no ? 1 ? LP no 
Mark no yes no no no 1 1 B&B no 
Gott yes yes no no no 1 1 B&B yes 
Spen yes yes no no yes multi multi MILP no 
Barr no yes yes implic. yes 1 2 heur no 
Thie no no no no no 1 2 LP no 
Kooi no yes yes yes yes 1 multi MILP no 
 

None of the models had all features required, in particular regarding the 

implementation of recovery strategies in logistic network design, but also regarding 
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e.g. cost functions, convergence/divergence or number of echelons. Therefore, we 

developed a new MILP- model that covers all modelling requirements of Table 5-1 as 

well as a heuristic algorithm to quickly obtain nearly optimal solutions. Because our 

model incorporates all requirements in an integral way, we think that it has an added 

value.  

In comparison with forward logistics, we observed four differences between forward 

and reverse chain characteristics: (i) reverse chains are push-pull while forward chains 

are pull, (ii) reverse chains have stronger divergence and convergence of good flows, 

(iii) a processing graph must be implemented in the network design and (iv) reverse 

logistic systems cover more echelons due to a higher number of processing steps. We 

also concluded that differences (ii), (iii) and (iv) result from a difference in scope in 

traditional OR-models. This observation is supported by (Thomas and Griffin, 1996). 

They claim that traditional (forward) OR-models focus on one of the stages in the 

supply chain: procurement, production or distribution. In reverse logistics the full 

reverse chain is integrally optimised, which leads to other problem characteristics, 

including increased computational complexity. Extension of the scope in forward 

chains leads to the same problems, hence the characteristic are the same except for the 

only fundamental difference concerning the push-pull nature of reverse chains. 

Although the matching of supply and demand has been dealt with in the recovery 

strategy, the locational problem includes transhipment characteristics, which makes it 

different from forward logistic network design. 

In a closed loop re-design situation, it may be necessary to further widen the scope of 

the models, eventually leading to integral optimisation of forward and reverse chain 

simultaneously. We also described how our model can be extended for integral 

logistic re-design. Note that the computational complexity of integral models may 

require the development of new, even more efficient heuristics. 

In general, we conclude that in the design of both separate and integral reverse logistic 

networks, traditional logistic concepts must be reviewed with respect the issues 

mentioned above. 
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7.2.2 Practical contributions 

 

The practical value of this thesis lies in the development of decision support models in 

setting up an efficient reverse logistic system. We stated in our problem definition that 

although Integral Chain Management (ICM) may have been invented for ecological 

reasons, it can only be successfully implemented in business practice if economically 

viable. With our models, implemented in prototype decision support software, we 

eventually hope to contribute to the practical implementation of ICM. The cases of 

Roteb and Océ improve the practical value of the models, since we are able to analyse 

conceptual shortcomings. We can also derive directions for further research. 

Finally we note that some key assumptions made may not necessarily hold in all 

situations. For example, the OEM may not be the central decision maker in the chain, 

but instead service companies or municipal waste haulers are dominant. Also, good 

forecasts may not be available, financing and organisation may not be arranged etc. 

However, we do believe our assumptions are realistic and provide a good basis for 

analysis, both in theoretical and practical respect. In future research, alternative 

problem definitions, with different assumptions may be addressed. 

 

7.3 Further research 

 

Below, we list a number of interesting issues for further research, related to the 

subjects studied in this thesis. 

 

• Forecasting of return flows and secondary markets. 

• Extension of the modelling of recovery strategies with flexible disassembly 

sequences related to classification scheme, economies of scale effects, trade-off 

between using old or new components and distinguishing geographic differences 

in parameters. 

• Extension of reverse logistic network design modelling with logistic performance 

indicators, efficient algorithms for integral models and the set-up of collection 

systems. 
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• The effects of sub-aspects of Product Recovery Management, e.g. financing or 

strategic alliances, on the set-up of reverse logistic systems. 

• Iterations between recovery strategy and logistic network optimisation, because of 

their mutual impact on parameter settings, thus testing the robustness of solutions. 

• The operational implementation of recovery strategies. 

 

Clearly, the subject of Product Recovery Management and Reverse Logistics has 

great opportunities, both from a practical and theoretical point of view. In this thesis 

we try to make a modest, but worthwhile contribution to the know-how in this new 

field of management. 
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Chapter 8 

Samenvatting 
 

De hedendaagse samenleving heeft te maken met een toenemende stroom afgedankte 

produkten en verpakkingen. Om de problemen het hoofd te bieden gaan de overheden in 

Europa hun milieubeleid volgens een nieuw concept, Integraal Ketenbeheer, 

vormgeven. Integraal Ketenbeheer is erop gericht materiaalstromen te sluiten, teneinde 

emissies en restafval te minimaliseren. 

Overheden kunnen dit echter niet zelf realiseren. Middels wetgeving en regulering wordt 

het probleem verlegd naar de industrie middels de zogeheten producenten-

verantwoordelijkheid. Producenten worden verantwoordelijk gesteld voor terugname, 

herwinning en hergebruik van hun eigen produkten wanneer deze in het afvalstadium 

zijn terechtgekomen. Dit betekent dat de traditionele logistieke keten moet worden 

uitgebreid met een retourketen, bestaande uit de stappen inzameling, herwinning en 

hergebruik. 

Hergebruik kan op verschillende manieren worden gerealiseerd. Allereerst moet een 

onderscheid worden gemaakt naar niveau van hergebruik, dat wil zeggen produkt en 

verschillende niveaus van componenten. Daarnaast zijn verschillende toepassingen 

mogelijk: bijvoorbeeld origineel hergebruik, recycling, laagwaardiger toepassingen, 

alternatieve aanwending en energieherwinning. Tenslotte is er de ‘traditionele’ 

afvalverwerking: verbranden en storten.  

Het realiseren van een integrale supply chain confronteert producenten met vele nieuwe 

management problemen. Dit nieuwe gebied wordt wel samengevat met de term Product 

Recovery Management. Retourlogistiek is één van de onderdelen van Product Recovery 

Management. Binnen retourlogistiek spelen problemen als het aanpassen van MRP-

systemen, het aanpassen van produktieplanning en voorraadbeheer en het opzetten van 

een efficiënte retourlogistieke keten. Dit laatste is het centrale onderwerp van dit 

proefschrift. 

Het opzetten van een retourketen geschiedt grofweg in drie stappen: (i) het voorspellen 

van hoeveelheid, samenstelling en kwaliteit van retourstromen, alsmede het voorspellen 

van interne en externe secundaire eindmarkten, (ii) het bepalen van een recovery 
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strategie, waarin demontagegraad en optimale herwinningsopties worden bepaald en (iii) 

het fysiek (geografisch) ontwerp van de retourlogistieke keten, waarin wordt bepaald 

welke faciliteiten, waar, met welke capaciteit worden geïnstalleerd en hoe 

goederenstromen lopen tussen deze faciliteiten. In dit proefschrift komen de vragen (ii) 

en (iii) aan de orde. Wij richten ons op ketens van duurzame samengestelde 

consumentenprodukten, waarbij de fabrikant als centraal verantwoordelijke en 

beslissingsnemer in de keten wordt beschouwd. Economische doelstellingen staan 

centraal en milieu-aspecten worden als kritische randvoorwaarde beschouwd. Binnen dit 

onderzoek worden logistieke optimalisatie (OR-) modellen ontwikkeld, die worden 

geïmplementeerd in software. Deze software geeft beslissingsondersteuning in het 

opzetten van een efficiënte retourlogistieke keten in de stappen (ii) en (iii). Belangrijk is 

dat de recovery strategieën dienen als input van het retourlogistieke netwerk ontwerp, 

aangezien de logistieke keten voldoende capaciteit moet leveren voor het realiseren van 

deze recovery strategieën. 

In Hoofdstuk 1 wordt een inleiding gegeven op Integraal  Ketenbeheer, Product 

Recovery Management en retourlogistiek. Ook wordt een vraagstelling geformuleerd 

waarin als gezegd het formuleren van recovery strategieën en het retourlogistiek netwerk 

ontwerp centraal staan. In Hoofdstuk 2 wordt een optimalisatiemodel ontwikkeld voor 

het bepalen van een recovery strategie voor één produkt type. Hierbij wordt vooral 

aandacht geschonken aan onzekerheidsaspecten van produktgebonden eigenschappen, 

zoals retourkwaliteit. In Hoofdstuk 3 breiden we dit model uit voor een multi-produkt 

situatie. Hierbij is vooral van belang dat sommige optimalisatie criteria op individueel 

produkt niveau spelen en andere op groepsniveau worden gedefinieerd. In Hoofdstuk 4 

worden de modellen van Hoofdstuk 2 en 3 toegepast bij Roteb, de stadsreiniger van 

Rotterdam. Enkele wijzigingen blijken nodig om het model toepasbaar te maken, maar 

dit levert geen onoverkomelijke problemen op. Belangrijkste praktische resultaat is dat 

de kostprijs van monitor-recycling met Dfl 0.26 per kg omlaag kan m.b.v. onze 

modellering en nog eens Dfl 0.18 per kg verlaging kan worden bereikt door aanvullende 

verbeteringen. Hierbij moet worden aangetekend dat Roteb nog in een opstartfase 

verkeerd. In Hoofdstuk 5 ontwikkelen we een optimalisatiemodel voor het ontwerpen 

van de retourlogistieke keten. Hierin verwerken we specifieke eigenschappen van 

retourketens, zoals push-pull eigenschappen, convergentie en divergentie en het 
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implementeren van recovery strategieën. Ook wordt een heuristiek ontwikkeld om ook 

bij grotere probleeminstanties nog een behoorlijke oplossing te vinden. In Hoofdstuk 6 

passen we dit model toe bij Océ, een fabrikant van onder meer kopieer machines in 

Venlo (NL). Enkele conceptuele aanpassingen zijn nodig om het model toepasbaar te 

maken, die verhoudingsgewijs wat verder gaan dan de aanpassingen van het recovery 

model in de Roteb case. Belangrijkste praktische resultaat is dat het verplaatsen van 

recovery processen naar Tsjechië geen belangrijke bedrijfseconomische voordelen geeft. 

Er moet derhalve een duidelijke strategische motivatie voor zijn. In Hoofdstuk 7 wordt 

een engelse samenvatting gegeven en tevens wordt de generieke wetenschappelijke en 

praktische bijdrage van dit proefschrift bediscussieerd. De wetenschappelijke bijdrage 

ligt vooral in het aanpassen van traditionele logistieke concepten voor retourketens. 

Hoewel reeds enkele modellen in de literatuur zijn te vinden ligt hier nog een groot veld 

open. Dit proefschrift beoogt hieraan een bijdrage te leveren. De praktische waarde ligt 

in het ontwikkelen van software die mogelijk in de praktijk kan worden doorontwikkeld 

tot volwaardige Decision Support Systems, teneinde het opzetten van economische 

efficiënte retourketens te bevorderen. Het zal duidelijk zijn dat Integraal Ketenbeheer als 

maatschappelijk ideaal alleen kan worden bewerkstelligd wanneer de verantwoordelijke 

fabrikanten economisch verantwoorde herwinning van retourstromen kunnen realiseren. 

Tenslotte worden richtingen voor vervolgonderzoek aangegeven. 
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Recovery strategies and reverse logistic network 

design – Harold Krikke 

General summary 
 

In this thesis, we study the set-up of a reverse logistic system for durable consumer 

products with complex assembly structures. In particular, we study two research 

questions: (i) the determination of a recovery strategy, i.e., an optimal degree of 

disassembly and an optimal assignment of recovery and disposal options to the 

product or its released components, (ii) the determination of a (geographic) reverse 

logistic network design, i.e., optimal locations and capacities for processes as well as 

optimal good flows between these locations. In general, the complex assembly 

structures of durable consumer products force us to decouple the optimisation of 

recovery strategies and reverse logistic network design: the recovery strategy serves 

as input for the logistic network design. This may cause the eventual solution to be 

theoretically sub-optimal for the original problem, but as a form of hierarchical 

decomposition it reduces problem complexity. In Chapter 1 we introduce the problem. 

We start off with summarising this chapter. 

The necessity of setting up a reverse logistic system results from recent environmental 

developments. New government policies are based on the concept of Integral Chain 

Management (ICM), which aims at closing material flows, thereby limiting emissions 

and residual waste. A common trend in European policies is to make the Original 

Equipment Manufacturer (OEM) responsible for take-back and recovery of discarded 

products. Thus, industry is (legislatively) made responsible for solving the waste 

problem. Consumer demand for recycling and economic gains may be additional 

driving forces to enhance (extended) producer responsibility. Compulsory take-back 

and mandatory recovery confronts the OEMs with a set of managerial problems; a 

new field called Product Recovery Management (PRM) emerges. As sub-aspects, 

PRM regards technology (e.g. Design For Recycling), marketing (e.g. developing 

secondary end markets), information (e.g. forecasting return flows), organisation (e.g. 

strategic alliances), finance (e.g. how to finance non-profitable recovery) and reverse 

logistics. Within the latter field, relevant issues include the adaptation of MRP-



  

systems, product and inventory control and also the set-up of a reverse logistic 

system, which is the subject of this thesis. In our research, we develop logistic 

optimisation models concerning recovery strategies and reverse logistic network 

design. The models are implemented in software and tested on artificial problems. 

Subsequently, the practical applicability is tested in business cases, conducted at 

Roteb, municipal waste company of the city of Rotterdam and Océ, copier firm in 

Venlo (NL). We focus on reverse chains of durable consumer products, taking a 

tactical management view and considering the OEM as the central decision maker in 

the chain. 

In Chapter 2, we develop an optimisation model for determining a recovery strategy 

for a single product, referred to as PRD-strategy. Starting point is the disassembly 

tree, which describes the disassembly structure for the return product in question. The 

return product itself acts as the root of the tree and retrievable modules, parts, sub-

parts, etc. are identified and represented in various sub-levels. Products as well as 

retrievable components are called assemblies. It is supposed that each assembly is 

classified according to its quality class, once it is collected or released after 

disassembly. To this end, classification tests are installed as part of the PRD-strategy. 

Next, an inventarisation of the feasibility of Recovery and Disposal (RD-) options for 

each assembly of the disassembly tree is made. Note that feasibility does not only 

refer to the quality of the assembly, but also to other technical as well as commercial 

and ecological criteria. Now, the main part of a PRD-strategy is a complete set of 

conditional assignment rules: if assembly j in level "  is in quality class q, then it is 

treated according to option r, where option r is either processing by some RD-option 

or disassembly. Note that the set of feasible RD-options can be empty and 

disassembly is not allowed at the lowest assembly level. Once it is determined that an 

assembly is to be processed by an RD-option (and thus not disassembled), this 

decision is automatically dominant over the optimal RD-options of all the children of 

this assembly. The assignment rules are optimised over all possibilities. The objective 

of the optimisation is maximisation of the expected net profit while meeting technical, 

commercial and ecological constraints. The objective function incorporates technical, 

commercial and ecological feasibility criteria, quality classes and uncertainty aspects. 

Input for the optimisation will be disassembly costs for each disassembly step, 



  

processing costs and revenues for each RD-option, both per assembly. Other 

ingredients are the conditional probabilities for finding an assembly in a certain class 

(defined by the technical state of the assembly), when disassembling the parent 

assembly of a pregiven class. We develop an efficient DP-algorithm for the 

optimisation job. A sub-procedure is developed for material recycling options, in 

order to specify optimal recycling options for all materials present in an assembly. 

The output of the optimisation is a PRD-strategy and its expected overall net profit. A 

discussion is held on the different reasons for uncertainty and the fact that only 

uncertainty in product related criteria can be dealt with by the classification scheme. 

A TV example is worked out to illustrate the working of the model. 

As an extension of this theory, Chapter 3 deals with the determination of a recovery 

strategy for a multi-product situation. In general, OEMs of durable assembly products 

are confronted with legislative take-back and recovery obligations for multiple types 

of return products. Of course, a PRD-strategy can be determined independently for 

each single product, in the way we described in Chapter 2. However, in case these 

products belong to one (coherent) product group, e.g. electronic products or cars, one 

will find that decision criteria differ in nature: some decision criteria apply to single 

products while others apply to the product group as a whole. Optimisation at the 

group level involves optimising some objective function with respect to these decision 

criteria, where it may be necessary to engage in trade-offs, e.g. a trade-off between 

profit and amount of recycled content. As a result, one may have to go back to the 

product level, in order to improve on the group level decision criteria. In other words, 

alternative PRD-strategies may be assigned to single products for the benefit of group 

level decision criteria. We propose a two-stage optimisation procedure: (i) a 

procedure to determine alternative PRD-strategies for single products in view of 

group level optimisation, resulting in a set of potentially applicable PRD-strategies 

per single product and (ii) an optimisation model for the assignment of PRD-strategies 

at the product group level, resulting in a recovery strategy at the product level, 

referred to as GRD-policy. In step (i), we use a heuristic procedure to modify the sets 

of allowed recovery, disposal and disassembly options to improve the performance on 

various group level decision criteria and repeat optimisation at the single product level 

with the stochastic DP-model of Chapter 2. In this way, alternative recovery strategies 

at the product level are generated for each product part of the product group. In step 



  

(ii), a MILP-model is developed to select an optimal strategy from the set of 

alternatives for each product, balancing conflicting objectives at the group level. Also 

here, theoretical examples are worked out to illustrate the working of the procedure in 

case of TVs. 

The full scope of the modelling the Chapters 2 and 3 is applied in a business case 

carried out at Roteb (municipal waste company of Rotterdam) in Chapter 4. It 

concerns the recovery of PC-monitors, where recovery is limited to material 

recycling. The aim of the project is on the one hand to analyse the economic viability 

of recycling pc-monitors and on the other hand to test the practical applicability of the 

models developed. The single product model of Chapter 2 needs to be modified in two 

ways: (i) a typology of monitors was added to reduce the number of product types and 

hence the number of PRD-strategies to be determined, (ii) the classification scheme is 

not based on return quality, but on presence and material composition of assemblies, 

disassembly times and modularity of construction. The resulting problem is optimised 

for each of the six pseudo-types of monitors. In general, three disassembly levels are 

distinguished: the product level, the module level and the part level. At the highest 

two levels, assemblies are recycled ‘mixed’, resulting in secondary materials of 

relatively low quality. At the lowest level, parts are separated per type of material and 

higher quality recycling is possible. Now, two PRD-strategies (a) and (b) are 

determined for each pseudo-type: in (a) only full disassembly and high quality 

recycling is allowed and in (b) also mixed recycling options are allowed. In both 

cases, economic costs are minimised. At the product group level, two GRD-policies 

(c) and (d) are compared: in (c) all products are recycled by PRD-strategy (a) and in 

(d) all products are recycled by PRD-strategy (b). Combined strategies are not 

considered.  Optimisation results indicate that GRD-policy (c) has a cost price of Dfl 

1.01/kg and (d) has a cost price of Dfl 0.75/kg. This difference of Dfl 0.26/kg is partly 

due to lower variable costs (Dfl 0.06) and partly due to a better coverage of fixed 

costs (Dfl 0.20). The latter is the result of a higher turnover that can be realised, 

because the average disassembly time goes down (given fixed capacity and assuming 

sufficient supply). The fixed cost coverage issue poses the only conceptual problem 

with respect to the modelling of Chapter 3. However, the model allows for additional 

decision criteria at the product group level, hence this causes no real trouble. The 

implementation of recovery strategies for material recycling must be formulated in a 



  

simplified way, because reading instructions of recovery strategies may be too time 

consuming compared to the disassembly times (3-7 minutes). In other words, too 

complex formulation of recovery strategies makes the recovery of monitors 

economically infeasible in itself. Also, the length of the planning period may be 

shortened in hectic markets, but then the nature of the recovery strategies becomes 

operational instead of tactical. Additional improvements in the organisation can 

reduce the cost price to Dfl 0.57 per kg. 

In the second part of this thesis we present a model for the (geographic) reverse 

logistic network design in Chapter 5. After having determined how to handle forecast 

return flows in recovery strategies, we now determine where to do what. In other 

words, we choose efficient locations and capacities to install processes and optimise 

good flows between the chosen locations. In order to implement the recovery strategy 

properly, we use the concept of graphs. A processing graph reflects the sequence of 

processes needed to realise a single product recovery strategy. A transportation graph 

reflects the available facility locations and transportation links between the locations. 

Now, the collective of the processing graphs is projected on the transportation graph, 

which results in a network graph. A network graph represents a ‘maximal’ reverse 

logistic system, i.e., it incorporates all assignments of processes to locations as well as 

transportation links allowed by the processing graphs and the transportation graph. 

We formulate a MILP-model to select an optimal sub-graph from the network graph, 

i.e., a sub-graph that has the lowest overall cost and meets capacity and other 

constraints. This sub-graph represents the reverse logistic network design. Because of 

the complexity of the problem, we develop a heuristic algorithm in order to solve 

large problem instances in reasonable time. The working of the model is illustrated by 

four examples. Finally, we discuss some extensions of the model, such as 

differentiation of costs per product, the inclusion of inventories and supplying 

processes and also the integration of forward and reverse logistic network design. 

In Chapter 6, we discuss a business case study carried out at Océ, a copier firm in 

Venlo (NL). Here, we test the practical applicability of the model described in the 

previous chapter. The research focuses at the instalment of remanufacturing processes 

for copying machines. In remanufacturing, return machines are partly disassembled to 

a fixed level, after which suspicious or bad parts are additionally removed. 

Subsequently, repaired or totally new components (with improved functionality) are 



  

added. Thus, an entirely new type of machine is manufactured. The reverse chain 

consists of three main recovery processes: (i) dismantling, in which return products 

are disassembled to a prefixed level, (ii) preparation, in which critical parts are 

inspected and if necessary replaced and (iii) re-assembly, where the remaining carcass 

of the returned machine is actually remanufactured into a new machine by assembling 

repaired and new components into it. The main processes are supported by supportive 

processes, such as central stock keeping, sub-assembly production, material recycling 

etc. In our research we suppose that the supplying processes as well as dismantling are 

fixed and that locations and good flows must be optimised for preparation and re-

assembly. There is a choice from two locations in Venlo (NL) and one in Prague 

(Czech Republic), where assignments are subjected to managerial constraints. 

Conceptually, we adapt our model in some respects, we summarise the most 

important ones. Firstly, some additional elements are built in, such as process supplies 

(i.e., repaired and new parts, new modules, test and packaging materials), buffer 

inventories (inventories resulting from periodic transportation) etc. Secondly, cost 

functions are defined per product per process, i.e., according to the controlling 

department no economies of scale can be realised by installing multiple processes at 

one location. Although we feel that this is not a realistic representation of cost 

functions, we have no other option than to use this cost function, since it is impossible 

to trace real cost behaviour. Thirdly, we only optimise a part of the reverse chain, due 

to the fixation of dismantling and the supportive processes. Despite the changes, basic 

concepts of our model, such as the processing graph, transportation graph and 

network graph, prove to be applicable. As a result of the model changes, the heuristic 

cannot be used and we have to rely on a solver. Also, the scope is limited and the 

network optimisation can be done per product. We limit ourselves to an optimisation 

of the HV02-machine, since data are available on this machine. We optimise on total 

operational costs over all possibilities and also compare three pregiven managerial 

solutions (=network designs). One of these managerial solutions, installing all 

processes in Prague, appeared to be the overall optimum concerning operational 

costs. However, this solution also requires the highest investments. In general, 

differences in economic costs were very small, hence installing recovery activities in 

Prague for the HV02-machine must be well motivated from a strategic point of view. 

Moreover, we argue that besides cost minimisation, Océ should include performance 



  

indicators, such as JIT, reliability, in logistic optimisation to support its quality 

oriented business strategy. Also, we argue that in a re-design situation, such as the 

case here, an integral re-design of forward and reverse chain is favourable, because 

the interactions between reverse and forward processes affect overall optimality 

strongly. 


