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LEAN REMANUFACTURE OF AN AUTOMOBILE CLUTCH 

Abstract 

Tony Amezquita* 

Saturn Corporation 

Spring Hill, Tennessee 

and Bert Bras** 

Systems Realization Laboratory 

Woodruff School of Mechanica! Engineering 

Georgia lnstitute of Technology 

Atlanta, Georgia 30332-0405 

In the history of manufacturing there have been three production systems, namely, craft 
production, mass production, and lean production. In many automotive remanufacturing 
operations, craft production and mass production systems are used as the basis for 
remanufacturing processes. The lean production system has proven to be more effective in the 
manufacture of automotive parts and it has allowed manufacturers who use it to produce in much 
greater varieties, with higher quality levels, and with lower costs. Hence, if used in 
remanufacturing, it would greatly enhance it. In this paper, a current remanufacturing process of 
an automobile clutch is analyzed, and a lean remanufacturing process is developed and compared to 
the as is process. Our findings indicate that the lean remanufacturing process provides a more 
robust process with lower costs when compared with the current clutch remanufacturing process 
that utilize craft and mass production practices. 

* .... Assistant Professor, corresponding author . 
Remanufacturing Engineer. 
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1 Oor Frame, of Reference - Remanufacture in the Automotive Industry 

Remanufacturing is the most economically sustainable form of reuse and recycling of manufactured 
goods, and it can be defined as the industrial process where wom out products referred to as cores, 
are brought back to original specifications and condition. In some cases, especially in the 
remanufacture of OEM automotive parts, remanufactured products exceed original specifications. 
The reason is that the latest engineering design and specifications, coupled with failure mode 
countermeasures derived from failure analysis, are used insteadof the original specifications. The 
benefits of remanufacturing are many, but the most salient are: 

1) Remanufacturing salvages the material, energy, capital, labor, and emissions that wentinto 
the manufacture and material processing of products. 

2) The resulting production costs can often be lower than manufacturing, allowing 
remanufacturers to sell their units for 25 to 50% less than manufactured units with 
equivalent or better quality levels. 

These two benefits are the result of the fact that parts are reused and the embedded utility in the 
parts are maintained. Hence the resulting production costs, which should be considerably less than 
in manufacturing, allow remanufacturers to pass the savings on to consumers. 

Remanufacturing in the automotive industry can be divided into two groups; independent 
remanufacturers and Original Equipment Manufacturer (OEM) remanufacturers. Both of these 
activities in the domain of automotive products constitute the largest remanufacturing consumer 
market segment in the United States and Europe. 

In 1978, Kutta and Lund documented a survey capturing some of the issues important to 
remanufacturers (Kutta and Lund, 1978). However, we discovered in surveys and interviews 
with remanufacturers that many changes have occurred in the industry since then (Hammond, et 
al., 1996, Hammond, 1996). Major changes have been the restructuring of automotive companies 
into platforms and the trend towards mass customization of products. Especially the latter has 
resulted in what remanufacturers have termed "Parts Proliferation", which refers to the practice of 
making many variations of the same product- differing only in one or two minor areas. However, 
these differences (such as electrical connectors) are distinct enough to prevent interchanging these 
similar products. 

The focus in this paper is on independent automotive remanufacturers, because they remanufacture 
component parts from most of the automobile manufacturers in the world, and for a very large 
number of model years. This being the case, independent remanufacturers are faced with a parts 
proliferation problem which cannot be successfully handled with their cuerent production practices, 
that consist of a mixture of mass production and craft production practices. As described below 
craft production practices rnaintaio production costs high regardless of volume, and mass 
production practices are not compatible with large product varieties. Consequently independent 
parts remanufacturers are loosing market share to afteernarket parts manufacturers, and in some 
cases, remanufacturers are being forced out of the market, as in the case of clutch remanufacturing. 
For example, in 1989 the price difference between remanufactured and manufactured clutches was 
50%. In 1994 the difference dropped to 20%, and now a large number of clutch remanufacturers 
are getting out of clutch remanufacturing altogether. 

It is our belief that the trends in mass customization and parts proliferation will not decrease and the 
small to medium sized independent remanufacturers seem to suffer most .from these trends. Our 
surveys also point out the differences and sometimes hard "us versus them" attitude between 
independent remanufacturers and Original Equipment Manufacturers (OEMs), leading us to believe 
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that the sharing of design information between OEM and remanufacturer is not a feasible salution 
and/or option in many cases. Hence, the only way we can help increase the remanufacturability of 
those products is by improving the remanufacturing processes. 

In this paper, we present some of our findings which, interestingly enough, indicate that the 
introduetion of lean production techniques (which are one of the main causes of part proliferation 
and product diversity) in the remanufacturing industry, and hence creating lean remanufacturing 
processes, can lead to significant process improvements and savings compared to the current 
remanufacturing processes which are heavily .batch oriented. In this paper, a salution to the parts 
proliferation problem of independent automobile parts remanufacturers is developed by 
transforming a current remanufacturing process of an automobile clutch into a lean remanufacturing 
process. This lean clutch remanufacturing process has been developed in great detail in 
(Amezquita, 1996). In this paper, we will discuss the as-is process, foliowed by a discussion on 
how to convert this process into a lean remanufacturing process. It should be stated up-front that 
although the proposed lean process offers substantial savings, it has not been implemenled by the 
company who supported this case study. First, however, we will provide the necessary 
background on craft, mass, and lean production systems. 

2 Craft, Mass, and Lean Production 

In the 1800s, automobile manufacturing was the domain of the skilied craftsmen who controlled 
most of the activities on the manufacturing floor. These skilied craftsmen designed and built 
customized vehicles by making and fitting each part by filing it down until it mated with the other 
vehicle parts. Even if craft producers could make 10,000 identical cars, the price per car would not 
have dropped by much, because each car was essentially a prototype. The biggest benefits of this 
craft production system in the automotive industry were that: 

• costomers were able to obtain products which specifically met their needs, and 
• workers were satisfied, proud, and fulfilled, and their goal was to hone and perfect their 

skills and one day become independent owners. 

At the turn of the century, Frederick Taylor removed the control of the manufacturing operations 
from the hands of the skilied craftsmen by creating divisions of labor. This was the first step 
towards the development of mass production, which was fully implemented by Henry Ford. 
Taking the developments of Taylor, Ford added the standardization of the production of parts, 
which led to complete parts interchangeability, which in turn led to the simplification of parts 
assembly. In 1908, an assembler was spending 514 minutes (8.56 hours) assembling a large 
portion of the car befare rnaving to the next car (W omack, et al., 1991 ). To reduce the cycle time 
of assemblers (period of time spent with each vehicle by each employee), Ford had each assembler 
perfarm a single task and move from vehicle to vehicle in the assembly hall. The cycle time per 
vehicle was reduced from 8.56 hours to 2.3 minutes (Womack, et al., 1991)! Finally, the 
simplification of assembly tasks allowed Ford to utilize the rnaving assembly line to bring the cars 
to the assemblers and eliminate all the walking previously done. In addition, the rnaving assembly 
line enforced a faster and even work pace. Pord's implementation of the rnaving assembly line, 
which brought the car past the stationary worker, cut cycle time even further from 2.3 minutes to 
1.19 minutes (Womack, et al., 1991 ). 

Ford discovered that his new system reduced the amount of human effort neerled to assembie a 
vehicle, and with the same number of people, equipment, etc., the more standardized vehicles he 
produced, the more the cost per vehicle dropped (economies of scale). By the time Ford reached 
volumes of two million identical vehicles per year, he had slashed the real cost to the consumer by 
an additional two thirds from the time he started production of the Model T in 1908. 

7 



Consequently, a production system which most closely resembles the mass production system can 
bring substantial savings to a remanufacturer, and is often advocated. However, this system runs 
aground when confronted with a large variety of parts, which is the current situation many 
independent automotive remanufacturers are facing. Most automotive parts remanufacturers (and 
other remanufacturers) still rely on craft production systems to handle the variability in the number 
of parts to be remanufactured and the variability inherent in refurbishing operations due to wear 
differences. However, as noted already by Henry Ford, craft production system has two main 
drawbacks: 

1) Production costs remain high regardless of volume ( econornies of scale are not possible, 
e.g. Ferrari Automobiles). 

2) Quality, consistency, and reliability are poor due to the lack of standardization. 

Thus, a different approach to remanufacturing which uses elements of the mass and craft 
production systems may prove to be more suitable for automotive parts remanufacturing. 

Lean production takes the best elements of the craft and mass production systems. This system 
was developed by the Toyota Motors Corporation, and later is was implemented by all Japanese 
automotive manufacturers. Lean production can be defined as an entire production system with the 
following fundamental characteristics: · . 

1) Beonornies of scale (from mass production), 
2) Production of large varietles of products (from craft production), 
3) Elirnination of non-value added resources and activities, and 
4) Integration of all production system elements and functions to obtain long term functional 

relationships. 

Compared to the lean production system, the traditional mass production system can be 
fundamentally defined as having the following characteristics: 

1) Beonornies of scale, 
2) Very lirnited range of product varieties, 
3) Non-value added resources and actlvities are perceived as necessary, and 
4) Division of all production system elements and functions to obtain specialization resulting 

in short term strained relationships. 

Given the fact that the lean production system is most suitable for the production of large varlelies 
of products, and it allows the attainment of economies of scale, it would seem that using this 
production system as a basis for remanufacturing processes would provide better results than the 
ones currently obtained, which are forcing independent parts remanufacturers away from 
remanufacturing. In the remaioder of this paper the remanufacturing process of an automobile 
clutch at one of the largest independent automotive parts remanufacturers is used as a case study. 

3 Automobile Clutch Remanufacturing at Rayloc 

The Rayloc Company is a di vision of the Genuine Parts Company which provides aftermarket 
reptacement parts at 6,500 NAP A Auto Parts stores nationwide. Rayloc is one of the largest 
automotive parts remanufacturers in the world, and they remanufacture parts such as altemators, 
starters, drive shafts, brakemaster cylinders, calipers, wiper motors, window lift motors, rack and 
pinion units, steering boxes, power steering pumps, brake shoes, disc brakes and clutches. The 
focus of this paper is placed on the remanufacturing process of clutches. 

The clutch remanufacturing process at Rayloc was analyzed for six · months at one of the 
remanufacturing plants. The process material flow is represented schematically in Figure 1. 
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Figure 1 - Current Clutch Remanufacturlng Process Material Flow With Batehing 

In this process cores are supplied by customers, and are accumulated randornly in drums without 
identification at the NAPA jobbers or retailers. Cores (cl, c2, etc., see Figure 1) are then 
identified and sorted by part number and manufacturer, and are again accumulated in a core 
warehouse at the Rayloc plant. Based on a forecast, cores are removed from a core warehouse and 
processed in a batch. Batches of the same part number are randomly mixed and the reusable 
components are assembied together with reptacement component parts. Non-reusabie components 
are recycled after work has beendoneon them. The remanufactured cores (rel, rc2, etc., see 
Figure 1) are placed in a finished goods warehouse to start the cycle over again after a customer 
buys the remanufactured clutch. The assumption bebind this remanufacturing process is that 
identical cores can be easily collected into economie batches and together they can be disassembled, 
cleaned, inspected, refurbished, and reassembled. The process is distinguished by having large 
enough volumes to obtain some form of economies of scale. The practice of batehing in 
remanufacturing was adopted from mass production, but batehing is also done in remanufacturing 
for the purpose of cannibalizing reusable parts and reduce the need to purebase new manufactured 
reptacement parts. Purchasing manufactured reptacement components is for the most part more 
expensive than cannibalizing cores. In fact, a fundamental principle of economie remanufacturing 
is the maximization the reused content in finished remanufactured products. 

After the completion of the study, the clutch remanufacturing process was characterized using the 
criteria as shown in Table 1. The characteristics of this process reflect the problems and issues 
independent auto parts remanufacturers face, and are not indicators that Rayloc is poorly run. In 
fact, Rayloc is one of the most efficient remanufacturers in the U.S.A. withaproven track record 
exemplified by the fact that Rayloc's remanufactured clutches are still selling well, in a time when 
other remanufacturers' clutches are being phased out from the mark et. 
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Tabl 1 S e . fC umrnary o urren t Ch t • t" arac er1s 1cs o f Cl t h R uc f t ernanu ac urmg P ess roe 
Criteria Current Criteria Current 

Conditions Conditions 
Average Direct Labor 43 Maintenance Personnet Low 
Requirements Requirements 
Daily Average Output per 9.6 Units (413/43) Machine In vestment vs. Low 
Emnlovee Manufacturin~ 

Parts Transportation 1759 feet Process Engineering Minimal 
Distances 
Processin~ Lead Times ~ 21 days Direct Labor Skilis Hi~h 

Core Reptacement Parts Diaphragms, Straps, Rivets, In-Process Core Damage High 
Needed ("New" and Pressure Plates, Facings, 
Cannibalized) Shims 
Process Cycle Time 255 minutes Hazardous Residue 3 

Streams 
Batch Sizes 10 ~ Bs ~ 200 (avg. Product Design Changes Low 

Bs=120) Adaptability 
Average Setup Times 42 minutes Customer Service Levels Low 
Quality & Reliability Levels Lower than clutch Finished Goods VeryHigh 

manufacturin~ Warehouse Costs 

The relatively long processing lead time requires the use of a warehouse to buffer the factory from 
the market When product varieties are small, this approach does not require the need to store a 
large quantity of parts, as was once the case in the 1960s at Rayloc, when remanufactured produels 
where shipped directly from the remanufacturing process (LeCour, 1996). But when varieties are 
large, inventory levels in the warehouse increase considerably, and customer service levels drop. 

4 Designing a Lean Process for Automobile Clutch Rernanufacturing 

A lean remanufacturing process must have the following elements as stated earlier: 

I) Beonornies of scale (from mass production), 
2) Production of large varietles of produels (from craft production), 
3) Elirnination of non-value added resources and activities, and 
4) Inlegration of all production system elements and functions to obtain long tenn functional 

relationships. 

In the following sections, we present how these elements can be achieved for the Rayloc clutch 
remanufacturing process. 

4.1 Obtaining Econornies of Scale and the Ability to Handle Large Varieties of 
Produels 

In order to obtain economies of scale, one must do what Henry Ford did: standardize. However, 
in traditional remanufacturing processes it is very difficult to standardize because of the "stochastic 
nature of both the amount of work and the routings required to rebuild a unit" (Guide, 1996). This 
argument is applicable in the remanufacturing shop which utilizes a job shop layout and the work is 
performed in a manner consistent with the craft production system. Thus, the first step in 
obtaining a lean remanufacturing operation is to move away from craft production or "artisan 
work" and create a standardized process. This however, cannot be done in the same fashion Ford 
did. At the beginning ofthe century, Ford relled on hard automation to standardize the production 
work, and thus eliminating adjustments, in contrast to craft production where multi-purpose . 
machines require various adjustments which require skilied craftsmen. Ford had standardized all 

10 



the tooling and tasks so well that he practically eliminated all adjustments. The penalty with this 
system was that he had no flexibility to switch between models with the same machinery. When 
Ford redesigned the Model A, he discarded the machinery along with the old model (Womack, et 
al., 1991). To obtain standardization and eliminate adjustments, but still maintain the flexibility to 
handle a large variety of parts or models, flexible or programmabie automation is needed in a 
modem process. 

Programmabie automation bas traditionally had the following features (Chang, et al., 1991): 

1) High initia! investment 
2) High complexity 
3) High programming costs 

In this paper, the concept of Lean Machines is developed for the purpose of counteracting the 
above mentioned drawbacks of programmabie automation. The concept of Lean Machines is 
derived from the Nagara system, which is a recent development of lean production to further 
reduce lead times and eliminate waste. The biggest accomplishment of this development is the 
obliteration of boundaries between departments. In other words, this development allows for a 
comprehensive and coherent one-piece-flow, without the need to transport parts to the paint 
department, stamping department, the cleaning department, etc. A production example illustrates 
the concept ofthe Nagara System. 

"After machines perform the drilling and tapping on the line, parts are placed in one-meter 
cubical box that is, in fact, a device for spray-painting parts. Closing the lid of the box 
trips a switch and sets the operation in motion. Small fittings and wires are attached to the 
parts in a one-piece flow after they are removed from the box. More than one hundred of 
these boxes have been integrated into processing and assembly lines. This bas eliminated 
approximately 80 percent of the painting which earlier required moving parts to the painting 
shop" (Shingo, 1989). 

Thus, Lean Machines are simple, small, and automatic machines which can be designed and built 
with a small budget. In order for machines to cycle automatically, they must have some form of 
controller. Ford's dedicated machines, were controlled with the use of mechanica! mechanisms 
such as cams, govemors, ways, slides, and pistons (Chang, et al., 1991). This type of control is 

· the most difficult to modify. The most versatile control is provided with digital controllers, 
because the control logic is programmed into the controller memory using software. Lean 
Machines make it possible to standardize the work done with machines, while at the same time 
process a large variety of part numbers. Thus, Lean Machines differ from Ford's machines in that 
they allow considerable adjustments, but are similar to Ford's machines in that the adjustments are 
standardized or saved in a programmabie memory. By being able to capture the knowledge of 
many craftsmen in the memory of the machines, all the tasks previously performed by craftsmen, 
including setups, can be stored and recalled as dictated by customer orders. Thus, the "wheel does 
not heed to be reinvented" every time a different part number is remanufactured. 

An example of a Lean Machine is presented bere with the use of the assembly operation shown in 
Figure 2. With a Lean Machine setup times for this assembly operation can be reduced from an 
average of 42 minutes to seconds, in big part due to the elimination of adjustments. 
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Figure 2 - Riveting the Diaphragm to the Clutch Cover 

During a setup change, the steps given in Table 2 are performed. 

Table 2 - "Riveting Diaphragm to Cover" Setup Elements and Times 
Setup Elements Minutes 
1. put away components 6.91 
2. obtain components 8.39 
3. look up part number info in hook 1.23 
4. put away fixture 1.45 
5. find new fixture 1.77 
6. adjust machine 20.24 
7. compieled cover 2.53 

To reduce the setup times from 42 minutes to seconds, the first step is to elirninate the use of 
intuition and sk.ill to adjust the machine (element #6) and "reinvention ofthe wheel". The current 
machine adjustments required during the setup are illustrated in Figure 3. 

~TwoBolts 
TopView 

Punch 

G) Adjustment of Fixture 

® Adjustment of Punch Punch 

Body of Machine (Side View) Fixture Indentalion 

Figure 3 - Adjustments Required to Setup "Riveting Diaphragm to Cover" 
Opera ti on 
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The adjustment of the punch that presses the rivets down requires that two bolts be loosened, and 
the punch be placed exactly in middle of one of the nine fixture indentations where the rivets are 
placed. The fixture indentations provide the operator with an exact location where the rivets must 
be placed. This punch adjustment must be done by trial and error, because there is no reference 
point that can be used to guide the adjustment of the punch relative to the fixture. But befere the 
punch can be placed in the correct location, one of the fixture indentations has to be lined up to the 
punch. Three Allen head screws are used to hold the fixture base in place, and every time the 
fixture needs to be adjusted, the three screws need to be loosed and tightened again. The most 
difficult part of the setup for this machine is that as one of the references is moved, such as the 
punch, the fixture must also be moved. Once an adequate adjustrnent appears to have been made, 
tests with rivets must be performed to check the setup. Many times the position of the punch 
relative to the fixture is not precise, but it takes so much time to position the two elements precisely 
centered relative toeach other, that the operators choose tostart processing parts and punch rivets 
off-center. This practice deteriorates the appearance of the cover. 

A solution to the setup problem is to standardize the settings by storing them in programmabie 
memory and using a modified 3-Jaw Chuck fixture with nine locator pins as shown in Figure 4. 
Nine pins are used because most automotive clutches use nine rivets to attach the diaphragm to the 
clutch cover. 

TopView 

Figure 4 - Using a 3-Jaw Chuck as the Basis for a Nine Pin Assembly Fixture 

This mechanism includes the use of stepper motors, which take the place of the chuck handle, and 
a digital motion controller system. Motion controller systems usually contain a battery backed 
Random Access Memory (RAM) that can store various programs when stand-alone. A Remote 
Panel Operator Interface, which is usually connected via RS-232-C Serial Communication 
interface, can be used by the operator to enter the part number to be processed each time. Based on 
the input on the remote panel and the algorithm in the programmed memory, motion controllers, 
through the stepper motor drivers, send out a series of electrical pulses to the stepper motor which 
cause the motors to step fractions of revolutions or step angles and place the locator pins at 
standardized locations. The complete mechanism is shown in Figure 5. This mechanism, which 
can be placed on a simple hydraulic press, constitutes a Lean Machine. 
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Figure S - Mechanism to Standardize Assembly Fixture Settings 

Elements #3, 4 and 5 of the setup operation depicted in Table 2 are also eliminated with the use of 
this Lean Machine, since the information pertinent to the part number is stored in memory, and 
fixtures do not need to be exchanged. To completely reduce the setup time of this operation to 
seconds, setup elements #1 and 2 can be eliminated by storing reptacement component parts, such 
as rivets and shims at the exact point of use and easily accessible. In addition, workers do not 
need to gather the core components, because these components arrive at the time needed from up
stream operations. Thus by placing the components at thè point of use, and using a lean machine 
to standardize the machine adjustments needed to process different part numbers, setup times for 
this operation are reduced to seconds. 

4. 2 Eliminating non-value added resources and activities 

To remove non-value added resources and activities from a process, we must understand what 
these are. In lean production there are six non-value added wastes, as shown in Table 3. 

Table 3 - Leao Producers Non-Value Added Wastes and Countermeasures 
Non-Value Added Wastes Countermeasures 
waste of overproduction make only what has been ordered already 
waste of waiting keep product flowing and batches of size = 1 
waste of transporting place operations next to each other and store 

assembly parts at the point of use 
waste of in ventorles make only what bas been ordered already 
waste of moving change working conditions to eliminale unnecessary 

moving 
waste of defective parts and products prevent errors from becoming defects by using 

sourceinsoections 

To eliminate or reduce the waste of overproduction, a remanufacturing operation must only 
make what has been ordered already in order to eliminate the need to have a finished goods 
warehouse, and all the storage and handling costs associated with inventory management. This is 
only possible if the complete remanufacturing process is lean enough to have production lead times 
measured in minutes. 

To obtain a process with very short lead times, the parts that enter a remanufacturing process must 
be kept free of delays or wastes of waiting. Delays in a production system stem from the use 
of batches or lots. These delays can be referred to as batch delays and process delays. Batch 
delays are a function of the size of the batch. The larger the batch size, the more a batch must wait 
for the last part of the batch to be processed before the batch can be moved to the subsequent 
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operation. Process delays are caused by an imbalance in operatien cycle times. In remanufacture, 
large batches are used for the purpose of: 

a) spreading production casts and setup times, mostly stemming from time consuming setups, 
over a large set of parts, 

b) allowing for cannibalization of component parts, and 
c) serving as a buffer between unbalanced operations. 

Over the years, setup times have remained high because in production facilities it is for the most 
part assumed that substantial reductions in setup times cannot be accomplished, based on the 
Economie Order Quantity (EOQ) or Economie Lot Size model developed by Ford W. Harris in 
1913 (Spearman and Hopp, 1996). However, lean producers have shown that setups timescan be 
brought down from hours to minutes. Using Harris' model, large batches are mistakenly 
perceived as large volume production, but by reducing setup times, large volume production can be 
attained with greater varieties and smaller batches. In fact, the use of large batches has a 
constraining effect on the throughput of a factory. This phenomenon can be explained with the use 
ofLittle's Law, which states that as the amount ofwork in process (batch sizes) increases beyond 
a critical work in process level, the speed of the process slows down. The ideal work in process 
level is equal to the number of operations within a production process, i.e., batch sizes of one 
(Spearman and Hopp, 1996). The effect Little' s law describes is the same effect that causes 
highway congestion. When the number of cars in a given highway is higher than the critical 
number of cars, the speed of the flow of cars slows down. Thus, to obtain shorter lead times, i.e., 
higher throughput speeds, the batch sizes should be reduced to one. Consequently, fast setups are 
needed by means of lean machines. 

However, ifbatch sizes are reduced to one, cannibalization is no longer possible. Thus, in order 
obtain batch sizes of one, cannibalization needs to be eliminated. Purchasing replacement parts is 
the most costly alternative for automotive parts remanufacturers, because they are not readily 
available, and the varieties of parts to be stocked increase starage costs considerably. 
Furthermore. "new" replacement parts that are not standard parts are very expensive. Another 
option is to introduce the use of additive technologies into the remanufacturing process to restare 
wom components by adding (new) material. Additive technologies allow remanufacturers to 
salvage component parts which would otherwise have to be replaced. The additive technologies 
that are used in the lean clutch remanufacturing process are: 

a} Are Metal Spraying, currently used in many remanufacturing and manufacturing plants, 
which is used to refurbish the clutch pressure plate, and 

b} Fusewelding, developed by the Wal Colmoloy company, which is used to refurbish the 
clutch diaphragm. 

As stated before, large badge sizes also commonly serve the purpose of buffers for lengthy 
processes. In the clutch remanufacturing process. an example of this is the buffer neerled for the 
lengthy process of thermally degreasing batches from the other operations in the process. Thus, to 
reduce the batch size and allow greater product variety, a degreasing eperation that does not require 
a lengthy cycle is needed. However, at the sametime it must be environmentally benign to 
maintain environmental compliance casts low. The technology proposed in the lean clutch 
remanufacturing process is known as Hydrohoning. This technology contains a pressured spray 
of water and media to simultaneously degrease and abrade component parts in a single operation. 
This technology has a closed loop system and does not use any detergents. With the above 
mentioned changes in operatien technologies, batch sizes can be reduced to one and the waste of 
waiting can be substantially reduced 
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With the waiting wastes removed, the lean remanufacturing process flow can now be standardized 
by generating the appropriate tact time l for the process based on the daily output of salable 
clutches. For the specific clutch remanufacture process under consideration, the daily market 
demand was obtained from average sales in 1995 and the current conditions in the aftermarket 
clutch sector of the market Taking 314 as the daily salable quantity of products, and given that a 
working shift consists of 7.5 hours, the tact time is set at 1.43 minutes. Thus, the machine cycle 
time and the tending time of the machine for each operation cannot exceed 1.43 minutes. The use 
of a process tact time is how the "stochastic nature of the amount of work" needed for each wom 
out part in remanufacturing is absorbed. For example, the wear of a clutch pressure plate varles 
considerable from core to core, requiring longer metal spraying times for more worn plates. 
However, with a tact time of 1.43 minutes the metal spraying operation can be designed to take a 
maximum of 1.43 minutes (including operator tending time) for the worst case scenario. In 
automobile clutches, the worst case scenario consists of wear of 0.060 inches. Thus, the 
refurbishing of an automobile clutch plate for this process can be performed as shown in Table 4. 
The worst case scenario takes 1.20 minutes. Adding the tending time ofthe machine, the tact time 
is reached. In cases where the wear is less than 0.60 inches, the pressure plate remains idle at the 
machine. By designing the operations to handle the worst case scenario, and using the tact time to 
set the cycle time of the process, a standardized movement of material is created and the stochastic 
nature of the amount of work in remanufacturing is absorbed. 

Table 4 • Refurbishing Scenarios for an Automotive Clutch Pressure Plate 
Pressure Plate Wear Shim Thickness Sprayed Metal Max. 

Thickness Machine 
Time 

< 0.010 inches no shim used s; 0.010 inches 0.38 min. 
0.010 <x s; 0.020 inches no shim used 0.010 < x < 0.020 inches 0.80 min. 
0.020 < x s; 0.030 inches no shim used 0.020 < x s; 0.030 inches 1.20 min. 
0.030 < x s; 0.040 inches 0.030 inches shim < 0.010 inches 0.38 min. 
0.040 < x < 0.050 inches 0.030 inches shim O.üiO <x s; 0.020 inches 0.80 min. 
s; 0.060 inches 0.030 inches shim < 0.030 inches 1.20 min. 

The waste of transportation can be reduced considerably by changing the production layout 
from a job shop to a flow line. A job shop layout originates from the craft production system, and 
requires the most transportation work of any production layout. A flow line layout eliminales a 
large part of the transportation work necessary in a job shop. The layout of the remanufacturing 
process at the time of the Rayloc study is shown in Figure 6. As shown in Table 1, the total 
transportation distances are 1759 feet. 

1 Tact time is the uniform time allocated to all operations basedon the daily salable quantity. For examp1e, with a 
process tact time of 1.5 minutes, work in process must be moved to the subsequent opemtions every 1.5 minutes 
independent of the machine cycle time. With this tact time; 320 units would be produced in an 8 hour woricing day. 
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Figure 6 • Clutch Remanufacturing Process Transportation Distances in Feet 

To reduce transportation workas much as possible, the process layout was changed. Basedon the 
observation of the process, and new assignments of people to machines based on the machine 
cycle times and tending times, the new layout of the lean process was developed. This layout is 
shown in Figure 7. The total transportation distances for the lean process equal 162 feet. 
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Figure 7 • Lean Remanufacturing Process Layout for an Automobile Clutch 

The waste of inventories can be reduced by making only what has already been ordered by a 
customer, and by reducing batch sizes to a minimum. Inventories have a eenstraining effect, they 
are a liability, they serve to cover up dysfunction in the process, tie up cash flow, and increase 
wastes of moving. With a standardized movement of materials set at 1.43. minutes, the process is 
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designed to remanufacture no more than 314 units per shift which is the average daily sellable 
quantity. 

The waste of moving occurs when worker motions do not turn into value added work. It can 
be reduced by diminishing batch sizes to a minimum. As mentioned before, if inventory builds up 
on the line, it farces people to handle it and wasted movements become necessary. Placing 
component parts at the point of use keeps people from having to walk and find these parts. And 
using a flow line layout in such as the one in Figure 7, keeps walking to a minimum when 
handling various operations. 

The in vestment of materials, equipment and labor into a product that cannot be sold is truly a great 
waste. Thus, the waste of defective parts and products is of great importance in lean 
production. Lean producers reduce this waste by using souree inspections. An example of souree 
inspeetlans is a machine that is rewired when it bas been found to be passing through parts without 
welding on a critical attachment nut. Once rewired the welding gun cannot fire unless the nut is in 
its proper place. In essence, the machine bas the capability of inspeeling 100 percent of the parts 
and prevent errors from becoming defects. The name souree inspections is used, because the 
inspections occur at the souree of lhe work, and their implementation is done using mislake
proofing devices (Shingo, 1986). The advantage this approach gives to lean producers is lhat they 
can practically reduce the number of defects to zero! This notion sounds impossible because 
nothing is perfect, and it is certainly impossible to eliminale all errors from any task performed by 
humans. Y et, errors do nol have to turn into defects if feedback and action take place after an error 
is discovered, as in the case of the welding nut, and not after a defect has been generated. One 
example of mistake-proofing device used in lhe lean process is the use of the controllers on the 
Lean Machines to select the matenals needed for each part number as shown in Figure 8. 

The selection of the appropriate reptacement shim and rivets during the assembly process can be 
aided by the machine after the part number bas been identified to the machine. A program in the 
machine controller can be used to turn on the lights thal are placed on the component racks of the 
shims and rivets. Programmabie controllers have output ports that can accommodate field devices, 
such as lights. The employee can remave the specified parts from the racks without having to look 
up anything or remember anything. 

Remote Panel Controller 

m~---~ 
Part ldentified 

Rivet Rack 

f1ïP1 
LW 

Figure 8 - ldentifying Shims and Rivets with Lights 

The identification of the parts to the employee prevents mistakes from occurring. Because the 
number of varieties can exceed 264 in the current clutch remanufacturing process, there is a chance 
that the employee selects the wrong shims or rivets. With the use of this II)istake-proofing device, 
the possibility is eliminated, assuring the quality of the product and preventing defective product 
waste generation. 
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4. 3 Integration of Production System Elements and Work Functions 

Division of labor allows work functions to specialize in their distinctive areas, but it also creates a 
condition where limited responsibilities of employees prevent them from onderstanding the entire 
enterprise. This lack of onderstanding gives rise to conflicts between functions which aim at 
optimizing their specific function at the expense of the rest of the business. Consequently, 
information is held back, and harriers are placed between functions. Relations between managers 
and employees, suppliers and distributors of the company are strained and adversarial. There is no 
commitment from any part of the memhers of the enterprise to remain working together for any 
period of time, and trust levels are low. lntegrating work functions can improve the relations of 
the memhers of the enterprise and at the same time rednee the amount of workers that are needed to 
run the business. In addition, working in these conditions is considerably more satisfying than in 
the mass production environment. 

In a lean remanufacturing process, the supervisor on the factory floor must have enough 
knowledge and ability to solve problems, assisted by employees on the floor, engineers, 
managers, and maintenance personnel. In the lean clutch remanufacturing process, problems are 
addressed as they come up. For example, duringa production day, when a problem is discovered, 
a push button is provided for operators to alert the supervisor of the problem. lf the supervisor can 
address the problem right away, the process continues, but supervisor subsequently follows the 
incident with a complete analysis of the cause and countermeasure of the problem. To gain the 
perspeelive not available to himlher, the supervisor consults with the employees on the floor who 
are experts in the details ofthe process (especially because they have worked the whole process), 
engineers and other relevant people, such as the quality manager. The function of a supervisor in a 
lean remanufacturing process becomes that of a facilitator and problem solver. The work content 
of both the supervisor and the employees on the floor is improved by engaging in innovative 
solutions to the problems found during production. Work content impravement is one of the most 
salient features of lean production. ldeally, new worker contracts have two conditions: 

1. No layoff policy, unless campelled by severe economie conditions. 
2. Pay graded by seniority, not by specitic job function, and tied to company profitability 

through a bonus structure. 

These two conditions are quite different from those at a mass-producer, but with these conditions 
. management can request the most from factory employees, i.e. the flexibility to work on different 
assignments as needed, and the commitment to promote the interests of the company by initiating 
improvements and supporting the supervisor in problem solving, rather than merely doing only the 
minimum work to maintain the production system going. This redprocal system is a practical 
approach currently practiced at automobile manufacturers such as NUMMI. and Saturn with 
excellent results in the context of work satisfaction, and employee motivation levels. 

5 Comparison Between Processes 

To facilitate the comparison of the current remanufacturing process and the lean remanufacturing 
process, the details of each process are summarized in Table 5, using italics to represent the 
preierred outcomes. Clearly, the lean process offers substantial benefits. More detailed 
information can be found in (Amezquita, 1996). A major benefit is that a finished good warehouse 
is no longer needed in true lean remanufacture, and elimination of this non-value added operation 
results in enormons cost savings. As stated inSection 1, although the proposed lean process offers 
substantial savings, it has not been irnplemented by Rayloc. 
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Table 5 • Comparison Between the Current Process and the Lean Process 

Comparison Criteria Current Process Leao Process 
Direct Labor Requirements 43 JO 
Output per Employee 9.6 units (413/43) 31.4 units (314110) 
Parts TransPOrtation Distances 1759 feet 162/eet 
Processing Lead Times s; 21 davs 23 minutes (steady) 
Core Reptacement Parts Diaphragms, Straps, Rivets, Disc Facings, Rivets & 

Pressure Plates, Facings, Shims 
Shims 

Process Cvcle Time 255 minutes 1.43 minutes 
Batch Sizes 10 s; Bs S 200 (avg. Bs =120) 1 
Average Setup Times 42 minutes Virtually lnstantaneous 
Qualitv & Reliability Levels Low HiJth 
Maintenance Personnet Low High 
Requirements 
Machine Investment vs. Low Very Low (Small Machines) 
Manufacturing 
Process Engineering Neerled Minimal High 
Direct Labor Skilis High Low 
In-Process Core Damage High NONE 
Hazardous Residue Streams 3 1 ( reduced < 20%) 
Product Design Changes Low High 
Adaptabilitv 
Service Levels Low Hif!h 
Finished Goods Whs. Costs VervHigh NONE 

Shown in Figure 9 is the lean remanufacturing process material flow. Notice that the system is 
represented as being simpler and smaller than the system represented in Figure 1 because non
value added actlvities and resources have been removed. The purpose of these illustrations is to 
point out the fact that the primary element that eliminates the need to batch is the use of additive 
technologies. Without additive technologies, batehing is more cost effective because more 
component parts are reused and less reptacement parts are needed. Thus, the possibility of using 
additive technologies is a major pre-condition for the existence of lean remanufacturing. 

Ci: core i 

re j : remanufactured core j 

recycle entire 
core before +---< 
processing 

core storage 

sorting: 
iscore 
remanufacturable? 

cores 

replatement of 
non-essentlal 
component parts 

recycling of 
non-essentlal 
component parts 

customers 
remanufactured cores 

Figure 9 • Lean Remanufacturing Material Flow 
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6 Ciosure 

In this paper, we have attempted to show how problems stemming from parts proliferation in 
modem day remanufacturing can be solved by moving from traditional craft and mass production 
systems to lean production systems in order to obtain simultaneously a) economies of scale, b) 
production of product large varieties of products, c) elimination of non-value added resources and 
activities, and d) inlegration of all production system elements and functions to obtain long term 
functional relationships. 

In the clutch remanufacture example shown, the lean process setup times were brought down to the 
point that batch sizes of one are economical and desirable. With virtually instantaneous setups, the 
effects of parts proliferation on the factory are eliminated. The dependenee on (expensive) new 
replacement parts has also been reduced because in the lean process, the dependency on core 
specific replacement components is eliminaled with the use of thermal spraying techno logies. The 
only replacement components that are needed in the lean process are not specific to the core and 
thus, they are readily available. 

The design of the lean process outlined in this paper was specifically developed for clutch set 
remanufacturing. Being such a specific application it is not clear which elements of the lean UCP 
process are independent of domain, and which only apply to clutch sets remanufacturing. For the 
most part, specific applications such as fusewelding using Nickel-Chromium-Boron-Silicon 
powder mixture, are spraying with carbon steel #40, or match machining pressure plates, are only 
applicable to clutch sets remanufacturing. Therefore, case studies in different domains are needed. 
Also, because additive technologies represent one of the most important aspects in the development 
of lean remanufacturing, a study of the additive technologies used by different types of 
remanufacturers, and also of new emerging additive technologies is needed as well. In the context 
of Lean Machines, of interest is the possibility of creating modular machines that can be changed 
over to remanufacture different designs in a matter of seconds. The goal would be to process as 
many different designs as possible with one single machine, which could lead to the development 
of mini-factodes that can remanufacture products for walk-in customers similar like the US 
company Lens Crafters which produces affordable glasses for walk-in customers in less than an 
hour. 

Clearly, process design is an effective way to enhance remanufacturing. However, product design 
is another critica! consideration for enhancing remanufacturing, especially when technologies of 
refurbishing certain types of failures are known. We believe that the most effective way to boost 
remanufacturing is an integrated product and process design (!PPD) approach. 
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Abstract 

In the Netherlands, the recycling of construction waste and in particular of sand 
creates an important logistic problem. New legislation ensures that disposal is reduced 
to a minimal level and this incentives recycling. Such measures ca.use a.n increase on 
the offer of sand (a subproduct of recycling construction waste) and create the need for 
establishing an efficient sand recycling network. The sand problem falls into the field of 
reverse logistics management since it deals with processing returned goods (sieved sand). 
The results obtained for the sand recycling network in the Netherlands are summarized. 

Keywords: location theory, reverse logistics. 

1 Introduetion 

Waste management has received in the last decades increasing attention. This is mainly due 
to the growing volume of waste produced, the scarcity of disposal areas and environmental 
protection. Lately, due to the harmful environmental effects of disposal, the emphasis has 
been shifting towards recycling. In partienlar, in the Netherlands research has been actively 
conducted in this direction, see Mol and Beek (1991); Thierry et al. (1995); Bloemhof
Ruwaard et al. (1996). A probable explanation for this interest lies in the high density of 
population and the lack of free land to be used as disposal areas. 

In the Netherlands, the construction industry produces about 14 millions tonsof waste 
products per year according to the Syndicate for Recycling the Construction Waste (BRBS, 
1994b, 1994a). Most of this waste is the result of the demolition and reconstruction of old 
buildings and soit is a jumble of stone, metal, plastic and wood products. At the moment 
70% of the construction waste is already recycled and the government aims to increase this 
percentage up to 90%. Accordingly, new laws have been created restricting the dumping of 
waste and enforcing the quality control of the recycled materials. Clearly, this policy yields an 
increase in the amount of recycled materials and, at the same time, calls for an improvement 
in the way the waste is recycled. 

A rather important subproduct of recycling construction waste is sand, which can be 
reused as a cement component, in foundations for buildings, pilling-up material, etc. The 
importance of this sand arises from the fact that it can be easily recovered, and secondly 
to its large volume, about 1,000,000 tons per year. Nevertheless, th~ reuse of the sand is 
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still very limited. This is mainly due to the absence of infrastructures where the sand can 
he stored until needed. Another explanation lies in the fact that often the recycled sand is 
polluted and hence cannot he reused. 

In order to change this situation BRBS intends to establish an efficient sand recycling 
network. Such a network has as souree points of sand the companies affiliated in the BRBS, 
and should include new infrastructures to handle the increasing amounts of available sieved 
sand. Actually, these new facilities should he able to perform the following different tasks: 
classifying the sand according to its pollution level, store the clean sand, and clean the 
polluted sand. Clearly, setting up such a network involves large costs. Therefore, BS Consult 
BV, Consultancy Recycling Construction and Demolition Waste, were asked to analyze the 
current Dutch situation and to come up with a strategie plan for the sand recycling problem 
in the Netherlands. This study aims to provide insight on the annual costs of the network, the 
number and where should the new infrastructures ought to he installed and how the sand flows 
throughout the established network. Given that the sieved sand has to he processed before 
being again used, this problem can he considered a reverse logistics management problem, 
see Thierry et al. (1995). The strategie and political nature of the sand problem requires an 
active participation of the decision maker. Hence, the approach used aims also to give the 
decision maker an immediate overview of the consequences of certain decisions. 

2 The Sand Recycling Problem 

Basically, the construction waste can he separated into its main components at the construc
tion site or at a sorting facility, depending on its composition. In case the waste is composed 
mainly by stone materials it is directly shipped to a crushing facility where it will he crushed 
into recyclable sand. Otherwise, the waste is shipped toa sorting facility. Here the waste is 
sieved, in order to identify and isolate the recyclable components like metal, wood, and stone 
from the non recyclable ones that are shipped to disposal areas and/or incinerators. The 
stone components are sent to a crushing facility where more sand is ohtained and similarly 
the other recyclable materials are sent to the corresponding working facilities. A subproduct 
of the sieving process is sand, which contrary to the one obtained in the crushing facilities, is 
quite often polluted. This pollution arises from the fact that contaminated partsof the waste 
like paint and isolation materials, are not separated before the sieving process. Consequently, 
up to now, the polluted sieved sand would have to he dumped. 

As mentioned, the Dutch government is creating new environmentallaws aiming on one 
hand to restriet dumping and/or incinerating waste and on the other hand to improve the 
recycling process. For instance, one of the new polides obliges all the construction waste to 
he first shipped to a sorting or a crushing facility where it is separated into reusable and 
non reusable materials. In this way the amount of waste that is dumped or incinerated is 
substantially reduced. As a consequence it is expected that the total amount of sieved sand 
will increase, reaching 992,400 tonsper year. Since the existent facilities have serious storage 
limitations, new infrastructures have to he created to store the sieved sand until a demand 
is placed. Besides this storage issue, the sand's pollution also creates an additional problem. 
The sieved sand can he classified into three main groups: clean, half-clean and polluted. 
According to Scholten (1995) from the total amount sieved sand originated at the sorting 
facilities on average 40% is clean, 40% is half-clean and the remaining 20% is polluted. The 
sand classified as clean can he reused freely, while the half-clean sand can still he used but 
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under some special precautions. Finally, if the degree of pollution is high then the sieved sand 
cannot he directly reused. In this case, specialized washing equipment is required to remove 
the polluting elements and obtain clean sand. At the moment, both equipments to classify 
and to clean the sieved sand, in case of extreme pollution, are not available. 

The destination of the recycled clean and half-clean sand is at the moment given by the 
Department for the Maintenance of Dikes, Roads and Bridges and the Navigability of Canals. 
This department coordinates big scale projects, requiring a minimum of 50,000 tons of sand. 
Nevertheless, very limited information is available a bout the possible location of these demand 
points. In the future, it is expected that other big construction related companies will also 
start requiring the recycled sand. 

On the other hand, the sorting and crushing facilities affiliated in the BRBS are the sourees 
of sieved sand. Therefore, information about their location, accessibility and expected amount 
of sand available is known. 

In conclusion, to comply with the increasing offer of sieved sand, the BRBS pretencis to 
elaborate a strategie plan that answers the following questions: 

• where can the new infrastructures he located? 

• what type and how many infrastructures should he installed? 

• how much sand should each infrastructure handle? 

It goes without saying that the decision process, has to take into consideration the expected 
demand points and aims to minimize the overall costs of the created network. 

3 Modeling 

Waste management is a complex problem that involves taking decisions both on the strategie 
and the operating level. Basieally, the strategie component of waste management deals with 
high level planning, like: determining which facilities are really needed, where should they he 
located, how much waste can they handle, how is the flow of waste organized, and so forth. On 
the other hand, the operating component can heseen as low level planning. Low level planning 
focuses on questions like: what should he the frequency of collecting the waste, the number 
and size of the transporting facilities, the routing problems associated, the size of the crew 
involved. Although these two main components of waste management are interconnected, 
their analysis is often clone separately for simplicity. Also strategie planning has, in most cases, 
a political character since it is the responsibility of high-level institutions, like government, 
while operating planning is performed locally by the different municipalities involved. The 
literature on waste management contains examples and case studies focusing on each of these 
aspects individually (among others, Gottinger (1988) for tactkal planning, and Clark and 
Gilleao (1975) for operating planning) and simultaneously Ard and Wendell (1978). 

The BRBS is only interested in a strategie plan that can shed some light on the advantages 
and disadvantages of opening eertaio facilities and the annual costs involved. Therefore, we 
will only consider the sand problem from the strategie point of view and model it as a static 
waste management problem. Accordingly, we consider a time period of one year period, and 
suppose that both offer and sand's demand are known in advance and constant over the year. 

As mentioned, the sourees of sand correspond to the 33 sorting and 53 crushing facilities 
affiliated in the BRBS. Since we are mostly interested in the flow of sieved sand that may 

·~: 

25 



be polluted, we only need to consider the 33 sorting facilities as sourees of sieved sand, 
represented by triangles in Figure 1. Notice that some triangles represent multiple sourees of 
sieved sand. 

~ Soun:c ur sicved smul 

I, ••• , JO Projects 

Figure 1: Sourees of sieved sand and projects. 

In order to handle the lack of information about the location of the projects we selected 10 
strategie sites as potential demand points and fixed the amounts of clean and half-clean sand 
required. These are represented in Figure 1 by a number. Using these projects we established 
the following different scenarios: 

Center and south-west regions: projects 5, 6 and 10; 

Center and south-east regions: projects 3, 9 and 10; 

Center and north-east regions: projects 2, 5, 8, 9 and 10; 

Along east region: projects 3, 8 and 9; 

Overall: projects 3, 6, 7 and 8. 

We deliberately did not consider the north and north-east regions separately since they are 
less populated areas and also less industrialized. With such scenarios we can provide the 
decision maker some insight on the functionality and the involved expected costs of the sand 
recycling network. Another modeling option is to consider the sand problem without the 
above demand points. This reasoning can be justified by the fact that little information is 
known about the future demand points. However, since the main goal of the sand recycling 
network is to ship efficiently the sand from its souree to the demand points, it seems rather 
unrealistic to exclude them from the analysis. Moreover, by ignoring the expected places 
where sand will be required, finding the optimallocation of the facilities is only influenced by 
the sourees of sand and thus can lead to erroneous strategie decisions; 

Given the fact that both sorting and crushing facilities do not have the infrastructures 
necessary to handle the problems caused by sand recycling, new facilities have to be created . 

. 
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Clearly, the classification of the sieved sand, requiring specialized equipment, is the first task 
to be performed. After this classification process the clean and half-clean sand should be 
stored until needed while the polluted sand should be cleaned. Since, the processof cleaning 
the sand, requires other type of equipment that is also particularly big, we considered the 
following two types of facilities: 

1. regional depots which receive the flow of sieved sand, classify it according to its pollution 
level and store the clean and half-clean sand; and, 

2. treatment facilities that will clean the polluted sand and store it. 

Schematically the sand recycling network is organized as shown in Figure 2. 

clean sand half-clean sand polluted sand 

~ 
clean sand 

project ...,.,.f------1......._.'-- =· s_-_·_*_·_,_· ~_"0 
Figure 2: Flow of sand. 

3.1 Technological Issues 

Setting up the sand recycling network sketched in Figure 2, yields different types of costs. 
Clearly, the transport of sand throughout the network yields transportation costs that are 
proportional to the amount ofsand and distance transported. Notice that, in the Netherlands, 
sand can also be transported by water, which is cheaper than by road. Actually, one ton of 
sand transported by water costs about 0.02 Dfl per km, while by road it costs some 0.09 Dfl 
per km. Hence, two distance matrixes are considered: one containing the distances between 
sites only reachable by road and the other containing the distances between sites reachable by 
water. The road distance matrix was constructed using the route planner software, ANDRoute 
95 (AND, 1995), while the water distance matrix was obtained by direct measuring (Kliphuis, 
1989). In order to avoid data errors, which are common in the construction of such big 
matrixes, a validation test was used. 

Another type of costs associated with the flow of sand throughout the network are the 
processing costs at the regional depots and treatment facilities. As the name suggests, the 
processing costs incorporate among others energy and labor costs at the correspondent facility. 
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Although these might be dependent on the facility itself, for the available data they are only 
dependent on the type of facility, i.e. if it is a regionat depot or a treatment facility. For a 
regional depot the processing costs per ton are 1 Dfl while for a treatment facility they aseend 
to 46 Dfl. 

Finally, we have the fixed costs that translate the costs incurred by installing the new 
facilities at given sites. For instance, the fixed costs of a regionat depot relate the costs of 
setting up at a given site a Iabaratory to dassify the sand, a weighting-bridge, the buildings 
where the clean and half-clean sand will be stored, etc. Clearly, the size of the depot, which 
depends on the site considered, influences decisively the fixed costs. Similarly, fora treatment 
facility the fixed costs consider the costs of setting up at a given site a building to store the 
clean sand, a weighting-bridge and the specialized equipment to clean the sand. Notice 
that contrary to the traveling and processing costs that appear each time sand is shipped 
throughout the network, the fixed costs correspond to the total costs incurred by the creation 
of the new facilities. Since BRBS is interested in the expected costs per year, all the considered 
costs are amortized to a yearly basis. This means in particular that the fixed costs, are 
accordingly indexed. To give an idea of the magnitude of these fixed costs, a regionat depot 
with a starage capacity of 150,000 tons yields a fixed cost of 670,625 Dfl per year while 
instaHing a treatment facility handling the same amount of sand requires 4,057,125 Dfl per 
year. 

Another key issue is the possible location set for both types of facilities. These sites should 
be easily accessible from the sourees of sieved sand in order to minimize the transportation 
costs. Hence, it seems logical to consider as possible sites the ones where sorting and crushing 
facilities already exist. Moreover, at these sites there is usually freespace available that can 
be easily used to instaU the new facilities. This choice is also su pported by the fact that, 
both the infrastructures and the know-how of handling sand are already available at these 
sites. Therefore we will consider as possible sites the 86 locations of the existent sorting and 
crushing facilities. In the case of the treatment facilities there are additional issues that should 
be taken into consideration when choosing the possible set of locations. First of all, the fixed 
costs of installing a treatment facility are rather high compared to the ones of a regional depot. 
It also appears, (Schotten, 1995), that a treatment facility is only profitable if it processes a 
minimum of 100,000 tons of polluted sand per year. It follows, since the average amount of 
polluted sand is only 20% of the total amount, about 198,480 tonsper year, that only one or 
two of such facilities will be necessary. This reduced number of treatment facilities yields that 
the polluted sand has to travel langer distances. Finally, since sand can he transported by 
water at lower costs than by road, it seems logical to impose additionally that the treatment 
facilities have to he located at sites reached by water. Accordingly, the possible set of sites 
for the treatment facilities is reduced to 21. 

It is left to discuss the starage and processing capacity of the new facilities. As mentioned 
the main tasks of the regional depots are to classify the incoming sieved sand and store 
the clean and half-clean sand. Since the classification process does not appear to yield any 
processing constraints, we have for these facilities only starage capacities. In spite of the 
continuons nature of the storing process, we assume that the processing of handling the sand 
is statie. Hence, we consider that the depots where the sand is stared have a turn-over twice 
per year. Given that 4 tons of sand can be stored in a square meter, the starage capacity 
is determined by the available space at each site. As a rule of thumb (Scholten, 1995), at 
sorting and crushing sites 30% of the available starage place for the incoming construction 
waste is available. This rule will be used to establish the maximum starage capacity for clean 
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and half-clean sand for the regionat depots, which can vary for the given data from 1,200 
to 240,000 tons per (these capacities already take into account the turn-over). As for the · 
treatment facilities, one has to take into account the fact that the polluted sand is subjected 
to a complicated cleaning process. This yields a limitation on the maximum amount of 
polluted sand that can be processed per year amounting to 150,000 tons. For the resulting 
clean sand, it is assumed that there is always enough space at the site for storage and hence 
no special storage constraints are needed. As mentioned the fixed costs of the new facilities 
depend greatly on the facility's capacity to store or clean sand. Consequently, the fixed costs 
of the treatment facilities are all the same and the ones associated with the regional depots 
can be grouped in 20 subclasses, according to the different storage capacities. 

Besides the maximal starage/processing capacities, minimal starage/processing capacities 
may also be taken into consideration. This is the case whenever the fixed costs are so high that 
it is only worthwhile opening a facility if it handles a certain amount of sand. For instance, it 
might be important, as mentioned above, to establish a minimal processing capacity for the 
treatment facilities of 100,000 tonsper year. 

3.2 Solving the problem 

The sand problem can be described as follows: given the potentiallocations of regionat depots 
and treatment facilities, the capacities of these facilities, the cost structures- transportation, 
processing and fixed costs - and the location of the sourees of sieved sand as well as the sites 
of the projects and respectively their availability and demand of sand, find out which facilities 
should be built and how the sand should be classified, stored, cleaned and delivered to the 
projects so that the total costs of the system are minimized. 

The problem described above considers two levels of facilities: the regionat depots and 
the treatment facilities, and hence, it falls into the class of Two-level Capacitated Facility 
Location Problems. However, the sand problem has some special characteristics that deviate 
from the classicallocation problems. Firstly, in alocation problem the facilities to be located 
provide services to one set of clients, and thus their location is only influenced by these clients. 
The reverse logistics nature of the sand problem, yields that the involved facilities provide 
simultaneously service to two different sets of clients: the sourees of sieved sand and the 
demand points of clean and half-clean sand. Therefore, in this case, the optimal location is 
influenced by both souree and demand points. The second main difference lies in the way 
the sand flows throughout the network constructed. In fact, the sand that is classified as 
not polluted at the regional depots (first level facilities), goes directly to the demand points, 
without going through the second level of facilities: the treatment facilities. 

Similar to the Two-level Capacitated Facility Location Problem, the sand problem is 
NP-hard. Therefore, an optimal salution technique will be quite expensive in terms of com
puting time, taking into consideration the dimensions of the sand problem. Moreover, this 
study has an interactive character and therefore the decision maker wants to quickly view the 
impact of certain decisions. Hence, the salution procedures considered are beuristics based 
on transforming the linear relaxation salution into a feasible one, see Barros et al. (1996). 

Another key issue in the implementation of the salution techniques wasthefact that these 
should be integrated in the commercial Excel spreadsheet running on PC's in which the data 
is stored and could be changed easily. Accordingly, the commercial package Gams (Brooke 
et al., 1988) was considered for the optimization process. Finally, the salution tools developed, 
allow BS Consultancy staff to redo easily the analysis if data changed, to evaluate the costs 
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for a. given network, a.nd to optimize the tra.nsporta.tion of the sa.nd in a. part of the network. 

4 Results 

We will start by presenting some data. rela.ted to the offer a.nd dema.nd of sa.nd to give a.n idea. 
of the a.mount of sieved sa.nd involved. The tota.l a.va.ila.bility of sa.nd a.mounts to 992,400 tons 
per yea.r, from which 396,960 tons correspond to clean a.nd ha.lf-clea.n sa.nd, a.nd the rema.ining 
198,480 tons to polluted sa.nd. For a.ll projects the demand of ea.ch type of sa.nd is given in 
the following ta.ble: 

Sand type Proj.l Proj.2 Proj.3 Proj.4 Proj.5 Proj.6 Proj. 7 Proj.B Proj.9 Proj.JO 
Clean sand 80000 50000 50000 0 80000 50000 80000 0 80000 200000 

Half-clean sand 50000 50000 75000 90000 60000 50000 100000 50000 100000 150000 

Ta.ble 1: Dema.nd of sa.nd 

We will discuss in detail the scenario whose projects a.re concentrated in the center and 
soutb-west of the Netherla.nds: 5, 6 a.nd 10. The proposed solution is illustrated in Figure 3, 
where the sites a.ccessible by water a.re ma.rked with a. da.rker color.1• 

6 Souree of sieved s;:md 

Q Rejlional dep<>t 

0 Treatment fucilîty 

s. 6,!0 Prnjects 

Figure 3: Solution. 

The tota.l a.nnua.l costof the network amounts to 28,406,875 Dfl, from which 13,827,655 Dfl 
are fixed costs, 10,070,875 Dfl a.re processing costs a.nd 4,508,345 Dfl a.re tra.nsportation costs. 
Notice tha.t the processing costs only depend on the tota.l a.mount of sieved sa.nd origina.ted 
a.t the sorting fa.cilities, a.nd therefore are constant for all the scena.rios. 

This network ha.s 25 regiona.l depots, from which 11 a.re a.ccessible by water. As expected 
there is a. high concentra.tion of regional depots in the neighborhood of the project sites a.nd of 
the sourees of sa.nd. Only 3 regionat depots do g7not use their stora.ge ca.pa.city to the limit. In 
pa.rticula.r, the one loca.ted a.t the sa.me site of project 10, only uses half of its stora.ge ca.pa.city. 

that the some balls repreaent multiple depots. 
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The treatment facilities are located at sites where regional depots are placed. Moreover, the 
one located at the samesite of project 10 fully uses its processing capacity. This is due to two 
reasons. Firstly, this site is located in the center west region, which has a higher density of 
sourees of polluted sand. Secondly, project 10 requires the biggest quantity of clean sand and 
hence, serving its demand via this treatment facility reduces the traveling costs. The other 
treatment facility is only working one third of its full capacity and deals with the polluted 
sand originated in the north and east regions of the Netherlands. Notice that this treatment 
facility is actually processing a bout 50,000 tonsof sand per year which is half of the considered 
minimal processing capacity (see Section 3.1). This unbalance in the working load at these 
facilities appears to be a consequence of minimizing the traveling costs. 

It is worthwhile mentioning that for the available data, the fixed costs associated with 
opening a regional depot are rather small, varying between 57,500 and 1,130,500 Dfl. Conse
quently, it may be more profitable to open new regional depots, instead of shipping the sand 
over long distances. Moreover, since the fixed costs are proportional to the storage capacities 
at each site, it yields that small (and thus cheap) regional depots are opened to handle locally 
the flow of sieved sand. This trend is observed for all the scenarios, where a minimum of 19 
regional depots is opened, and 90% of the storage capacity is used. 

Finally, the working load of the treatment facilities follows the same pattern for the other 
scenarios. Basically, the most central located treatment facility is using its capacity to the 
limit, while the other one is only using at most 50% of its capacity. An exception is made for 
the scenario that bas projects along theeast region. In this case, the working load is reversed, 
i.e. the treatment facility most busy is now the one placed in the east region. 

5 Conclusions 

Generally, the type of solutions obtained refl.ects the duo character of the problem: receiving 
the sieved sand and processing it, and serving the projects. In all the scenarios considered, 
the trend is always to open on average 22 regionat depots near the sourees of sieved sand and 
the projects. For all the scenarios, 11 sites for the regional depots were the same. These are 
located at sites along the borders of the Netherlands (near sourees of sand) and/or that are 
accessible by water (sites with darker color), see Figure 4. 
Similarly, the location of the treatment facilities takes into consideration these two distinct 
goals. In some of the scenarios considered, the demand of clean sand can be satisfied using 
mostly the regional depots. In these cases, the location of these facilities is more infl.uenced 
by the sourees of polluted sand. If the demand of clean sand is such that the treatment 
facilities need toship the cleaned sand, then the projects will have a decisive roleon choosing 
the location of these facilities. Although the sites selected for the treatment facilities vary for 
the different scenarios, they are always taken from a the set of 5 sites represented by crosses 
in Figure 4. Notice that, these sites are spread in a band in the center of the Netherlands. 
Mostly, a treatment facility handling the incoming flow of sieved sand from the east regions 
is located in the right part of the band. If the scenario considered has a high demand of 
clean sand and its projects are also located in this area, then this facility will use totally its 
processing capacity. Otherwise, it is mostly working at one third of its capacity. The other 
treatment facility, handling the remaining income of polluted sand (which is. in total more), 
is located in the left or center part of the band, depending on the locatîon of the projects and 
their demand for clean sand. 
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Figure 4: More frequently used sites for the regional depots and treatment facilities. 

The results obtained point out, in first place, the influence of the location of the de
mand points and theirs expected demand of sand. Therefore, it seems essential to seek more 
information about the expected demand points. 

Another important issue that this study uncovers is the importance of location theory in 
waste and recycling management. Whenever a new network has to he created and the set 
of possibilities is too big to he analyzed case by case, location theory provides the models 
and solution procedures to tackle the problem efficiently. Secondly, if the network is already 
operational, location theory offers the possibility to adjust this network to changes in the 
original premises of the problem. 
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A growing concern about the environment, and especially about waste and landfill, bas spurred 
research into the design of more environmentally benign products. A dramatic reduction in 
environmental impact can be made by product remanufacturing in which, in contrast to material 
recycling, the geometrical form of the product is retained and its associated economical and 
environmental value preserved. Our research goal is to establish design metrics which efficiently 
and effectively measure the remanufacturability of product designs. In this paper, metrics for 
assessing the remanufacturability basedon product design features are introduced. Similar like 
Design for Assembly metrics, these Design for Remanufacturing metrics provide a relatively 
efficient and effective means for a product designer to obtain feedback with respect to the 
remanufacturability of a product. The metrics have been applied to various case studies, ranging 
from consumer electronic to automotive products. Feedback from the remanufacturing industry 
matches the results. 
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1 Our Frame of Reference - Metrics for Assessing Remanufacturability 

As manufacturers become more and more environmentally conscious, they tend to investigate 
various means of producing their products in such a manner as to reduce environmental harm, 
while simultaneously keeping their costs down. Some manufacturers are particu1arly concemed 
with the proposed European Automotive "Take-Back" Legislation, which would require 
manufacturers to reclairn their product at the end of its lifecycle and recycle a certain percentage of 
it (see, e.g., (Congress, 1992, Fikse!, 1996)). 

Product reuse, as opposed to material recycling, would seem to be the more profitable means of 
product disposition, both ecologically and economically, as the reprocessing and manufacturing 
expenditures (time, energy, cost, etc ... ) are avoided (Amezquita, et al., 1995a, Berko-Boateng, et 
al., 1993, Haynsworth and Lyons, 1987, Navin-Chandra, 1993). Remanufàcturing is the practice 
of disassembling, cleaning, refurbishing, replacing parts (as necessary) and reassembling a 
product in such a manner that the part is at least as good as, or better than, new. By 
remanufacturing a product, the product may be retumed to service with a reasonably high degree of 
confidence that it will endure (at least) another fulllifecycle. 

The largest gain in enhancing reusability and remanufacturability can be made in design (Congress, 
1992). In order to assist the product designer to develop parts which can be remanufactured at the 
end of their first lifecycle, a system of efficient and effective1 mechanical design metrics is 
currently being developed in our laboratory. These metrics would objectively, and quantifiably, 
measure the mechanica! remanufacturability of their product, providing the designer with 
immediate feedback as the design progresses. A good example of efficient and effective metrics in 
a different domain, which proved successful, are those postulated and validaled by Boothroyd and 
Dewhurst regarding the assembly ofproducts (Boothroyd and Dewhurst, 1991). Their successlies 
in the sirnplicity ofthe usage of the metrics (e.g., everybody can count the number of partsin an 
assenibly) connected tothefact that their metrics are valid and indeed provide a good measure for 
the assemblability of a product. 

In order to de vel op a similar system of metrics for assessing remanufacturability, it is necessary to 
develop a better understanding of what criteria need to be measured, and to get a feel for how 
important these criteria were, relative to one another. In (Amezquita, et al., 1995a), we identified 
design characteristics which facilitate remanufacturing from literature and general practice. We 
discussed principal driving factors for remanufacturing, as well as identifying existing 
remanufacturing guidelines, philosophies, and practices. In (Amezquita, et al., 1995b), we 
outlined our research approach taken for the establishment of remanufacturability metrics and gave 
preliminary list of measurables that affect remanufacturability in the form of a worksheet. Some of 
the most notabie workin remanufacturing was performed by Lund who performed a survey in the 
early eighties among remanufacturers. In (Hammond, et al., 1996), we presenled results from a 
survey we recently conducted. Among others, it was noted that the automotive remanufacturing 
industry has changed since the late seventies due to changes in automotive design practices by 
Original Equipment Manufacturers (OEMs). 

In this paper, we will present Design for Remanufacturing metrics that we have developed based 
on our findings. First we will start with the foundational structure of the metrics, namely, 
Boothroyd and Dewhurst' s Design for Assembly metrics, foliowed by a detailed discussion of the 
metrics and the resulting remanufacturability assessment. The metrics will be applied to a product 
examp1e. 

1 Wedefine efficiency as a measure of swiftness and effectiveness as a measure of completeness and correctness. 
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2 Intellectual Foundation - Design for Assembly 

A good example of efficient and effective metrics which proved successful, are those postulated 
and validated by Boothroyd and Dewhurst regarding the assembly of products (Boothroyd and 
Dewhurst, 1991). Their success lies in the simplicity of the usage of the metrics (e.g., everybody 
can count the number of partsin an assembly) connected to the fact that their metrics are valid and 
indeed provide a good measure for the assemblability of a product. To assess the assembly index 
in the DFA analysis, Boothroyd & Dewhurst assert that the theoretica! minimum number of parts 
must be detennined. This ideal number of parts is allotted 3 seconds each for assembly, which 
results in an idealized time for assembly. The ideal time is then divided by an estimate of the actual 
assembly time required by the chosen assembly sequence, which results in the efficiency rating for 
assembly. According to Boothroyd & Dewhurst, typical assembly efficiencies range between 25-
35%. . 

Because ofthe proven utility and the familiarity of designers with Boothroyd and Dewhurst's DFA 
index, we have chosen to base our metric for remanufacturability on similar conceptsas the DFA 
index. Specifically, we have found it useful to use of the concept of actual versus the theoretica! 
minimum number of parts needed in the product as a basis for assessing the "goodness" of 
remanufacturability. 

For a part to be considered theoretically necessary, it must meet at least one of three criteria, 
according to Boothroyd & Dewhurst. These criteria for an ideal part are as follows: 
1. Only large ranges of motion should be considered ( small motions can be accomplished by 

incorporating elastic elements into the part) 
2. The part must be made of a different material, since the properties of that material are required 

to achieve design requirements 
3. The part required to facilitate the process of assembly or disassembly ( such as access panels or 

housing covers) 

The theoretica! minimum number of parts is a useful concept for providing a comparison between 
ideal situations and real ones. Since these criteria were developed by Boothroyd and Dewhurst to 
detennine only if a part was required for assembly purposes they need to be modified to facilitate 
the same decision with respect to remanufacturing. With this in mind, the following criterion bas 
been added to the previous criteria: 

4. Is the part required to isolate wear toparts with relatively low intrinsic value 

Relative intrinsic value can be somewhat difficult to assess without dealing with transient factors 
such as cost. The intrinsic value of a part is directly proportional to the amount of time, energy and 
other resources (like scarce materials) that have been invested into the part. For example, complex 
castings which have been machined are usually considered to have a significant intrinsic value, 
since both the casting and the machining processes require a great deal of time and energy. 
Conversely, parts made of stamped sheet roetal usually are not, since they are typically produced in 
large quantities in very short amounts of time very little energy expended per part. Parts with a 
significant amount of intrinsic value, called Key Parts, are the parts in the product that are 
important to be recovered during the remanufacturing process. 

For the sake of this metric, manual disassembly and reassembly is the only process that is under 
consideration. Much like Boothroyd & Dewhurst's DFA analysis, this metric can be subsequently 
modified in order to accommodate other processes or technologies like high-speed automation. 
However. it is beyond the scope of this paper to develop multiple assessment techniques for the 
various technologies and processes which are currently available to the remanufacturing in dustry. 
We believe that our work will provide the foundation upon which subsequent research may add to 
or modify these metrics to accommodate these changes. With this in mind, manual assembly and 
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disassembly will be used as the basis for the remanufacturability metric, since it is easily 
understood and is stabie from a technological standpoint This has the added benefit of allowing 
the metric to be easily verified, as the majority of the existing remanufacturing industry uses 
manual assembly and disassembly. 

3 Components of the Remanufacturability Metric 

From existing literature as well as surveys distributed to the remanufacturing (Amezquita, 1996, 
Amezquita, et al., 1995a, Amezquita, et al., 1995b, Hammond, et al., 1996, Hammond, 1996), 
several characteristics of remanufacturability were identified. From this list, several issues not 
directly under the control of the designer were removed from consideration for these metrics. 
Removing these issues does not reflect that they do not have any hearing on a part's 
remanufacturability. Rather, these issues are not driven primarily by the parts design. Of the 
remaining issues, several are related to the process of remanufacturing and almost all of the other 
issues directly affect those processes. For example, eerrosion increases the amount of 
disassembly and cleaning time required, permanent fastening increases disassembly times and the 
amount of refurbishing required and so on. Since each process is more or less independent of each 
other, we deemed it logica! to develop the metrics to use the processes as the top-level issues. 
From the surveys and literature (e.g., (VDI, 1993)), the following "generic" remanufacturing 
processes were identified: 

Assembly Cleaning 
Disassembly Inspeetion 
Testing Refurbishing 
Repair Replacement 

However, areas of overlap exist between these eight processes which must be eliminated, such that 
each can be assessed independently of each other. For this reason, the listed processes must be 
combined or partitioned into independent criteria for which a metric can be developed. Based on 
our findings, we have refmed the list of top-level issues into the following categodes for which 
sets of mettics have been developed: 

• Cleaning 
• Damage Correction, composed of repair, refurbishment andreplacement metrics 
• Quality Assurance, composed of testing and inspeetion metrics 
• Part Interfacing, composed of disassembly and assembly metrics 

Figure 1 portrays the basic organizational structure of our remanufacturability assessment. 
Information flows from left to right and the arrows indicate combination of inputs. In the 
structure, the following distinctions are made between metrics, indices, and categories: 

• The column labeled "metrics" in Figure 1 denotes the (eight) key criteria which need to be 
measured in order to obtain a remanufacturability assessment. 

• A "category" is a grouping of closely related and inter-dependent metrics. The four 
categodes themselves are independent from each other. In essence, a category denotes an 
intermediale step in obtaining a remanufacturability assessment. 

• Indices represent numerical values. The indices for the metrics are calculated using the 
formulas discussed in the following sections. The indices for the categodes are calculated 
using associated metric indices times a relative weighting. The remanufacturing index is a 
weighted value denoting the remanufacturability of the product. 

In addition, weights for the metrics and categodes are given. These are discussed in detail in 
Sectiens 3.5 and 3.6. In the following sections, detailed discussions are given on the categodes 
and metric formulations and indices calculations. 
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Level 1 
Metrlc Weiahtlna Index Index 

Replacement (Key) L. 
Disassemblv 30.0% Re man 
Reassemblv 70.0% Index 
Testing 80.0% ~ Categorv Weighting Index Level 2 ~ 

lnsoection 20.0% ........ lnterfaclna 30.0% ..... Index 
Replacement (Basic) 20.0% "' Ouality Assurance 5.0% ~ r'" 
Refurbishin 80.0% -Damage Correclion 40.0% ~ 
Cleanlna Cleanin 25.0% 

Figure 1 - Structure of Remanufacturability Assessment 

3.1 Part Interfacing Category: Metrics for Assembly and Disassembly 

It is reasonabiy obvious that there are many similarities between both assembiy and disassembiy. 
As a matter of practice, the disassembiy sequence is often the opposite of its assembiy sequence in 
remanufacture. Many of the same toois, techniques and fixtures are used to accomplish both 
processes. However, assembiy and disassembiy both have concerns, unique to each, that 

. complicate them. By improving one process, the other does not necessariiy improve. Por 
exampie, snap clipscan speed up assembiy times (vs. screws or other threaded fasteners), but 
removing them is more difficuit. Because of these differences, it is desirabie to quantify assembiy 
and disassembiy separateiy. However, since they are so closeiy reiated, it is desirabie to consicter 
them together when assigning them weights for combination with other metrics. 

In keeping with Boothroyd and Dewhurst's DFA metric, the assembiy and disassembiy metrics are 
defmed using the number of ideal parts timesanideal part (dis)assembiy time score divided over 
the actual total time for (dis)assembiy (see Equations I and 2). Hence, once the times for 
disassembiy and reassembiy have been determined, as wellas the theoretica! minimum number of 
parts (also called the number of ideal parts), both the disassembiy and assembiy score can be 
determined. Following Boothroyd and Dewhurst, 3 seconds are allotted per ideal part for 
reassembiy. Where disassembiy is often much faster than assembiy, the DFA analysis can be 
modified to aliocate oniy 1.5 seconds per ideal part (rather than 3 seconds) for disassembiy. 
Consequentiy, the metrics for disassembiy and assembiy are as shown in Equations 1 and 2. In 
Section 4, we will show how the number of ideal parts and total times for (dis)assembiy are 
obtained through worksheets using a Kodak Funsaver Camera as an exampie. 

. _ ((# IdeaiXI.5 sec)J 
Jl D1sassemb~ - ( • ) Ttmeo 

[1] 

( 
(# ldeal X3 sec )J 

Jl Assembly = ( . ) 
TtmeA 

[2] 

3. 2 Quality Assurance Category: Metrics For Testing and Inspeetion 

Remanufacturers must be vigilant about maintaining the quality of their products. Frequently, 
consumers are wary of remanufactured goods, despite the Iower cost, because they are concerned 
that the remanufactured product is not as capabie or reliabie as the new one. In order to assuage 
these fears or personal biases, the remanufacturer must be abie to back up their claims of quality. 

Most remanufacturers seem to agree on is that 100% inspeetion is essential to ensure that obviousiy 
defective parts are not reused. This practice serves two purposes: 1) to piacate the consumer' s 
worries, and 2) to provide the remanufacturer with the confidence to issue a warranty on the 
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product. Also, since remanufacturers can use higher quality reptacement parts, remanufactured 
products can prevent or alleviate original design flaws, and thus prevent warranty returns. 

In actdition to visual inspections, the parts and/or assemblies that must perform eertaio functions 
must be tested to eosure that they perform within specified parameters. Testing is more 
quantitative than inspection, since the product must perform some function within well defmed 
limits. Por example, automotive water pumps are pressure and/or vacuum checked to eosure that 
water cannot leak from the system. Like inspection, testing helps to alleviate the consumer's 
concerns, as well as confirms to the remanufacturer that the product performs satisfactorily. 

3. 2 .1 The Metric For Inspeetion 

Inspeetion refers to the process of qualitatively examining parts for damage - usually by visually 
checking the parts. This is most often performed during disassembly (for parts which do not 
require cleaning) or immediately after cleaning (for those that do). Every part must be inspected 
for visible damage in order to eosure that all parts which go back into the remanufactured product 
have not been damaged. Of particular interest during this step is to identify any damage which is 
not due to routine usage. Frequently, damage which is out of the ordinary is the result of misuse 
by the user, abusive environments, corrosion, and so on. Occasionally, manufacturing defects 
which were not identified by the rnanufactueer are detected in this step as well. Thus, the 
inspeetion process looks beyond the wear or other damage which is anticipated during the design 
of the product. 

In cases where checking the condition of a part takes a significant investment of time or resources 
(like magnafluxing an iron casting to check for cracks) these checks are more similar to testing -
and thus is more appropriately accounted for in the testing metric. Instead of using the total 
number of failure modes to assess the process of inspection, it seerns more appropriate to simply 
use the number of parts which have to be inspected - indicated by the total number of parts less the 
parts that are replaced. The ideal number of inspections in this case would be represented by the 
theoretica! minimum number of parts which do not need to be replaced during refurbishing. 
Therefore the metric for inspeetion uses the following formula: 

( # I deal Insrections) 
Jl lnspectón = 

(# Parts - #Repl) 
[3] 

3. 3. 2 The Metric For Testing 

Testing, unlike inspection, requires usually checking the performance of the product or 
subassemblies against predefined performance criteria to eosure that they function appropriately. 
Another case that is covered by the testing metric is inspections which require additional time, tools 
and/or fixtures. Magnafluxing is a good example of this kind of inspection. The reason that this 
kind of inspeetion is considered under the testing metric and not under inspeetion is that the 
inspeetion metric covers quick, visual evaluations made by the inspector. The testing metric covers 
performance tests as well as inspections which require the use of additional tools or fixtures to 
identify parts or assemblies that are not adequate. 

Since our metrics are comparisons of actual conditions to idealizations, the next step is to identify 
how to define the idealized time for testing. Once again, it is appropriate to refer to the DFA 
template. Since these metrics are concerned with products which are manually assembied or 
disassembled, it is appropriate to assert that the products are also capable of being manually tested. 
That is to say that the products can be picked up and manipulated by the person doing the testing -
without requiring the aid of a machine. Given this assumption, it is not inappropriate to allow a 
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fiXed arnount of time per test to insert, test, and remove the product, much like the 3 seconds 
allotted for the assembly of each part. Thus the total idealized time for testing is found by 
multiplying the total number of tests by 10 seconds. This idealization is compared to the total 
actual time required time required to perform all tests for the product. Thus the metric for testing is 
defmed by equation 4. 

(# TestsXl 0 sec) 
J.l Testing = --~-;....;...-:--__..;.. 

(Timer) 
(4] 

3.3 The Metric For Cleaning 

Cleaning is the process of removing anything which is not intended to be present in the part. Also, 
it involves removing any substances (like oil) which would prevent any remanufacturing process to 
be performed (like applying protective coatings or painting). During this process, many foreign 
substances are removed from products, including (but are not restricted to ): oil, grease, shavings 
{from worn surfaces), corrosion, dirt, dust, lint, etc. 

Cleaning is a very significant phase in the process of remanufacturing, as it often requires a major 
investment from the remanufacturer. A large portion of this investment comes from having to 
conform to environmentallegislation or waste disposal (solid, liquid and airborne) requirements. 
Also, for parts which require extensive cleaning (like carburetors or engine heads), cleaning can be 
very time and capita! intensive. There are many different processes for cleaning parts, and each 
has a different level of investment required for each. For the sake of this paper, these processes 
can be generalized into four categories: loose debris, dry adhered debris, oily debris (baked) and 
oily debris (washed & dried). 

In order to quantify the cleaning metric, it is necessary to assess the resource requirement for each 
cleaning process used during the remanufacture of the product. As with the previous metrics, it is 
desirabie to assess each part for its contribution to the total arnount of resources required to clean 
them. Instead of trying to determine the actual arnount of resources required for each part, it is 
more useful to create an assessment of each cleaning process and apply the appropriate cleaning 
score toeach part. To assess each cleaning method, a relative comparison of the general cleaning 
methods has been performed, as shown in Figure 1. Despite the large variety of, e.g., washing 
processes available, the investment required for each is very similar from a high level of 
abstraction. Consequently, various processes have been consolidated into a single category, in 
order to simplify the overall assessment of the relative importance of the cleaning processes. 

In the prioritization matrix shown in Figure 2, the amount of investment required for each metbod 
is compared with each other in order to generate their relative importance. Since these relative 
importances are based on incremental decisions, as shown in the legend, it is not appropriate to 
take the exact relative importances as being precisely correct. Therefore, the calculated importances 
are rounded to a set of approximations to the true relative importances. These approximations are 
then scaled such that the one with the smallest investment - blowinglbrushing - is set equal to one. 
This scaled set is used as the cleaning score for each process. Using these scores to assess the 
cleaning investment required for each part, a total cleaning score can be determined by adding up 
the individual part's scores. 
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Prioritizatlon Matrix Legend 
5 (row) requires much more investment than (column) 
3 (row) requires more investment than (column) 
1 (row) requires the same investment as (column) 

1/ 3 (row) requires less investment than (column) 
1/5 (row) requires much less lnvestment than (column) 

'a 

" c • 'a " • Approximate Usabie • 111 • z:: 
0 ... .lil: • Relatlve Cleaning Cleanlng 

42 111 111 
42 111 42 • Score lmDortance Score Score 

blown 1.0 0.3 0.2 0.2 1.7 7% 1.00 1 
abraded 3.0 1.0 0.3 0.3 4.7 18% 2.69 3 

baked 5.0 3.0 1.0 1.0 10.0 38% 5.77 6 
washed 5.0 3.0 1.0 1.0 10.0 38% 5.77 6 

26.4 100% 15.23 

Figure 2 - Prioritization of Cleaning Processes 

In order to ereale a mettic for cleaning, an idealized score must be developed. The first ideal 
situation which comes to mind is if all of the parts of a product merely needed to be blown or 
brushed clean, since this requires the least effort of the cleaning processes. However, to take this 
idealization one step further, a more ideal case would be to only have to clean the minimum number 
ofparts, which would then only need to be blown free of loose debris. Consequently, the mettic 
for cleaning becomes a comparison of the total cleaning score of each of the parts and the ideal 
number of parts (multiplied by 1 - the minimum cleaning score). The formula used is shown in 
Equation 5. 

Jl Cleaning = 
(# IdeaiXI) 

[5] 
(Cleaning Score) 

3.4 Damage Correction: Metrics For Part Refurbishing And Part Repfacement 

Damage;d parts must be repaired to like-new condition, or barring that, they must be replaced. One 
of the main goals behind remanufacturing is to reuse as many of the original parts as possible. 
Often this is construed as to mean that the parts must be made significantly more durable - which 
usually entails a significant additional investment, and often causes the product to weigh more. 
However, if parts are designed to isolate wear and other anticipated service damage away from 
valuable parts, very little additional investment is usually required. Using this concept, wear 
should be isolated to replaceable parts that have very little intrinsic value. By doing so, the most 
valuable parts in the product are proteeled from damage due to wear, and may not even need to be 
repaired at all. Consequently, the reused parts represent the vast majority of the value of the whole 
product. 

This brings to light two facets of correcting damage done to the parts of a product. The first facet 
is the more preferabie of the two - part refurbishing. Refurbishing is used here to cover the repair 
of damage (from whatever source) through the reapplication of protectivelaesthetic coatings 
(ranging from rust inhibitors through decorative paint). The second facet is the Iess desirabie 
alternative to refurbishing - part replacement. This is reserved for those parts which cannot be 
reused because they cannot be refurbished (without the use of specialized toois or processes). 
Replacement is much less desirabie than refurbishing, as it often requires a more significant 
investment to purchase the reptacement parts than to prepare them for reuse. 
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3. 4 .1 The Metric For Part Refurbishing 

Refurbishing refers to both the repair of danlage to the part and the application of 
protective/aesthetic coatings. In the case of damage done to the part, it is irrelevant where or when 
the damage occurred. In particular, it is unimportant at this point whether the damage was inflicted 
during the product's service life or during the disassembly process. The crucial question is 
whether the danlage can be undone in such a manner as to return the product back to its original 
capabilities. If they cannot, the part must be replaced. 

There are almost as many different ways to refurbish parts as there are products to be 
remanufactured. Even generalizing refurbishing into categories, as was done in Section 3.3 for the 
cleaning metric, is not practical. There are many types of products which require very unique 
processes, specific to the product itself. At a very high level of abstraction, however, it is possible 
to determine how much investrnent is required to refurbish a product by simply identifying how 
many parts need to be refurbished. Even though this does not account for the actual, specific 
investment required to perform the various refurbishing processes, it does provide an indication as 
to how many parts require an investrnent. An underlying assumption here is that regardless of the 
specific process, there will be - at the very least - a moderate investrnent of time, energy and/or 
resources to refurbish a part. 

Given that the number of parts which need to be refurbished accounts for the actua1 portion of the 
metric, the idealized case must be determined. Ideally, there would be no refurbished parts - all 
parts in the product would go back into the part without needing to be refurbished. As with the 
other metrics, the ideal case is approached as the metric nears 100%. This would seem to indicate 
that as the parts that do not require refurbishing approach the total number of parts, the ideal 
situation is approached. Since the number of parts which do not need to be refurbished is 
equivalent to the total number of parts less the number of parts which do require refurbishing, the 
formula for the refurbishing metric becomes: 

( 
(# Refurb )J 

Jl Refurbisb = 1 • (# Parts) ) [6] 

3.4.2 The Metrics For Part Reptacement 

Part reptacement is the last resort for those parts which cannot be conventionally refurbished. 
Occasionally, several key partsin the product (ones which embody a significant amount of intrinsic 
value) cannot be refurbished or reused, and must therefore be replaced. If several of these key 
parts must be replaced, remanufacturing the product impractical, since it requires a very large 
(financial) investrnent to replacethese parts. Since replacing several of the key parts in a product 
bas such a significant affect on the remanufacturing process, it makes sense to separate the metric 
for replacement to account for the key parts which must be replaced, and for the remainder of the 
parts (those which do not include key parts). 

The part replacement metrics developed are similar in nature to the refurbishing metric. That is to 
say that the number of parts to be replaced is compared with a total number of parts. This 
maintains the focus on the design of the product, and not the market conditions. The metric for the 
replacement of the key parts in a product is given in Equation 7. Every part will have at least one 
key part - often more. The ideal situation would be not to replace any of the key parts. Since this 
is very close to the situation with the refurbishing metric, the metric for key part replacement can be 
defmed as follows: 
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f.l KeyRepl = ( 1 - ( # Key Repla:ed }J 
(# Key) 

[7] 

Similarly, the metric that accounts for the remainder of the non-key parts, called basic parts, that 
require replacement are compared against the total number of parts less the key parts. Again, the 
ideal situation, which approaches 100%, occurs when there are no basic parts replaced. The 
formula for the basic part reptacement metric is as follows: 

( 
(#Repl - #Key Repl)J 

f.l BasieRepi = 1 - I ) 
\# Parts 

[8] 

3.5 Combining the Metrics into a Remanufacturing Index. 

Combining the preceding metrics into a single remanufacturability assessment index can be 
accomplished in several ways (Hammond, 1996). The aim is to ensure that the combined index 
satisfies the following criteria: 
• The magnitude criterion which ensures that the result of combining the metric indices is 

approximately of the samegeneral order of magnitudeaseach of the indices that make it up. 
The resulting remanufacturability index should not be significantly larger or smaller than the 
metric indices. Also, given that the metric indices are normalized, and as such have a 
maximum value of 100%, the remanufacturability index should not exceed 100% itse1f. 

• The idealization criterion which stipulates that if all of the indices hadanideal score (100%), 
the remanufacturing index should also be 100%. Since the metrics have been developed by 
normalizing them against an idealization, the index for remanufacturing will also be in the form 
of comparisons of actual to ideal situations. Thus, as with each individual metric, the index for 
remanufacturability will approach a score of 100% as the remanufacturability of the product 
approaches the ideal. 

• The annihilation criterion which ensures that if one metric approaches zero, the 
remanufacturability index also will approach zero - regardless of the performance of the other 
indices. This is done to ensure that a significant problem which would make a product 
extremely difficult to remanufacture would not be overshadowed by outstanding performance 
in other areas. 

• The weighting criterion which stipulates that since the metric indices do not contribute equally 
to the total outcome, each must be weighted according to its contribution to the 
remanufacturability index. Therefore, any combination technique must incorporate a weighting 
scheme to combine the metric indices. 

Weighted averaging, a commonly used technique, satisfies all ofthe relevant criteria except for the 
annihilation criterion. Due to the lineacity of this technique, a poor response (even a zero value) is 
compensated for by a higher response. Using this technique, it is possible to have undesirable 
scenarios such as the following: 30% of the indices are set to zero, and 70% are set to 100%, 
resulting in a total remanufacturability index of 70%! 

Unlike weighted addition, inverse weighted actdition is a non-linear additive approach, and satisfies 
the annihilation criterion as well. The concept of adding inversely is not uncommon in harmonie 
series or in the design of simple electronic circuits. In order to identify the equivalent resistance of 
parallel resistors in an electronic circuit, the resistance's are added inversely. Equation 9 presents 
the form that the equation would take to calculate the remanufacturability index. 
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Due to its importance (see section 3.4.2), it has been determined that, Key Part Replacement will 
be considered a "level one" metric in a preemptive structure, and the remaining metrics, called 
'"level two" metrics, are combined using the weighted, inverted actdition technique. These two 
levels are then combined by direct multiplication. Equation 10 shows the formula to represent this 
total combinative technique. 

J.lREMANUFACTURABILITY = 
J.l KEYREPL. 

±(VVJJ 
j J.lj 

[10] 

3.6 Establishing Weights for the Categories and Individual Metrics 

In order to delermine a weighting scheme for the categories, a prioritization matrix has been set up 
(shown in Figure 3), similar to that used inSection 3.3. The weightings for the individual metrics 
contained under each category have been listed in Figure 1. Since there are only two metrics under 
each category ( due to its significance, the Key Replacement Part metric is not part of the damage 
category), the weightings were approximated directly, basedon feedback from remanufacturers. 

Prioritization Matrix Legend 
1 0 (row) requires much more investment than (column) 
5 (row) requlres more investment than (column) 
1 (row) requires the same investment as {column) 

1 /5 (row) requires less investment than (column) 
!111 0 lrow\ reouires much less investment than {column\ 

Figure 3 - Prioritization of Metric Categories 

Therefore, the process to obtain a remanufacturability assessment is as follows: 
1) Obtain the values for each of the eight metrics using Equations 1 through 8. 
2) Evaluate the Category Indices by combining the appropriate metrics using weighted 

inverted addition. 
3) Evaluate the second level index by combining the category indices using weighted 

inverted addition. 
4} Evaluate the Remanufacturing index by multiplying the first level (Key Part 

Replacement) and second level indices to combine them. · 
In Figure 4, all pertinent formulae to calculate the remanufacturability index are given. 
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Figure 4 - Symbolic Formulae For The Remanufacturability Index 

4 An Illustrative Example - Evaluating A Kodak Funsaver Camera 

A Kodak Funsaver Camera is used as an example, to show how the rnetrics are evaluated. Figure 5 
contains a picture of the assembied camera, as well as the constituent parts for the camera with the 
part nurnbers used in the analysis. The indices for the rnetrics are calculated in Figure 6 using the 
fonnulae given in Figure 4. In Tables 1 and 2, the necessary data gathered for the analysis of the 
camera is presented. Tables 1 and 2 are spreadsheets (a questionnaire and a worksheet, 
respectively) to be filled in by designers. These tables provide all the necessary infonnation for the 
rernanufacturability assessrnent in Figure 6. 

Figure 5 - A Kodak Funsaver Camera (Without Packaging); Legend to part 
numbers is given in Tables 1 and 2 
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In the following, the metric calculations for the Kodak Funsaver are discussed in detail 

Disassembly and Assembly - In Table 1, column L evaluates the responses from columns B 
through E to determine whether each part is considered an ideal part. If any of the criteria (from B 
through E) are answered (Y), then the part qualifies as an ideal part - otherwise it does not. The 
disassembly time T 0 is assessed for each part as shown in columns B through E in Table 2, and 
reassembly time TA is assessed in columns F through H. Note that for disassembly, if the part can 
cocrode (column B), then the amount of time to disassembie that part normally (without the 
corrosion) is doubled. 

Inspeetion-In the spreadsheet model, Column 0 in Table 1 checks Column L and Column N. If 
an ideal part is replaced it is excluded from the number of ideal inspections, otherwise it is added. 
The total number of parts is calculated by summing up Column A. The number of replacement 
parts is tataled from Column N. 

Testing - The total number of tests is calculated from column A in the testing werksheet in Table 2, 
and the total testing time TT is calculated by totaling column D in that same worksheet. lt is 
important to note that the testing is not necessarily doneon a part-by-part basis. Therefore, instead 
of listing all of the parts and noting which need testing, only those parts and/or sub-assemblies are 
evaluated in the metric. 

Cleaoing - The calculation of the number of ideal parts has already been done in the 
disassembly/assembly calculation. The cleaning score (Cln Scr) is calculated by totaling column K 
in the werksheet in Table 2. The values for this are based on those presented in Figure 2, as 
shown in the Cleaning Score Table shown below the Testing Table also in Table 2. 

Refurbishment - The number of refurbished parts is calculated by adding the values in column M 
of Table 1. Column M checks columns H through K to determine whether a part needs to be 
replaced or not. If any of these are responded to with a •y•, then the part must be refurbished. 

Part Replacement- Column M checks columns H through K to determine whether a part needs to 

Table 1 - Funsaver Q: IÏ1 and Results Sheet 
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Table 2- Kodak Funsaver Worksheets 
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valuês are calculated, in turn, by ch~r.Ï ..., column F. lf c:nl a •y• value, then the part is 
considered a key part, otherwise it is not. To find the number of key parts replaced, column Q 
checks columnsPand N. Whenever both columns register non-zero values for the same part, the 
part is a key part that must be replaced. If a part has to be replaced, but is not a key part, then it 
automatically is a basic part to be replaced. 

Kodak Funsaver Disposable Camera Study 

Kodak Funsaver Camera • Panoramlc 35mm (24 Exposure) 

Figure 6 - Summary Of Metric Indices for Kodak Funsaver Camera 

From the data, it becomes apparent that this camera design is relatively simple to disassembie and 
reassemble, since the times are somewhat low (see Table 2). .Consequently, the metrics calculated 
for each in Figure 6 are fairly high. Also, the parts in the camera need very little cleaning, which 
results in another high metric. There is very little that requires refurbishing, so that index also rates 
very high. This study represents an outstanding design with respect to being remanufacturable 
from perspective of its design. Does this mean that the camera is or should be remanufactured? 
NDt necessarily - although the camera is occasionally reclaimed, reloaded and sold again, the 
economie value of the camera itself is a matter of a few cents - more than what would be paid to 
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maintain the infrastructure to reclaim these products. The remanufacturing index merely indicates 
that if we seek to remanufacture this product, the product design lends itself well to remanufacture. 

In Table 3, a summary is given of other case studies for which a remanufacturability assessment 
was obtained using the metrics described in this paper. Sonie notabie issues are as follows: 

• For the clutch disks and cover case studies, as well as the alternator case studies, direct 
feedback was obtained from remanufacturers after the assessments had been performed. The 
remanufacturers independently confirmed that the Chrysler clutch disks and covers were easier 
to remanufacture. The major difference between the disks is that the GMC disk is used for 
trucks, whereas the Chrysler disk is primarily used on passenger vehicles or light trucks. 
Correspondingly, the GMC clutch disk is much largerindiameter than the passenger vehicle 
clutch disk, and as such, requires more rivets to secure the friction surfaces, hence, the lower 
scores in dis- and reassembly, as wellas for basic reptacement parts (rivets). 

• For the three alternator case studies, the Delco 10 SI scored highest and it was confmned by its 
remanufacturer that this was the most easily remanufacturable alternator of the three chosen for 
the study. The difference in remanufacturability between the Delco CS130 and the Chrysler 
roundback is insignificant, even though the designs are very different. Initially, the Chrysler 
roundback was chosen by its remanufacturer as being representative of a difficult alternator, so 
when it scored as well as what he perceived as being an average alternator (the CS 130) he was 
somewhat concerned. However u pon reflection, he noted that, despite the additional assembly 
and disassembly times needed, the roundback has almost the same number of parts as the 
CS 130 (fewer than the lOS I), and does not require the disposal of any valuable parts. After 
consictering this situation briefly, the remanufacturer agreed that because of the tradeoff 
between the additionallabor investment and investing in reptacement parts, the two alternators 
were actually very similar in terms of overall remanufacturability. 

• It is interesting to see that the older Funsaver design is slightly worse than the newer designs, 
which is to be expected given the fact that Kodak is continuously improving the design with 
respect to reusability. 

• The Jeep Grand Cherokee four wheel drive transfer case rates fairly low due to the (assumed) 
reptacement of some gears which were assumed to be key parts, as well as a large amount of 
cleaning needed and poor dis- and reassemblability. This case study also contained the largest 
number of parts (74 total with 45 being deemed the ideal number of parts). Nevertheless, these 
transfer cases are being remanufactured due to their high value, but the assessment indicates 
that product design improvements can bemadein dis- and reassembly, as wellas (perhaps) in 
cleanability. 

Table 3 - A summary of other case studies . 

Product Replac Disass Reass Test Inspeet Replac Refurb. Clean Re man 
(ke ) (basic) Index 

Clutch disk (GMC) 1.000 0.036 0.137 0.313 1.000 0.023 0.977 0.500 0.118 
Clutch disk (Chrysler) 1.000 0.085 0.335 0.313 1.000 0.053 0.947 0.500 0.239 
Clutch cover (GMC) 1.000 0.047 0.055 0.073 0.875 0.348 0.652 0.292 0.126 
Clutch cover (Chrysler) 1.000 0.103 0.071 0.222 0.875 0.348 0.652 0.292 0.179 
Funsaver camera (no-flash) 0.800 0.708 0.786 0.750 0.882 0.900 1.000 0.739 0.663 
Funsaver (old version) 0.750 0.536 0.712 0.750 0.824 0.900 1.000 0.889 0.616 
Delco 1 OSI alternator 1.000 0.295 0.612 0.447 0.391 0.885 0.865 0.171 0.373 
Delco CS 130 alternator 0.833 0.317 0.571 0.468 0.400 0.857 0.929 0.163 0.304 
Chrysler roundback alternator 1.000 0.194 0.238 0.280 0.393 0.700 0.900 0.189 0.303 
Jeep Cherokee fuel pump 0.857 0.179 0.878 0.471 0.654 0.871 0.968 0.452 0.471 
Jeep GC 4WD transfer case 0.667 0.125 0.199 0.400 0.442 0.784 0.986 0.107 0.143 
Ch sier LHS door latch 1.000 0.387 0.630 0.800 0.857 0.903 0.935 0.182 0.412 
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5 Ciosure 

In this paper, we have described metrics for assessing the remanufacturability of a product design. 
The approach bas been based on the well known Design for Assembly metrics. The resulting 
Design for Remanufacturing mettics provide a relatively efficient and effective means for a product 
designer to obtain feedback with respect to the remanufacturability of a product. The mettic bas 
been applied to various case studies and the results correspond with feedback obtained from 
remanufacturers. By creating a spreadsheet model to calculate the metrics, the design community 
is provided with a preliminary tooi to evaluate the design of a product with respect to its 
remanufacturability. However, the metrics have the following limitations: 
• The mettics can only be effectively used during or after the embodiment phase of product 

design (e.g., one needs to knowhow many partsexist in the design) 
• The mettics only characterize the aspects of remanufacturability that are directly under the 

control of the designer - other issues which may have a more significant impact on the 
remanufacturability of the product (such as the economie motivation or the environmental 
penalties for not remanufacturing or recycling) must be accounted for separately. 

• The accuracy of the mettics is limited for products of the same approximate scale - products 
that can be disassembled, reassembled and tested on a workbench using (standard) hand tools. 
Othertypes ofproducts (notably larger systems) can be assessed, but tend to score somewhat 
lower. 

Our work in the immediate future will concentrale on 
• Obtaining more case studies on diverse products for which data can be gathered and the 

weightings and timing assumptions can be more robustly validated. 
• Modifyîng the interfacing and cleanîng mettics to accommodate larger scales andlor automated 

assembly and disassembly. 
• Developing mettics for other facets that characterize remanufacturability need mettics to be 

developed. These facets include such issues as economics, geographîc influences, social 
influences, consumer preferences, market conditions, and so on. Due to the transience of these 
type of issues, uncertainty analyses would undoubtedly play a large role in their evaluation. 

• Integration into CAD software, such that as each part is designed, the questionnaire questions 
are posed, and the computer keeps track of the analysis routine, instead of having to update a 
spreadsheet separately 
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Potentials for a Closed Loop Recycling of the Wastes of Grinding Processes 

E. Brinksmeier, J. Eckebrecht, Foundation lnstitute of Material Science, Bremen, Germany 

Abstract 

Today's industrial production is, increasingly, dominated by environmentally orientated legis
lation and the cernpulsion to save resources. This forces the development of solutions for 
reducing machining process wastes . ·rhe state of the art for trestment of grinding swarf is: 
storage in special dumps, incineration or the use as a substitute for iron ore in the Cement 
lndustry. The valuable contents of the grinding swarf e.g. alloys or the cooling lubricant are 
completely lost in these ways. This paper deals with the possibilities for reducing wastes 
from grinding processas by trestment of the grinding swarf and presents the results from 
research work concerning the reuse of processed grinding swarf. 

0. Preface 

Environmentally focused legislation, guidelines and rules are effecting the conditions for in
dustrial production in Europe. Legal initiatives like the German "Kreislaufwirtschaftsgesetz" 
or IS014000 "Eco-management and Audit Regulations" (European Union) rule industrial 
practice and force the development of solutions to a wide range of problems. 

To support industry's (esp. smali/medium enterprises) work on environments! issues the 
Center of Competence for Clean Manufacturing Processas (ECO-Center) was founded in 
Bremen in 1995 with subvention of the state of Bremen. The ECO-Center conceptualises, 
develops and integrates new and innovative solutions for environments! friendly and cost
effective manufacturing). In cocperstion with industrial partners from SME's and larger en
terprises the technology transfer from research to industry is enhanced by seminars, work
shops and bilaleral consulting. The persennel resources of the ECO-Center, combine me
chanica! engineers, material scientists and experts in processing technology. 

1. Introduetion 

Today the conditions for industrial production are accumulatively determined by environ
mental factors which affect the running costs of producing enterprises. Stricter legislation, for 
example, regarding the werking of landfills or incineration plants in addition to legal initiatives 
like the German .,Kreislaufwirtschaftsgesetz" which require the reuse or the recycling of 
waste materials ,. .. when it is possible" lead to a essential cost-pressure for specific cernpa
nies /1/. A survey of the Metal Werking lndustry shows that this cost-pressure affectslotsof 
companies although the range of the financial data is very broad (see figure 1). 

No Data 

15% 

Low 
11% 

Too High 
54% 

Reasonable 
27% 

Average Costs for 
Disposal: 
971,-- DM/t 

Range of Data: 
25 - 3.000,-- DM/t 

Figure 1: Appraisal of the Costs-Pressure for Disposal of Grinding Swarf /21 

53 



In addition to economy and efficiency the application of cleaner machining processes has 
grown into a question of a company's corporate identity and is becoming a competitive crite
ria within today's marketplace /3, 4, 5, 6/. 

Therefore, industry is being forced to search for alternatives for current disposal methods 
thus enabling the recycling or reuse of these wastes. The rectamation of the grinding wastes 
as "genuine" recycling should take place at the highest achievable level. This is economically 
and ecologically sensible. For the 'adjusted' utilisation of grinding swarf - fulfilling the re
quirements of the new 'disposal legislation' - there are several alternatives available. The 
precondition for most of these solutions is processing of the grinding swarf. 

The approaches detailed below for reduction of grinding swarf by treatment of these wastes 
are introduced and results from research work concerning the reuse of processed grinding 
swarf presented. 

2. Crigins and composition of grinding swarf 

When evaluating grinding operations, by looking at wastes generaled the main weakpoints 
are compounded with the use of cooling lubricants. Contrary to other metal-cutting proc
esses (e.g. turning) for most grinding operations the application of cooling lubricants like 
mineral oils or oil in water emulsions cannot be avoided. The tasks of the cooling lubricants 
are: the proteetion of the surface layer from heat damage , reduction of friction and transport 
of chips out of the werking zone. Due to recent technological advantages; less wear of the 
grinding tooi, lower surface roughness of the ground workpiece and longer service life; an 
increasing use of mineral oil as a cooling lubricant can be observed. 

Before being returned into the process, cooling lubricants are cleaned from pollutants such 
as chips and wheel wear by special filtering units. As this separation is partial, some of the 
coolant is discharged logether with the grits and grinds. This loss can reach more than 40 % 
of the disposal's weight, with mineral oil based lubricants. 

The wheel swarf of grinding processes therefore consists of chips, abrasion of the tooi, 
cooling lubricant and leaking oil from the machine tooi (see figure 2). The disposal of this 'so 
called' grinding swarf is probiernatie because of the high oil content. 

coolant- supply 
(oll/ emulsion) 

grindlng wheel 

grlnding swarf 

workplece 

Material 

iron 

wear of the wheel 
(SiC, CBN, AI203) 

oil 

water 

alloys 
(Cr, Ni, Mo, W etc.) 

Figure 2: Composition of Grinding Swarf n1 
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ofwelght 

50-80% 
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0-30% 
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54 



The morphology of the grinding swarf depends upon the workpiece material and the grinding 
process and ranges from nearly liquid to woolly consistency. The rise of grinding swarf is in 
addition influenced by the user's specific internat solution for cleaning of the cooling lubri
cant, i.e. central filtering units or single filtering systems which are directly connected to the 
machine tooi. 

Due to the varying sizes of users and amounts of swarf generated, determination of actual 
volumes proves problematic. However estimates from different institutions suggest that an
nual disposal of these wastes ranges from 150,000 to 250,000t for Germany n, 81. 

3. Practise of the Disposal of Grinding Swarf 

The legal requirements for effective reuse or recycling methods are slowly being converted 
into practise. State of the art for disposal methods for swarf can be described as 
"downcycling" solutions. The values for 1993 may be indicative for the situation which we still 
havetoface (see Figure 3). 

Dump78% 

Export 5 % "-._ 

Reelamatien 2 % 

Figure 3: Dispos al of Grinding Swarf in Germany /8/ 

Volume of grinding 
swarf for disposal 

Although grinding swarf is a residual with a content of valuable alloys and consists of high 
production cost materials, the majority of grinding swarf was disposed of on special dumps 
or incinerated. Only a very smalt amount was reclaimed. At present the practise is changing 
due to the limited IandfiJI volume and difficulties concerning the use of drum-type turnaces in 
the French cement industry. Processas which enable the reprocessing of the grinding swarf 
in the simplest way and where high level recycling occurs are of special interest. 

The possible contents of grinding swarf include; filtering material, various proportions of al
loys, different consistency and the unsorted colleetien methods; make high value utilisation 
more difficult. 

Certain circumstances require additienat pre-processing; i.e. classification, deoiling or 
chemica! analysis. This makes the re-utilisation more expensive. From the economie point 
of view, grinding swarf with a probiernatie composition can hardly be utilised. Today a com
mercially viabie utilisation of grinding swarf can be achieved when large amounts, especially 
of one type, are processed. Table 1 shows an overview of current methods for the treatment 
of grinding swarf, the specific restrictions of the processas and the options for utilisation. 
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Method Restrictions U sage 

lncineration in turn Oil content <5%, Thermal usage of oil, 
drum turnace (cement Few alloys (no Cr) Fe20a as substitute of 
industry) iron ore. 

Iron industry Oil content <0,5% Manufacture of pig iron. 

No high alloy material 

Steel manufacture Compact material in Steel, cast Iron, alloy 
pellet form, exactly defi- steel. 
ned composition ne-
cessary 

Landfin Oil Content < 4 % --
Table 1: Utilisation of Grinding Swarf 

Choice of treatment methodology depends on the necessity for additional reconditioning 
processes. The classification to a specific method depends upon; knowledge of the oil con
tent and the alloy content of the grinding swarf. One can see from Table 1 that the oil content 
of the grinding swarf is of crucial importance. As a rule grinding swarf with a oil content of 
above 5 % of weight cannot be utilised by the above methods. 

Cement lndustry 

When using grinding swarf for the production of cement, oil is used as a substitute fuel 
where the terrous constituents are oxidised and used as substitutes for Iron Ore. Restric
tions to this method are regarding the proportions of alloys contained in the swarf (Iron is 
wanted). Notably a content of Chromium has to be avoided because of the possibility that 
toxic Cqv-combinations can occur. The usage of grinding swarf forcement making is cur
rently practised in France and Belgium /7/. 

Iron lndustry 

Grinding swarf which is contaminated with water soluble cooling lubricant (emulsion} has 
normally a low oil content which can be reduced by mixing with turning chips to achieve a 
total oil content below 0.5%. This mixture can easily be used for the production of Pig Iron. 

As the off-gas filtering systems of blast turnaces are very sensitive to oil, the acceptance of 
grinding swarf as a raw material by iron producers is still low because of the lack of "quality 
insurance" schemes. In the future this method will certainly play a important part in the 
treatment of grinding swarf. Pig Iron is a base material forsteel making therefore it is rec
ommended to use only less alloyed material for this method. 

Higher alloyed material or pure material should be used directly for steel making or for the 
production of Cast Iron /9/. This is the best practise for a profitable recuperation of these 
wastes and for conformity to legislative requirements. 

Steel is a high quality product where conditioning and analysis of the grinding swarf is nec
essary. For introduetion of the material into the Steel Converter or the Cast Iron melt, com
paction into pellets is required. Figure 4 shows an overview of the possibilities and restric
tions for the utilisation of grinding swarf within the Iron lndustry. 
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Blast furnace 
- low content 
ofalloys 

• less chromium 
- oil content < 1 o/o 

Steel making 
- No Chromium (!Cr 6) 
-No Sulphor 
- Classification 
- Compaction 
to Pellets 

- Low oil content 

Figure 4: Utilisation in the Iron lndustry 

Cast iron 
- Classification 
- Compaction 
- Restrietlens for 
the oil content 

In the futura, should dumping of grinding swarf on landfills prove to be impossible the total 
amount of grinding swarf which is currently disposed of would have to be processed by one 
of the above ways. Collection, reprocessing or conditioning of the grinding swarf is a pre
requisite for these recycling methods. Grinding swarf with a high oil content has to be 
deoiled, after which the oil constituents should be recycledor reused. Figure 5 sums-up the 
state of the art for the utilisation of grinding swarf. 

Grinding swarf I 
(reprocessing I conditioning) I 

~-
I Iron lndustry I lncineration I I Coolant I 

Pig iron manufacture Cement lndustry Reraffination 

Steel manufacture Hazardous waste lnclneration 
lncineratlon 

Cast iron 

Figure 5: Utilisation of Grinding Swarf ( present concepts) 
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4. Possibilities for the Reprocessing of Grinding Swarf 

As outlined above the main problems regarding the disposal of grinding swarf are combined 
with the discharge of cooling lubricants from the machine tooi during the filtering process. 
This discharge is also economically sensitive. A discharge of mineral oil cooling lubricant of 
only 20% of the disposal's weight accumulales to a loss of 500.- DM per ton of grinding 
swarf. 

The first interface for reducing lubricant discharge is the filtering system. The conception and 
the choice of new filtering systems should in addition to the normal technica! requirements 
meet the following points: 

The system should generale grinding swarf which is as "dry" as possible; 

Of interest for recuperation is the absence of processing matenals which are dis
posed of with the grinding swarf. 

Subsequent to filtering a further device should be connected which further reduces the oil 
content and enables the reguidance of the cooling lubricant back into the machining process. 
For emulsion polluted grinding swarf there is no additional trestment necessary. The oil 
content is below 1% after these treatments. 

Many companies are already using oil content reduction techniques (see figure 6). With 
simple techniques like pressingor centrifuging the cooling lubricant content can be reduced 
down to nearly 10%. 

Figure 6: 

Centrifuge 
27% 

Presses 
8% 

Other 
11% 

Draining 
container 

53% 

Use of Techniques for the Reduction of the Oil Content /21 

The precondition for using grinding swarf with a mineral oil content is complete deoiling. At 
present different processing units have been developed and realised as pilot units (see Ta
bie 2). The first commercially sized installations are in the testing stage. Below detailed are 
some of the most important techniques. 

Supercritical fluid extraction with carbon dioxide 

Under pressure (> 75 bar) and heated up to more than 38°C carbon dioxide reaches it's critica! 
state. Under these conditions the physical properties of the critica! fluid ranges between liquid 
and gas. Low viscosity (104 g/cm*s) is combined with high ditfusion (10"1 cm2/s) and a density 
(0.2- 0.8 g/cm3

} which can be easily varied by modification of pressure or temperature. The 
solvent properties of C02 in the critica! state are very high and cernparabie with Pentan, Tuluol 
or Benzol/1 0/. 
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Thermal pyrolytic expulsion: 

In decomposition by heat the grinding swarf is heated in batch quantities to 500°C. The 
carbonisation gas is recycled into the heating oven and partially incinerated. Downstream the 
flue gas passes a washing process. The long carbonisation time of 8 hours and the mode of 
work in batch quantities reduces the capacity of this method to a small throughput. Problems 
with undesirable emissions may occur, caused by unbumt chemica! compounds. A small part 
of the carbon content of the oil remains as amorphous carbon in the dry grinding swarf. 

Distillation in a vacuum chamber: 

- In this process the grinding swarf is heated in a dryer under low pressure. The evaporated 
substances can be condensed and subsequently distilled afterwards. This methad permits a 
recovery of the lubricant constituents. The gained distillate is of higher quality if the heat is 
below the crack tempersture of the oil. Several pilot units with different methods for the heating 
up of the grinding swarf are in existence. Depending on the composition of cooling lubricant it 
can be reused in the grinding process /11/. 

Deoiling by liquid processing agents: 

- Prior to most of these deoiling treatments a filtering or centrifuging process is necessary. The 
basis for deoiling of the grinding swarf by liquids is the oil extraction or washing with different 
agents at a tempersture of up to 80°C. As agents for the deoiling, tensides, solvents like petro
lether, limit hydrocarbons or cyclic hydrocarbons as well as halogenated hydrocarbons are in 
use. A recovery ofthe oil constituentsis generally possible (except in the washing processes). 

Deoiling facilities have to face several demands, for example: easy handling, safety, envi
ronments! acceptability, high throughput, high degree of deoiling, economie efficiency and 
the possibility for reintroduction of the cooling lubricant are to be fulfilled. Only a few of the 
existing methods can meet nearly all of these requirements. Experience with the several 
techniques as a basis for assessment of their economy and their efficiency are required. The 
interaction between the different physical or chemica! processes and the grinding swarf
material is diverse. In some cases there are restrictions for the reusability of the regained 
solid or liquid material. 

Experiences with the distillation in a vacuum show, for example, that some cooling lubricants 
can be separated into their components after passing through this process. When extracting 
the cooling lubricant by use of solvents it is not possible to separate the solvent from the 
cooling lubricant in any case. The quality of the regained steel material can be affected by 
reaction layers on the surface of steel particles caused from special additives (e.g. Sulphur
or Phosphorus-additive) which are a content of the cooling lubricant. 

6. Produels from Reprocessed Grinding Swarf 

Aim of the research project outlined below is to create an ideal closed loop recycling system 
for selected grinding swarf material by using the reprocessed grinding swarf for the manufac
ture of new products. T o achieve this target the processes sintering and plasma spraying are 
investigated in order to optimise their processing parameters and to make recommendations 
for the usage of the work matenals made from grinding swarf. These processes permit a 
wide range of possibilities for the manufacturing of multiple products and coatings. 
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The development of produels has to take into account the specific scope of the processing 
techniques and of the manufaelured material. 

Reprocessed grinding swarf contains metallic chips and a specific volume of hard material 
trom grinding tooi wear- CBN, SiC, A120 3 - (compare Figure 4). Experience shows, for ex
ample, that a definite content of hard material (e.g. A120 3) leads to an improved wear beha
viour of specific alloys and coatings /12,13/. Due to this the gained materials and produels 
are expected to show new improved material properties which are exploitable tor produels 
like wear parts. 

For some applications it may be suitable to add substances in order to imprave the materials 
properties. 

For the manufacture of grinding swarf trom alloyed matenals which are widely in use and 
which are available in large amounts of one sort. A questioning of selected metal working 
companies showed that several materials can be found which meet this criteria. High Speed 
Steel (S 6-5-2) is a typical of such materials. This steel is used e.g. for tooi manufacture. The 
first results with the High Speed Steel material fellow. In the following first results with the 
High Speed Steel material are presented. Further materia Is are for example 1 00Cr6, 
16MnCr5, Stellite, X155CrVMo12. 

7. Results 

HS-Steel yields short length chips when being ground. lnvestigations on dried HSS powder 
gained trom grinding with Corundum grinding wheels analysed partiele size between 20 and 
200 microns (s. Figure 6). Particles with a size of around 20 microns were overrepresented 
(35 %). Only a very small amount of particles was larger than 160 microns. The quota of 
Corundum (AI20 3) trom the wheel wear was recognised as 5 wt. %. 

Powder of such partiele size needs no additional treatment prior to PIM processes or plasma 
spraying if complete drying can be realised. Incomplete drying leads to unavoidable forma
tion of agglomerates which may prevent the transport of the metal powder when plasma 
spraying and may disturb the compactability of the material when sintering. 
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Though the dried grinding swarf has a high surface to volume ratio and a high porosity it 
tends to water absarptien and has to be kept dry. 

The trials for sintering showed that HSS-Powder is suitable for this processing technique. 
For sintering the metal powder was compressed into a normal shape for tensile testing. 
Though high pressure was needed for compaction of the specimen the sintered type sample 
showed a dense-bodied structure of metal and ceramic particles (see tigure 7). 

·. - Steel-partiele 

- Caramie abrasive
particle 

H 
50pm 

Figure 7: Polished Cross-Section of a Sintered Specimen I Test Pieces(IFAM) 

The gained material was brittie and hard. lnvestigations on the material's properties im
proved that impression. Tests of the bending stress showed for crbmax ~ 770 N/mm2 while the 
bending elangation ep was 0.10 %. The hardnessin the matrix was found as 680 HV0,2• 

The goal for plasma spraying trials is the deposition of wear resistant coatings and the pro
duction of abrasive coatings usabie as grinding tooi. The first tests were carried out with sub
strata pieces with cylindrical and flat shape. Secend tests with addition of Al20 3 are planned. 
Polishing of the cross-sectien of the coatings showed good bonding of the coating with the 
substrate. Tensile tests yielded a mean value bonding strength of around 75 N/mm2 • The 
wear resistance test of the coating yielded an impravement of 70% in camparisen to an un
coated C60 substrata (s. Figure 8). 

Figure 8: 

-~ g 
.,... 

11 100 
0 
<0 
0 -.... 
a:! 
~ 75 

%! 
"üi 
e 
~ 50 
0 -Q) 
::::s 

"C 
û) 25 
.!2 

~ 
E 0 

% 

uncoated 

Grlndlng Disk Test 

abraslve1 SIC 
grit slze: 20 JAm 
grindlog speed1 33.5 mlmin. 
mass Lost of C60: 12 mg/mln. 

coated wlth 
reused HSS 

coated with 
WC-Co 

Wear Resistance of Thermal Sprayed Coatings 

61 



8. Conclusion 

The ongoing research project shows that it is possible with an adequate deoiling of oil-conta
minated grinding swarf to gain metal powder which is well usabie for P/M techniques as well 
as for plasma spraying. This bulk material is usabie for various applications. Since the 
grinding swarf is chosen from a specific work material which yields short length chips no ad
ditional milling or sieving processis necessary. Further investigations have to state precisely 
the conditions for the processing techniques and the material properties of the work materi
als gained. In summary, it can be stated that the application of metallurgie processing techni
ques seems to be a successful and hopefut way to reclaim materials from reprocessed 
grinding swarf. This is economically sensible and at the same time a contribution to "cleaner' 
machining processes. For the fluid lubricant contents remaining from the deoiling process 
investigations for a further adequate e.g. reuse in the process or as lubricant for tasks with 
less demand should be lined out. 
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ABSTRACT 

An increase in the re-use of products and components would reprasent a vita/ 
contribution to the wider goal of reducing the throughput of energy and matenals in 
industrial economies. Such a reduction is essential if there is to be adequate 
progress towards sustainable development. 

Th is paper outlines the state of the re-use 'sector in Britain in the context of the 
recent publication of the British Govemment's national waste strategy. ft focuses on 
consumer durab/es, products designed for repetitive use, rather than packaging. The 
paper highlights the obstacles to an expansion of re-use and identifies some 
measures which might help to overcome them 

1. DEFINING RE-USE 

'Re-u se', broadly defined as the secondary utilisation of products and components, 
occurs in a multitude of different contexts. The original owner may have no further 
desire to use a product, cannot afford it, or wishes to replace it with a different 
product. In such cases the product is either sold on the 'second-hand' market, 
downgraded to a secondary use (perhaps as toys or in the garden), or given away as 
a gift. Secondary utilisation may also take the form of hiring and renting, as with car 
hire and libraries, and retailing products designed for future re-use, such as 'single 
trip' cameras. 

Re-use often takes place without any~ alteratien to the product except, perhaps, 
cleaning. lf the product was the souree of dissatisfaction, however, it may be preceded 
by repair ( correction of fault), refurbishment (servicing), downgrading or upgrading 
(change in performance capacity). New components may be fitted. In some cases the 
parts which are replaced may themselves be re-used. 

Re-use may take place with or without a product entering an official waste 'circuit' (i.e. 
a process managed by waste authorities). The extent to which it is properly part of the 
debate on wasts depends on how 'waste' is defined, which is subject to considerable 
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controversy. Waste may bedefinedas products and components which can no langer 
be used, in which case re-use, like waste reduction, represents a form of waste 
prevention, whereas recycling, energy recovery and landfill are farms of waste 
management. On the other hand, waste may be defined more broadly to be "any 
substance or object. .. which the holder discards or intends or is required to discard", as 
in the 1975 and 1991 European Directives on waste. 

In Britain, the term 're-use' is frequently confused with 'recycling'. Avoiding such 
confusion in terminology is important, as the environmental impact of re-use will 
usually be much less than recycling (Cooper, 1994). Recycling involves reprocessing 
products or components into basic materials which are subsequently used as 
feedstock in new manufacturing. According to one observer, "the confusion is arising 
because industry is keen to suppress the idea of re-use, whilst the environmental 
movement has failed to promate it" (Fairlie, 1992). In other words, industry is acting 
on an assumption that recycling and subsequent manufacturing will be more profitable 
than re-use, while environmental campaigners have not been effective enough in 
promoting re-use. 

lt could be argued that re-use and recycling cannot always be easily distinguished 
where the distinction between a component and material is less clear, as with wood. 
Even so, it is possible to distinguish transferring furniture between houses from 
processing waoden products into wood shavings or sawdust. Terminological 
exactitude should not, in any case, distract attention from the key issue, the 
environmental impact. For example, if re-use results in long distance transportation it 
may have a worse overall impact than local recycling. 

2. WASTE POLICY 

The British Govemment published a national waste strategy at the end of 1995 and a 
review of the European Unien's waste policy was produced in mid-1996 (Department 
of the Environment, 1995; Commission of the European Communities, 1996). 

Each uses the 'waste hierarchy' or 'ladder principle', in which various options are 
ranked according to likely environmental benefit Waste reduction is at the top of the 
hierarchy foliowed by re-use, recycling and then energy recovery, with landfill the least 
preterred option. The positions are conditional rather than absolute and in Britain, as 
in many other countries, the position of recycling in relation to energy recovery is 
disputed. 

The British Govemment has clearly stated that one of its objectives is "to increase the 
proportion of waste managed by the options towards the top of the waste hierarchy" 
(Department of the Environment, 1995). lt has identified several advantages to be 
gained from eneauraging re-use, such as a reduction in waste disposal, cast savings 
to businesses and consumers, and new market opportunities. Nonetheless, its national 
waste strategy provides few practical suggestions, addressing re-use largely in the 
context of packaging such as milk bottles. This would suggest that the re-use of 
products on a significant scale implies a need for a greater cultural shift than that 
acceptable to most conventional politicians. 
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3. THE RE·USE tSECTORt 

lt is difficult to draw any firm conclusions about the scale of Britain's re-use 'sector' or 
to identify any trends because of a Jack of official statistics and the fact that it has 
attracted little research interest (Scitovsky, 1994; Gregson and Crewe, 1994). 

This sectien provides a braad overview of the key contexts within which re-use takes 
place. Some obstacles to a growth in re-use are then identified and options proposed 
for overcoming them. 

i) Civic amenity sites 

Waste disposal in Britain has historically been the responsibility of county councils, 
which have provided civic amenity sites to which bulky househeld itemscan be taken. 
These are aften situated adjacent to landfill sites, although any items judged to be of 
potential value wiJl usually be removed befare the waste is dumped. 

Following the 1990 Environmental Proteetion Act waste disposal authorities are 
required to subject their work to competitive tender and consequently some waste 
disposal operations are run by private contractors or as joint ventures. The farmer are 
sametimes run by people who in the past collected bulky househeld items door-to
door as scrap and we re known as 'totters' or 'rag and bone men'. 

Although data is unavailable, increasingly discarded items are sorted at civic amenity 
sites. Some are re-usable and sold in the secend-hand market, ethers are recycled, 
while the remainder put in landfill. The efficiency with which such sorting is done 
varies considerably between sites. 

ii) 'Second-hand' goods 

Goeds are sold by the original purchaser to ether people in many ways: 

advertisements in specialist magazines (e.g. Exchange and Mart, Loot) and 
local newspapers 

cards in newsagents, supermarkets, and on noticeboards 
secend-hand shops, especially charity shops, electrical goeds shops, book 

shops, car dealers, antiques dealers 
jumble sales and car boot sales 
• auctions. 

No statistics are available on the size of the secend-hand market but an indication of 
its magnitude is the fact that Ad-mag, a twice-weekly local magazine in Sheffield, lists 
secend-hand items worth in total around ESOO,OOO. lf only one half of items listed 
were sold this would imply an annual market worth E25m from this souree alone in a 
city with half a million inhabitants, only 1% of Britain's total population. 

Charities have a major role in the secend-hand market One directory lists nearly a 
thousand charitable organisations which collect itemsforsale or donation tothese in 
need (Charities Aid Foundation, 1996). These include househeld goeds, gardening 
and DIY equipment, furniture, clothing, bedding, toys, spectacles, hearing aids, and 
musical instruments. Same organisations use such items in their work, while ethers 

65 



sell them to raise funds. 

There has been a rapid growth of charity shops, many of which specialise in selling 
furniture, clothes, brie a brac and books. By 1992 there were about 5,500 charity 
shops operating, compared with only 3,000 just four years earlier. Sales in 1991 
amounted to over f:200m (St. Leger, 1993). Causes supported include world poverty 
(Oxfam), health (Imperia! Cancer Research Fund) and the elderly (Age Concern). 
Although such shops attract custom from across the socio-economie spectrum, a high 
proportion of customers are from poorer, less skilied backgrounds (i.e. demographic 
profile C2). 

Jumble sales or 'nearly new' sales have a long tradition In Britain, as a means of 
raising funds for churches, schools, hospitals and local charities. During the 1980s car 
boot sales grew in number, distinguished from jumble sales by the fact that individual 
stall-helders keep most of their revenue and, insome cases, the organisers have no 
charitable motive or interest (Gregson and Crewe, 1994). Auctions range from 
prestigieus sales of art and antiques to the sale of ordinary househeld effects which 
may have been obtained from house clearances and be of little value. 

lt is likely that the trend in secend-hand trade is inversely correlated with 'high street' 
consumer spending. When the economy is in recession poverty increases through 
unemployment and these who become less well off are more likely to buy secend
hand goeds. 

Finally, outside the secend-hand market, an unknown quantity of unwanted househeld 
items are given away to relatives, friends or neighbours as gifts. 

iii) lndustry schemes 

Over the past decade an increasing number of manufacturers and retailers have 
developed schemes for surplus, returned or damaged office equipment or stock. Such 
items are reconditioned as necessary and either sold in secend-hand markets or 
donated to community groups. In some market sectors, such as furniture and 
computers, 'product brokers' exist to put donors in contact with organisations in need. 

Office equipment, such as furniture, computers, typewriters, carpets and curtains, is 
often in demand by charities. A survey by Business in the Community of 450 charities 
and voluntary organisations found a high proportion able to identify items for which 
they had a need and consequently a new organisation, Gifts in Kind, is to be 
established in late 1996. 

One example of an industry scheme is that initiated twelve years ago by Boots, a 
major high street retailer. Boots donates stock worth over f:1 m each year to 
community groups. Some is damaged; around 15,000 toys have been repaired in the 
past three years and distributed to women's refuges, homelessness projects and the 
probation service. Another is run by the National Westminster Bank, which is closing 
its smaller outtets and has begun donating surplus office furniture through a product 
broker. 

Manufacturers have traditionally reecvered stock when it has a residual value. In 
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recent years, however, companies in the vehicles and electrical and electronic goods 
sectors have been developing recovery schemes because they are liable to be subject 
to future EU waste legislation making them responsible for discarded 'end-of-life' 
products. Computer manufacturers such as Hewlett Packard and Digital were among 
the first to establish collection schemes and many other firms are now following suil. 
Where possible produels are reconditioned and components retrieved for use as spare 
parts. 

iv) Community based projects 

lt is estimated that in Britain there are around 300 schemes, mostly run by charitable 
organisations, which provide poor households with essential fumiture and appliances. 
Almost 200 are members of the Fumiture Recycling Network, a co-ordinating body for 
fumiture re-use projects, and altogelher each year they collect around 800,000 items 
of fumiture and other househeld goods (including 50,000 electrical appliances). 
Applying a nominal value of E20 per item, the value of goods supplied in this way 
totals E 16m each year. 

Charity workers argue that these projects have grown in importance in recent years 
because of the British Government's policies, such as the reduction in the Social Fund 
budget, which consequently provides fewer grants for essential househeld items, and 
the Homeless Persons Act, which has increased demand for such items. 

Other community based re-use projects include around thirty scrap stores, offering 
surplus stock to schools and, most recently, nine paint 're-use' schemes, supplying 
unwanted cans of paint to those in need. 

v) Leasing, rental and hire 

leasing, rental and hire might be regarded as re-use, as the items are supplied for 
successive utilisation by different households, although somelimes the agreement is 
long term. Such arrangements give people access to produels which they might not 
purchase and increases the intensity over time (and thus the efficiency) with which 
they are used. 

A long established example is the library, which lends books and, more recently, 
videos, cassette tapes and records. Other produels available for hire include vehicles, 
computers, clothes, gardening and DIY equipment, and, more recently, kitchen 
appliances, hi-fi systems, fumiture, paintings, and plants. In past years a large 
proportion of televisions were rented, partly out of concern about reliability, but this 
market has been in long term decline. 

A revival in the rental market has recently become apparent, led by a new retail chain 
store, Crazy George's, which has opened over 40 stores since April 1994. Owned by 
Radio Rentals' parent company Thorn, it has targeted low income households, who 
are less likely to have easy access to credit. 

vi) Repair work and servicing 

The state of the repair sector is an important influence on re-use, as dissatisfaction 
with the performance of a product is often the cause of the desire to sell or discard it. 
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As with the second-hand market, statistics on the amount of repair work carried out 
are not available. One reason is that repair work takes place in many different 
contexts, sametimes outside the forma! economy. 

lt would appear that much less repair work is carried out compared with the past. For 
example, far fewer owners attempt to repair their cars than a decade ago. Electrical 
gadgetry aften makes repair work more difficult and consequently it is usually done by 
car retailers or garages. Similarly in the sleetrical goods sector repair work now tends 
to be carried out by service companies assocîated with the large retailers or 
manufacturers, although some is done by local electrical retailers and, to a limited 
extent, DIY enthusiasts. 

The relatively high cost of Iabour means that in practica 'repairing' products aften 
involves replacing components rather than remedying the fault. Manual models of 
items such as lawn mowers may be more easily repaired but have been declining in 
popularity. 

Shoe repairs are commonly carried out, although less than in the past. In the clothing 
sector tailors still operate (aften attached to dry cleaning shops) although mending 
clothes, being Iabour intensive, is costly and consequently most repairs are done by 
the owner. Watch repairs have become less common since the development of quartz 
watches. 

4. BARRIERS TO RE-USE 

i) Reliability 
Potential customers may be concemed about the future reliability of products which 
are purchased second-hand. In second-hand shops such products are aften sold with 
relatively short guarantees, such as three months. lt is rarely possible for purchasers 
to discover much about a used product's past, such as its service history, except with 
cars. Operating instructions, which may înclude information about fault-finding and 
basic repairs, will aften not be available wîth second-hand products. 

ii) Longevity 
The future service life of products and components bacomes less eertsin with age. 
Purchasers of a new electrical appliance, for example, might not be concemed 
whether it will last 1 0 or 15 years, but when bought second-hand after nine years the 
difference between lasting one or sîx more years is much more significant. Deciding 
whether to repair or replace older products which maltunetion is probiernatie because 
they tend to become increasingly costly to maintain in service. 

iii) Liabi/ity 
Manufacturers appear reluctant to promate the re-use of products because of a fear 
that they could remain liable for a product's performance or the safety of a user even 
if it had been repaired or refurbished by a third party. Some companies 'debadge' 
products so that once out of the manufacturer's effective control there is no brand 
name attached to them. 
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iv) Competition 
Manufacturers are a lso concemed that if they promote the re-use of products the 
market for new models would be adversely affected. Consequently some insist that 
firms which recondition their products export them to other markets. This weakens the 
environmental benefit 

v) lnfrastructure 
An inadequate infrastructure, requiring long distance or irregular freight, would prevent 
re-use if the cost of transporting discarded products and components is excessive in 
relation to their value. 

vi) Dishonesty 
Secend-hand markets, notably car boot sales, provide a means by which stolen 
proparty can be sold to unsuspecting purchasers. 

vii) Status 
Househeld goods, apart from items such as books and antique fumiture, tend to be 
regarded less highly with age. Many products which still function or could easily be 
repaired are currently discarded (Hunkin, 1988}. Most people no Jonger consider 
consumer durables as long term investments and are unwilling or unable to pay a 
substantial premium for higher quality products. 

5. OVERCOMING THE OBSTACLES 

Govemment, producers and consumers can all play a part in increasing the amount of 
re-use. The following list of measures is by no means comprehensive. 

Govemment 

A substantial change in consumption pattems is more likely to take place if people are 
given economie incentives to act in a way which benefits the environment. This could 
be achieved through 'ecological tax reform', transferring the burden of taxatien from 
Iabour to energy and raw materials (von Weizsäcker, 1992}. 

Other fiscal measures could include zero rating VAT for repair work (although current 
regulations prevent this} and introducing levies on products designed for disposal after 
a single use, such as tableware and carrier bags. An increase in taxes on landfill, 
such as that recently introduced by the British Government, would provide a strenger 
incentive to waste prevention. 

lmproved reguiatien of secend-hand markets could improve the reputation of secend
hand products. 

Producers 

Manufacturers could consider more carefully the market potential for longer lasting 
products and secend-hand trade. The design of products could take greater account 
of influences upon life span such as ease of repair and, where approp.riate, 
upgradeability (Bayley, 1995}. 
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Manufacturers could also take steps to reduce the likelihoed that products will be 
discarded prematurely. They could provide service records to be kept with products 
and more informative manuals to enable owners to carry out repairs and thereby 
avoid undue cost and inconvenience if faults arise. Spare parts could more often be 
made available for the maximum period which a product is likely to last. 

The need for longer guarantees was one of the key recommendations of the OECD 
report on product life (OECD, 1982). These could provide an indication of the design 
life of new products and encourage consumers to buy longer lasting models. Longer 
guarantees could also be provided by second-hand retailers. 

Households 

Consumers could contribute to an increase in re-use by buying products designed for 
long life spans and avoiding throwing away products which could still tunetion (Hunkin, 
1988). As Jonger lasting products will often be relatively expensive, at least in the 
short term, consumers who are environmentally committed might need to alter their 
expenditure priorities. Consumers could also consider buying high quality second 
hand items rather than new models of inferior quality. 

The potential for re-use may be affected by how a product has been treated by its 
initia! user. Households can thus enable more re-use by taking good care of products. 

6. RE-USE IN PRACTICE 

Two example of re-use activity in Britain which reprasent attempts to capitalise on 
unrealised potential are CREATE, a charity, and R Frazier, a private company. 

(i) CREATE 

CREA TE (Community Recycling Enterprise And Training for Employment) is a 
refurbishment workshop for electrical goods which provides training for the long term 
unemployed in a deprived inner city area. A joint initiative of Thom (a large rental 
business) and the Fumiture Resource Centre, it opened in Liverpool in October 1995. 

CREATE is modelled on the French organisation ENVIE, which handles around 
170,000 appliances each year on 27 sites. ENVIE repairs and sells around a quarter 
of items handled. lt is intended that CREATE should similarly grow in size. Products 
are soureed from Thorn's service division, the FRC's collection service, the local 
waste collection authority, retailers and individuals. They are refurbished if this is 
feasible and in other cases recycled after being stripped of usabie component parts .. 

Products are sold with a one year guarantee, which is much longer than the norm in 
second-hand markets. Some of the refurbished goods are provided to disadvantaged 
families through bursaries. 

(ii) R.Frazier 

R Frazier is a private company established in Britain in 1992 which deals in the 
recovery and resale of computer and telecommunications equipment. Based in 
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Oumfries, Scotland, it employs 160 people and in 1995 had a turnover of f:4.6m. lt 
claims the largest telecommunications 'take back' programme in Europe, which will 
include 7.5m telephones over the next three years. lt intends to repair and resell 
around 80% of such items. 

Products are, wherever possible, re-used rather than recycledon the grounds that this 
is economically and environmentally advantageous. They are then sold in markets 
which do nat threaten those of the equipment suppliers. The company claims to re
use over 80% of products, reclaim over 15% and thus dispose of less than 5%. 

7. CONCLUSIONS 

The re-use of products and components must farm an essential part of any strategy to 
reduce the environmental impact of consumption and, specifically, the amount of 
waste generaled in industrial countries. The benefits of re-use over recycling are 
increasingly recognised, although these terms are sametimes confused. 

The re-use sector has hitherto been negleeled by researchers and politica! authoriües. 
Little data is available and policy development is weak. 

As a result of the lack of data, little is known about the amount of re-use which takes 
place and recent trends in re-use. lt is likely that there has historically been an inverse 
relationship between trends in economie growth and second-hand trade. Sustainable 
development, however, will require an increase in re-use. 

Much of the current re-use activity is only marginally economie and a significant 
amount is associated with social objectives, including employment, training and 

. charitable fund-raising. 

Politica! pressure to meet higher recovery and recycling targets is likely to result in 
improved end-of-life product management. As a consequence, waste should in future 
years be sorted more effectively and the amount of re-use could increase. This will, 
however, require a willingness by householders to accept langer lasting consumer 
durables which for most of their Jives do nat have the appearance of being recently 
purchased. 

lt is recommended that research be carried out to identify what happens in different 
countries to consumer durables once discareled by the initia! purchaser. The aim of 
such a study should be to campare and explain the behaviour of households and to 
identify the extent to which products and components are fully utilised prior to 
recycling, incineration or disposal. 
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Prof. Jacqueline Cramer, Philips Consumer Electronics, 
Environmental Competence Centre, Eindhoven, The Netherlands 

1. INTRODUCTION 

As part of the development of a long-term environmental policy it is important for Philips 
Consumer Electtonics to establish the options for improving the eco-efficiency of its 
products (Business Council for Sustainable Development, 1993). This can be done in a 
number of ways: by reducing material and energy consumption, by using less toxic 
substances, by recycling materials and by optimising product life. These different options 
are not unrelated. This paper, however, concentrates on 'optimising product lîfe'. 
Attention is focused in particular on the question of what methods Philips Consumer 
Electtonics can use to further optimise the life of its products. 

Before these methods can be explored, however, it is important to summarise the 
potential options for optimising the life of products in generaL Such a summary is 
presented below. Several of these options are not new for Philips Consumer Electronics. 
This Philips division bas already done work in various fields with a view to improving the 
eco-efficiency of its products, including the optimisation of the life of its products. A 
brief summary will be given below of the fields that have received most attention. 

The next question that arises is what additional methods are available to Philips Consumer 
Electronics to achieve further optimisation of the life of its products. Regarding this 
prioritisation it is important to have some idea of the views that society holds in this 
respect. Th is in formation can be used to reach an informed decision within the company. 

Prioritising additional methods is not limited to a selection of options. It is also necessary 
to estimate whether the selected options are likely to succeed. This demands a complex 
deliberation. If additional methods are proposed for increasing the eco-efficiency of 
products, it must first be established whether these options do in fact result in a positive 
environmental benefit. Otherwise there is no point in imptementing these options, at least 
not from an environmental point of view. If a positive environmental benefit can be 
expected from the prioritised options, it is important to ensure that these options are 
actually feasible in practice. Their social feasibility depends on a variety of factors. 
Only if the social feasibility is thought to be positive can Philips Consumer Electtonics 
make a start on the concrete development of the selected options. 

The process described above will be explained in more detail in this paper. 

74 



3 

2. METHODS FOR OPTIMISING PRODUCT LIFE 

The optimisation of products can be furthered by: 

a. optimising the usage period 
b. increasing the intensity of use 

re a.) Optimising the usage period of productscan reduce the amount of waste and the 
consumption of raw materials. This objective can be achieved by designing and 
making products that have a longer life than other products with a similar function 
and/or by making it easier to recycle, repair, rnaintaio and technologically improve 
products and parts. 

The possible options in this respect include (Stahel, 1991; Deutsch, 1994): 

1. product recycling. This category includes the reuse of a product after cleaning 
(such as returnable bottles) or after inspeetion (such as a discarded TV that is 
reconditioned for the second-hand market). 

2. making more robust constructions that are less likely to wear out or break 
down. 

3. increasing the possibilities for repairlmaintenance, using parts that are still 
good and the technological upgrading of products and their parts. In practice 
this means designing modular constructions that also allow the product to be 
dismantled quickly. Th is involves aiming for standardisation of parts and for 
an architecture that enables parts/functions to be easily replaced, added or 
modified or for 'dormant', previously built-in functions to be activated (if 
desired). 

4. producing timeless designs. Examples of this are designs which are less 
susceptible to fashion and which increase the emotional bond with the product 
('aging with dignity'; the teddy bear is a case in point). 

5. making designs that can be modified in line with changes in taste/fashion. 
Examples of this could be changing a TV's casing or designing a flat TV that 
hangs on the wall like a painting, with a constantly changing 'basic' picture. 

6. making products whose various functions can be switched of! when not in use. 
This involves making a product 'more intelligent', so that it can indicate itself 
what bas to be done to make it function better (as is already the case with 
copiers, for example). It may also mean that the consumer bimself switches 
eertaio functions off as desired. 

In the case_(){_a __ 'IV. for instance, this CÇ>u_ld mean fitting_~!l.~e.~.Q7~~jtcl_l by 
means .. ofwhich some functions (teletext.---reiTlote control or the~br1glifness rif the · ··· 
picture) could be temporarily switched off or adjusted. This reduces energy 

-- ---·-consumptiöîf '-and -increases · ·· product -·life -=-:-"(which --:is· --relätëo-::7tö ---ènergy .· ·-_---::- -_c:~~:-~ 

consumption). ·· ----- ---~---.. - ·--· ·-··- -· - · 
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7. system integration. Several variants are possible here. The best-known variant 
is a composite product that can perform several functions (such as a portable 
audio/CD set). A more advanced example is an integrated multimedia system 
in which, say, one set of speakers and/or one remote control unit is used for 
different functions. Integration also takes place at the components level, 
particularly in the chip applications. 

re b) Increasing the intensity of use reduces the number of products in circulation. 
This objective can be achieved: 

8. by making and marketing net.V products that are suited to communal or shared 
use. Common examples of this are: car sharing, launderettes, etc. 

9. by selling the use of a product rather than selling the product itself, for example 
by renting or leasing. This may range from borrowing hooks from the library 
to leasing products (for example a photocopier on the professional market). 
When companies start leasing products their interest in modular designs and in 
upgrading products generally increases. 

3. ENVIRONMENTAL ACTlVITIES ALREADY BEING CARRIED OUT AT 
PlllLIPS CONSUMER ELECTRONICS 

As part of its product development, Philips Consumer Electtonics has already put in 
place various activities relating to the environment. 

In the field of material reduction a great deal has already been achieved. The weight 
of the average TV (26") was reduced from 44 to 28 kg in the period from 1971 to 1989. 
In the same period a TV's average electticity consumption during the usage phase feil to 
a quarter of its 1971 level (from 360 watts to 90 watts). 

Efforts were also made to improve the chemical composition of consumer electtonics 
products where possible. 

And finally the potential for material recycling has also been increased: the time 
needed to dismantie a TV has come down from 36 minutes in 1971 to 14 in 1989. And 
its casing is now made of easily recyclable plastic. 

During the past five years (from 1990 to today) these trends have continued. There have 
also been a number of opposite trends, however. 

First of all, new products tend to have more features and/or qualitatively still better 
features (for instanee a better picture-quality) than the 'ordinary' TV (Corten and Van den 
Haspel, 1995). Cernparing these different types of TV is in itself problematic. It is 
actually only possible to make a fair comparison between TVs that have the same 
functionality. If despite this we still oompare these TVs, then the TV with more features 
usually turns out to consume more energy than the 'ordinary' TV. 

In addition, the trend towards more consumer electtonics . products -per · househeld is 
continuing. In 1989, ~for example, tliê -tv had a pénétrátion- ht tliê-Netherlands-Óf.Ï.3 TVs 
per househeld (Blonk, 1993). And this figure is still rising. In 1996 the penetratien is 
about 1,6 TV per household. 51% of families (a total of 6.4 million) in the Netherlands 

. have one cölour TV, 34% have two colour TVs, 13% have three or möre colour TVs änd. 
2% have none. 
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When considering these percentages, however, the possibility must be borne in mind that 
not all of these TVs are in active use. 
Finally, the number of households is increasing in absolute terms, which can also lead to 
a rise of the total consumption of materials and energy. 

Regarding the optimisation of the life of consumer electtonics products, attention has until 
now been mainly directed at product recycling (via the second-hand market), repair and 
maintenance and system integration (of separate parts). 

The factors determining whether or not products are repaired are the costs (particularly 
the Iabour costs), the availability of separate parts (not usually a problem) and the 
repairability of the product. A telephone survey of consumers revealed that about 80% of 
those surveyed do not have their TV· repaired because it is not worth it, 15% because it is 
not possible and 5% because it is not desirabie (Blonk, 1993). 

A consumer's decision to discard a consumer electtonics product does not depend on its 
teehoical life alone. Other important factors are economie life and psychological life, 
which are related to the consumer's assessments (Perdijk et al., 1996). For example, a 
TV is currently discarded after 15 - 20 years. The reasoos for discarding vary. Insome 
30% of the cases the set still works; in some 30% of the cases it does not workso well 
and in 40% of the cases the set is broken. The main teehoical problems are a broken 
tube and serious function breakdowns. 

4. PRIORITISING OPTIONS 

Establishing whether Philips Consumer Electtonics can use additional methods for 
achieving further optimisation of the life of its products wilt require internat 
brainstorming sessions. As input for these brainstorming sessions it is useful to gauge the 
view of the outside world on this matter. To this end Philips Consumer Electronics' 
Environmental Competence Centte in the Netherlands organised a brainstorming session 
with external stakeholders. It was attended by in total 15 representatives from 
environmental, consumer and women's groups, from the Ministry for Housing, Regionat 
Development and the Environment and the Ministry of Economie Affairs, from relevant 
research institutes and from Philips. 

The pardeipants at this session were asked which five (not more) activities they 
thought Philips Consumer Electtonics should give the highest priority in the context of the 
theme of 'optimising product life'. To help focus ideas, the topics referred to insection 2 
were handed out to the participants beforehand. 

The reacrions of the pardeipants suggested a clear prioritisation. Particular attention was 
given to the following topics: 
- making more robust constructions 
- designi.ng modular constructions 
- selling the use of products/leasing 
In addition, better provision of information to the consumer was found to be an important 

· additional methöd for optimising the life of productS:·--::~ . 

The participants generated a list of concrete activities within the · four priorities given · 
above. Bel ow-these actlvities are summarized in the wording of the participants~ _ . 
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More robust constructions 

a. 
* 
* 
* 
* 
* 

b. 
* 
* 
* 

More robust products in the technica[ sense 
Remote control unit that is resistant to moisture/spillage 
Sturdy leads 
Life-long fault-free/'rattle-free' 
Make more robust, standardised products 
The lower the energy consumption the better 

Preconditions for more robust products 
Analyse problems affecting technicallife 
Warranty for maintenance of functionality (e.g. 10 years) 
lnformation about how long a product stays up-to-date (or links up with common 
functions) 

1\:Iodular constructions 

a. 
* 
* 

* 
* 

* 

b. 
* 
* 
* 

* 
* 
* 
* 
* 

* 
* 

c. 
* 
* 
* 
* 

* 

Upgrading 
Avoid innovations that force customers to buy a new CD, wide-screen TV, etc. 
Expand the existing equipment in order to avoid the need always to buy a new 
product 
Upgrade equipment; e.g. expand number of TV channels 
Computer expansion of the present TV (e.g. more memory) in order to avoid 
the purchase of a new one 
Op ti ons for upgrading TV /video functions 

Maldng products modular 
Universal adaptor for various equipment 
Standard remote control for all products 
Modular construction; appropriate for household equipment like washing 
machines; not for highly fashion-sensitive TVs 
Definitely make new functions modular 
Modular audio video set 
Modular systems that are replaceable/repairable 
Fast dismantling: product structure hierarchical and simpte 
Making products modular is very important for the consumer and for the 
environment 
Modular: outside (the casing) as separate as possible from inside 
Lack of standards 

Repairability 
A vailability and price of parts 
_Integr~~~()n_of_products and yet repairable/f.nodern!sable .. 
Parts- ä.ls(favailable in the longer term becàuse of repairability. 
Make repairable (COs; TVs; etc.) 
Improve repairability 
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Sale of use/leasing 

* 

* 
* 
* 

In my view renting and leasing are important options; in practice they stimulate 
producer responsibility most (see for example Océ, Rank Xerox) and do not 
inhibit product innovation 
Sales function (VCR- pay per view and PC- modemand software) 
Make repair less expensive and increase service 
More thought put into functions, less into products 

In formation 

* 
* 

* 
* 

* 

* 

* 

Provide clear product information in instructions for use (input-output) 
Provide information about what Philips does for the environment (responsibility 
of companies) 
Give clear instructions for reuse/recycling 
Provide information about what you can do with an appliance's functions and 
what benefits they give you 
For every function added to an appliance, indicate why that function is 
absolutely necessary to extend the product's life 
No advertising that constantly encourages an increase in the demand for new 
products without an explanation regarding product life 
lndicate environment-friendliness together with product information 

A number of the options for optimising the life of products referred to in secdon 2 were 
given lower priority, for the following reasons: 

l. Product reuse and timeless design already receive sufficient attention according to 
the participants. 

2. Modification in line with taste/fashion should be concentrared on when appearance 
is important. This is less the case with consumer electronics. 

3. The option of switching functions off already receives attention according to the 
participants and is mainly important in conneetion with energy reduction during the 
usage phase 

Communallshared use of products was not given priority by any of the participants. 
System integration was an important option for only one or two participants. Most 
participants expressed doubts about this option, particularly system integration at product 
level. When various products are integrated into a single system and one of the products 
fails, the entire unit is less usable. The participants feit that in such a case the system 
would have to have a modular design, so that individual products would be replaceable. 
It was howevèr considered important to discourage doûble usage: for ëx-ainple- no double ·. 
speakers or double remote control units. 
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5. ESTIMATING THE ENVIRONMENTAL BENEFIT 

If the intention is to improve eco-efficiency by optimising product Iife it is important to 
estimate beforehand whether the option in question does in fact give rise to a positive 
environmental benefit. Generally speaking the positive environmental effects of designing 
longer-lasting products lie primarily in the area of reducing the use of raw materials and 
waste (including eco-toxicity). These environmental improvements have a far smaller 
effect on the reduction of energy consumption. In the case of products in which the 
pollution caused is mainly due to energy consumption, extending product life may even 
have negative consequences on the product's environmental profile. This is the case in 
particular for products whose energy · consumption in the usage phase is largely 
responsible for their overall pollution effect and in which the degree of pollution can be 
considerably reduced by means of product innovations (Perdijk et al., 1996). 

Innovations may mean that a new technology meets the same need far better. Such 
technological improvements can take place at system level (e.g. from cable conneedons to 
satellite connections), at product level (e.g. from typewriter to word processor) and at 
product part level (e.g. from one type of combustion engine to another) (Deutsch, 1994). 

Consequently it is not necessarily sensible from an environmental point of view to try to 
extend the life of a product. This may result in a longer usage phase with obsolete 
technology. We therefore prefer totalk about optimising the life of a product rather than 
extending its life. 

In the case of consumer electronics products, we are usually dealing with the energy and 
material aspects. With some products (such as TVs), however, the environmental profile 
is greatly determined by the level of energy consumption. Here too it is important to ask 
whether technological innovation may not be preferabie to extending product life at a 
given moment. 

Besides the prioritisation of options at the brainstorming session mentioned earlier 
involving external stakeholders and organised by Philips Consumer Electtonics' 
Environmental Competence Centre, a rough estimate was made of the potendal 
environmental benefit of those options. 
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This gave rise to the following picture: 

+ < ............................................................ > 
The extent to which the impravement option may have a positive ( +) or negative 
environmental effect (-). 

I +++ ++ + 0 - --
design ++ 
more ro-
bust pro-
duet 

precon- + 
ditions 
for more 
robust 
product 

upgrade +++ 

modular +++ 
design 

improve +++ ++ 
repair 

lease + 

provide + 
informa-
ti on 

The pardeipants were of the opinion that the environmental benefit achieved is heavily 
dependent on the product and the specific applications. 

The most positive estimates were for the 'modular design' option in combination with 
'upgrade' and 'improve repair'. If a product is too old, however, repair is regarded as 
being less useful (hence a transition from + + + to + + ). 

Various pardeipants said that new series of products succeeded one another too quickly, 
without integration into existing systems being possible. The panicipants thought that 
consumers actually ought to be given a guarantee that their product will stay sufficiently 
up-to-date for, say, 10 years. The wide-screen TV was quoted as an example. 
Participants feit that because of the black bar on ordinary TVs the consumer is almost 
'forced' to buy a new wide-screen TV. 

According -to · the participants Iea.Sing can -produce posmve -environmental effects for 
specific applications. If as a result of this, for example, more control was kept over the 
material and a system based on a chain notion was used (as is the case with ·copier rnanu
factueer Océ), the environmental effect would befavourable. -In general, however;-doubts 
were expressedabout the environmental benefit o_f this option~·: ·- · 
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Better provision of information regarding the use of the product may result in a modest 
positive environmental benefit. The same is true for the fulfilment of the necessary 
preconditions for more robust designing. 

The assessment is that more robust designing may give a considerable environmental 
benefit, depending on the product and the type of improvement involved. 

6. ASSESSMENT OF SOCIAL FEASffiiLITY 

The extent to which Philips Consumer Electtonics can create other methods of optimising 
product life depends partly on the social feasibility of the methods. Th is means that an 
assessment needs to be made beferehand regarding feasibility in the following areas: 

a. Consumer interest 
Little is known about the eensurner's interest in longer-lasting consumer electronics 
products. In general the consumer feels that products should be robust and easy to repair. 
But to what extent eensurners are also interested in the other methods referred to in 
section 2 is difficult to assess. For example it is not known to what degree eensurners are 
prepared to pay moreforthese environmental improvements. 

At the above-mentioned brainstorming session involving external stakeholders it was 
estimated that in general the consumer would be very interested in optimising the life of 
consumer electtonics products. The main reason for this is not so much the environment 
as better-quality products, since they are less likely to break down. The participants at 
the brainstorming session thought that even if the product turned out to be a little more 
expensive it would be financially attractive for the consumer to buy it, since he would not 
have to replace it so often. The participants recommend that environmental aspects 
should be included in the information provided at the moment of purchase. With a few 
exceptions (such as camcorders for use on holiday), leasing consumer electtonics products 
is not regarded as an attractive option for the consumer. 

b. Economie feasibility 
For Philips uncertainty about economie feasibility constitutes a significant obstacle to 
bringing about the methods referred to in section 2. In a market characterised by ever
eapacity, suppliers tend to concenttate on a volume-based strategy for securing their 
profitability (or keeping it as high as possible). 

To do this some of the profit margin is often sacrificed: after all, price is the most 
important decision-making criterion when a purebase is being considered. At the same 
time attempts are also made to influence the purebase decision in other ways (by 
improving quality and adding extra functions). The link to the environment (quality) is to 
be found in this latter category (particularly as regards quality). 

To what extent a selected option is economically attractive thus depends on the 
expected market prospects of the specific product change. 

c. Relationship between the consumer, the retail trade and Philips 
As an extension of what was said in 'economie feasibility', it appears that optimisation of 
product life can result in drastic changes in the relationship between the consumer, the 
retail trade and Philips. 
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Many of the methods referred to in section 2 shift the emphasis from maldog appliances 
to providing services (mostly on a small scale) aimed at keeping the appliances in use for 
as long as possible. Basically this requires a completely different economie attitude and 
conduct (Stahel, 1994). 

d. T echnical feasibility 
The teehoical feasibility is also oot eertaio in advance. In a field such as consumer 
electronics, product development is very fast at the moment. Because of the changes 
going on in the field of multimedia, different shifts are taking place in the market between 
previously separate market segments. Consumer electtonics manufacturers, for example, 
come into direct contact with distributors of multimedia applications (such as cable 
operators), with suppliers of multimedia hard- and software (such as the computer world) · 
and with the developers of multimedia services and applications (such as the entertainment 
industry). Partly as a result of this the teehoical developments in the field of multimedia 
are highly dynamic (Adamson and Males, 1994; Den Hertog, 1994). 

In such a turbulent, rapidly changing environment it is difficult to assess what teehoical 
developments it is possible to anticipate at this moment. Technological upgrading and 
modular design are easier to achieve when the functional core of the product reaches a 
mature phase and most aspects are oot subject to change. For the majority of consumer 
electtonics products this is oot the case. What ~ possible is to optimise within a particular 
functionality (such as a standard 26" TV). 

7. CONCLUSIONS 

The above analysis shows that optimising the life of consumer electtonics products is a 
complex issue. Measures already taken by Philips Consumer Electtonics in this area tie 
mainly in the field of product quality improvement. In particular, limiting defects in 
equipment and avoiding labour-intensive maintenance work have so far been the 
priorities. In addition, attention has been focused on system integration and on product 
reuse via third parties (e.g. the second-hand market). Establishing what additional 
methods stand a good chance of success in the future for Philips Consumer Electtonics 
wilt require further internat consultation, since selecting additional options to promote the 
optimisation of the life of consumer electronics products will require a complex process 
of deliberation. Only when the pros and cons of this have been ciarifled cao a company 
like Philips Consumer Electtonics take concrete action. 
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Abstract 

A systematic overview is given of the logistic aspects of reuse, the problems that may be related 
tothese aspects and the possibilities to cope<'With these problems. Topics for further research are 
indicated. 

Introduetion 

Reuse requires apart from technological solutions for transforming used items in reusable items, 
the timely supply of reusable items and the timely disposal of no longer reusable items against the 
lowest possible costs. Without this the potential benefits of reuse including reduced procurement, 
production and disposal costs, and shorter deliver times, may not or only partly be realised. 
Fig. 1 shows the life-cycle of an component, material or distribution item (like a pallet) from a 
logistics' point of view, including their reuse. 

I I I 

<<<<~<---jProcessingl<---\ /<---1 ~-c_o_l_l_e_c_t_i_o_n~l<---.~ 

-IRedistributionl lusagel-

I 1 

>>>>~--->jProductioni--->~--->IDistributionl--->~ 
I I I I I 

Pigure 1 : The life-cycle of an item from a logistics' point of view 

where 
> > > > denotes the supply of unused copies of parts, materials, distribution items 
V denotes stock keeping 

denotes a main transformation 
< < < < denotes the disposal of discarded parts, materials, distribution items 
I denotes a toss stream. 

Reuse always requires collection, processing and distribution to the reuser, see Fig.l. 
Colteetion denotes all activities required for making potential reusable items available at the place 
where their processing takes place. 
Processing denotes all activities required for transforming collected items into reusable items, 
including identification, inspection, sorting, disassembly, separation, cleaning, repair (including 
replacements of parts by other or the same), reassembly and testing. 
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Because there do not exist differences between the distribution of items obtained via coneetion and 
processing and items obtained via purchasing or production from a logistics' point of view, no 
further attention will be paid to distribution of the former in this article. 

In the context of reuse the following question has to be answered from a logistics' point of view: 
"When, should which quantities of which items where how be colleeled and processed by whom 
to realise the potential benefits of reuse against the lowest possible costs?". 

In general four aspects of physical flows are important from a logistics' point of view: the 
moment they start, the moment they end, the size and the composition. From a logistics' point of 
view it is further important to distinguish between physical flows that can be completely 
determined by a company itself (demand-driven goods jlows) and flows that are completely outside 
control of a company (supply-driven goods jlows). Fig.2 shows the possible situations in the 
context of reuse . 

.._ _ ___.-->\/-->I Collection I->\:/-> I Processing 1->\/-> I Reuse I 
--------------------------------------------------> 

Completely supply-driven 

-----------------------> : > 
Supply-driven Supply-driven 

-----------------------> -----------------------> 
Supply-driven Demand-driven 

----------------------> ------------------------> 
Demand-driven Supply-driven 

----------------------> -----------------------> 
Demand-driven Demand-driven 

-------------------------------------------------> 
Completely demand-driven 

Figure 2 Goods flows in the context fo reuse 

where 

denotes a main transformation 
V denotes stock keeping 
---> and --> denote a goods flow, 

Further a distinction should be made between goods flows that can be completely predicted and 
goods flows that can not be predicted at all, where as with demand- and supply-driven, predictabie 
and unpredictable concern each of the four earlier mentioned aspects of goods flows. 

In the following two sections of this artiele the logistic aspects of collection and processing will be 
considered separately. Next some attention will be paid to the logistic aspects related to the 
integration of the above two groups of activities as well as their integration with the procurement, 
production, dis tribution and service activities of a company. 
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Coneetion 

If items are no longer used by their owner, this does not mean that these items are available for 
reuse. They can be kept in stock by their owner, as denoted by the left hand upside-down turned 
triangle in Fig.2, or they may be disposed as garbage, see Fig.l. 

What? 

Due to an increasing globalisation and standardisation still more components and materials make 
up part of more than one product. Besides it may be possible to obtain anitem from other items. 
Moreover a decision has to be made concerning the state of the copies of items to be reused, like 
only unused copies or copies of an engine having been used for less than x km's. 
The above requires a preferenee list ranking the different alternatives for colleedon activities. 
Aspects to be taken into account include the costs and time required for obtaining a given quantity 
of an item via each alternative, the costs and time required for processing each of these alternati
ves, inclusive the costs for disposing the parts of these alternatives that can not be reused. Note 
that for producers increasingly often the products and distribution items that they have to take 
back are the starting pointfortheir reuse activities. 

Where? 

Potentially reusable items can be collected at their owners or depots can be setup where owners 
can deliver these items. 
An important reason for considering coneetion at the owners is that this may increase the quanti
ties that become available for reuse, as well as influence the moment of supply. (Moreover this 
may help producers and distributors to improve registration of customers.) 
With respect to the location of the collection depots for owners the same arguments apply as for 
the corresponding locations for distribution, especially because many sales or lease contracts 
concern replacements. 
For many used items, like TV's, car wrecks, bottles, there are many geographically wide spread 
inital suppliers. For items as the above, collection requires a network structure with local and 
central coneetion points similar to distribution networks. 
Also routings for colleedon have to be defmed, not only for collecting at owners, but also for all 
other transport activities intherest of the colleedon network. We may have fixed routings and 
variabie routings, where in the first case always all preset colleedon points are visited whereas in 
the latter case only those locations are visited where (more than) a certain quantity is available for 
collection. 

When deciding on the geographical location of points in a coneetion network, not only the 
locations of potendal suppliers of reusable items should be taken into account, but also the 
locations where the forther processing and final disposal will take place. At least as important are 
the locations where (similar) "new" unused items are distributed, servicedor produced. See 
forther the section on integration. 

It is important to check whether boondarles between counties, states or conutries have to be 
crossed. This may not be allowed or only under certain conditions. 

When? 

There are four main reasons for starting or ending collection of an item in the context of reuse: 
actual or expected demand, actual or expected supply, economie and technical life of an item, and 
actual or expected idleness of resources, where the first reason may be a reason for both starting 
and ending collection activities, the latter in case of expected lack of forther demand. 
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Some insight into when copies of items may beoome available for reuse without any further action 
can be obtained by combining the { expected) economical and technical life-cycle of an item, 
see also (Van Hoof, 1993). 
The actual moment items are disposed by their owners depends on many things including lack of 
space, fashion, costs of use, the presence of alternatives, economie situation, deposit fees, rent. 
For lease items, the moment of return is relatively wellknown in advance. Via items that are 
procured or produced based on actual customer orders, some insight might be obtained in the 
moment of disposal of the items to be replaced. 
Short term demand-driven coneetion requires detailed knowledge of owners and the state of their 
copies of items. In case of anonymous owners, as holds for instanee with respect to many 
consumer products, the owners have to be contacted via global media which may result in too 
much or too few quantities. Due to these uncertainties these activities have to be started long 
before the requirements have to be fulfilled. 
Companies can influence the moment of supply {as wellas the quantities supplied) by temporal 
price reductions, fees. See also (Flapper, 1996). 

With respect to coneetion depots the times that they are open have to be decided on, whereas with 
respect to colleedon routings it has to be decided when colleedon via these routings should take 
place: basedon actual quantities, e.g. indicated by owners per telephone, orbasedon expected 
supply, on fixed days, weeks, months during fixed hours. 

Howmuch? 

Decisions to be made in this context concern required quantities of storage and transport 
capacities, stocks, lot sizes, how much needs to be collectedinorder to fulfil timely a certain 
specific demand as well as how much is expected to beoome available for reuse during a given 
period of time without any further action. 
Usually forecasting how much will become available for reuseis difficult due to all kinds of toss 
streams, see Fig.1. In (Kelle and Silver, 1989a) four different methods for forecasting return 
flows are described. 

The minimum and maximum stock levels have to be estimated for both local and central collection 
points. Reasoos why this may be difficult are the uncertainties that may exist with respect to the 
composition and condition of the copies of the items {to be) collected, among others depending on 
how they have been produced, used, maintained, repaired, see also (Krupp, 1993), and the 
uncertainties with respect to the moment of supply and the quantities supplied. But also because a 
given item may make up part of a number of other items, may be reused in a number of ways or 
may supply more than one reusable item, where each of the above may require its own processes, 
resources and time. 

Also it has to be decided how much should be available at an owner for collection at his or her 
place or the minimum quantities to be delivered by owners at local collection points. How much 
should be available in a certain area before collection will take place. 
Within this context it is important to take into account that most people once having decided to 
dispose something, want to get rid of this as soon as possible. 

Based on the above required starage and transport capacities can be calculated. 

How? 

Should different reusable items be colleeled tagether or separately? 
In order to answer this question it has to be known how the colleeled items are going to be 
reused. Note that separate collection requires not only separate storage, but also separate 
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transport. Clearly the costs for separate colleedon will be generally higher than the costs for 
mixed collection. See also (Jahre, 1995). 
It may be worthwhile combining the colleetien of used items with the distribution of "new" 
unused copies of the same or other items. This may lead to reduced costs at the expense of a later 
availability of used items due to a mismatch between the quantities to be supplied and collected 
and a mismatch between the places where unused copies of items have to be delivered and the 
places where used copies of items have to be collected. 
In case of small items, like toner cartridges, collection may be realised by selling these items in 
boxes that can besent to collection points by mail without costs for the owner. See e.g. (McGav
is, 1995). 

Processing 

In this section attention will be focussed to the left hand side of Fig.2. 

What? 

Here we may be confronted with the same types of problems as mentioned in the context of 
collection: a given demand might be fulfilled via the processing of different items, via the same or 
different processes, requiring the same or different resources, requiring the same or different 
times, givng rise to the same or different co- and by-products. 
Moreover, anitem may not only be reused as such, but also via one or a number of its parts or 
materials. 
lf the above applies, a preferenee list, similar to the list used for collection, ranking the different 
alternatives to get an item, has to be defined. Due to uncertainties in composition and condition 
this list may not (completely) bedefinedat item level but also at the level of individual copies of 
items. Apart from the points of attention mentioned in the context of collection also the opportuni
ty costs related to the different alternatives should be taken into account. (By reusing a car via its 
engine insteadof as a car, revenues may be less. So only under special circumstances the engine 
should betaken from the car.) The timely matching of requirements and availabilities is very 
complex if items are reused via several of their parts, where these parts make up part of a number 
of items and not necessarily need to be reused together. See (Flapper, 1994). 
In case the processing is triggered by a(n expected) lack of storage space, apart from (expected) 
demand and supply also the volume of each of the items available for reuse in that stock location 
and en route to this location should be considered. 
In case (expected) idleness of resources is the trigger for starting processing activities, the 
processes that may be executed by these resources as well as the exepected available time are the 
starting points for deciding what will be processed. 

Where? 

Compare with question "Where to assembie the different parts of an assembly?". 
In essence the same arguments apply as for the locations of productie n facilities, where apart 
from the locations of suppliers, reusers also the locations where production, distribution and 
service activities take place have to be considered, as well as the locations for the disposal of 
undesired (parts of) items. See also (Bloemhof-Ruwaard and Salomon, 1994) and (Bloemhof
Ruwaard et al, 1993). 
Again it is important to know what is allowed to be transported across borders of counties, states 
and countries. 
A trade-off bas to be made between unnecessary transport, handling and storage and lost reuse 
options. ( Disassembling an item may end its reuse as a whole.) 
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Men? 

The reasons for starting and ending processing activities are the same as those mentioned in the 
context of collection. 
Also with respect to the actual starting of processing activities it is important to take into account 
the uncertainties that may exist with respect to the composition and condition of the copies to be 
processed, which may not only influence the duration of the processing itself, but also the result 
of this. It may not be possible to start the processing of items based on actual demand and 
expected results, especially if disappointing results can not be corrected via extra production or 
procurement due to long lead times. In the above situations processing should be processing-to
stock. 
Some processing activities, like inspection, identification and sorting, may have to be taken care 
of at the moment copies of an item are supplied for reuse, for instanee because suppliers of used 
items want to be paid immediately, like in the case of refil bottles, or because otherwise a lot of 
undesired items may be delivered, which may have to be disposed against high costs, as holds e.g. 
with respect to materials supplied in pallets. 

How much? 

Decisions have to be made concerning the required quantities of the different capacities and lot 
sizes. These decisions are far from easy due to the uncertainties with respect to the total quantities 
of items available for reuse, the moments of supply, the composition and condition of the indivi
dual copies of the items delivered for reuse. 
One has to be very careful with the use of scrap factors in this context. Usually these factors are 
statistical averages basedon past experience, which make them only reliable for large quantities. 
See also (Grommesh, 1991). This means that these factorscan not be used in case of smalllot 
sizes! 
Apart from setup times, among others of importance in the context of shredding, times required 
for emptying or replacing bins filled with disassembied parts should be taken into account when 
deciding on lot sizes. 

How ifar)? 

It is important to distinguish between situations where this can be decided on in advance at item 
level, and situations where this can only be estimated per copy of an item after a number of 
processing steps have been executed. (State dependentand state independent processing.) 

Reuse, an integral activity 

In the foregoing part of this artiele collection and processing have been dealt with separately. 
Hereafter their necessary integration is dealt with as well as their integration with the other 
activities of the company. 

lntegration colleerion and processing activities 

Fig.2 shows two often occurring problems in the context of reuse: demand which can not timely 
be fulfilled via reusable items, or supply of items for which no demand exists. The first problem 
notably occurs during the introduetion and grow phase in the economical life-cycle of an item, 
whereas the latter notably occurs in the end phase. There can oot much be done with respect to 
the frrst problem. The second can bedealt with by timely disposal. 
It may be worthwhile to let people involved in the collection of used items also take care of some 
of the processing activities like identification and sorting, as presently holds for glass. 
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Integration collection, distribution and service activities 

This concerns combining locations for collection, distribution and service, as wellas combining 
transport of used and unused items, where used and unused do not need to refer to the same item. 
An important problem with respect to locations may be the high costs for sales locations and the 
time people, primarily contracted for sales and marketing activities, have to spend on collection 
activities. 
As mentioned earlier, also combining transport may be more difficult than expected at first sight 
among others due to differences in quantities. 

lntegration processing and production activities 

By integrating the two activities it might be possible to realise a better use of operators. Then we 
would have to deal with the allocation of multi-functional operators. Two reasons why the above 
may be complex are the uncertainties with respect to the state of copies of items to be processed 
and the sometimes very different characteristics of the two groups of activities. 
In (Richter, 1994) it is shown how processing and production activities may be controlled together 
in a relative simpte situation. See also (Clegg et al, 1995). Fora concrete example see (Russell, 
1993). 

Integration procurement, production, colledion and processing activities 

Without reuse, most companies obtain their parts and materials either via procurement or 
production. In case of reuse it may as well be possible to get these items via collection and 
processing, where differences may exist with respect to lead times, lot sizes and capacities 
(quantities and types). In (Inderfurth, 1996), (Van der Laan et al, 1996), (Van der Laan et al, 
1995) a number of strategies are presenled to deal with the above integration forsome "simpte" 
situations. In (Salomon et al, 1996) a decision support system for estimating economical optimal 
production-distribution-collection-process networks is described. In (Kelle and Silver, 1989b) 
attention is paid to the inlegration of reuse and procurement activities for distribution items. 
Many companies use MRP-11 based software to support their, demand-driven, 
procurement and production activities. For this and other reasons (Flapper, 1994) a lot of attention 
bas been paid to the possibilities to control the above inlegration via MRP-II. From the foregoing 
part of this artiele it will have become clear that this among others requires 
-the amendment of the standard netting philosophy of MRP-I 
(allowing a material requirement to be fulfilled in only one way) 

-the possibility to define divergent processes (co- and by-products) 
-the possibility to deal with uncertain routings 
-the possibility to define both minimum and maximum stocks. 
Note that the second and third change also are required for supporting the control of (semi
)process wise working companies. See (Van Rijn and Schyns, 1993) and (Wight and Landvater, 
1983). For more insight into the possibilities for using MRP-ll in the context of reuse see 
(Flapper, 1994), (Landau, 1993), (McCaskey, 1993), (Szendel, 1993), (Grommesh, 1991), 
(McNeil, 1991), (Boyer, 1989), (Boyer, 1988), (Boyer, 1987). 
In (Bookbinder and Sereda, 1987) some attention is paid to the possibilities for using DRP-11 in 
the context of reuse. 

Total integration 

A real integration of reuse in a company would require the integration of collection, processing, 
procurement, production, distribution and service activities. 
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Summary and conclusions 

In this artiele a systematic overview has been given of the different logistic aspects of reuse. The 
overview makes clear that apart from many similarities with production and distribution situations 
also a number of more specific logistics problems can be distinguished, all primarily related with 
- uncertainty in supply with respect to time: quantity and quality 
- a number of alternatives to fulfil a given demand because 

- 1 component, material can make up part of more than one item 
- 1 item can be reused in a number of different, mutually excluding 

ways (as a whole, via components, materials) 
- items can be transformed into other items 
- items can be obtained via procurement, production, as well as via 

colleedon and processing, 
where different capacities (types, quantities) and times may be required 

- co- and by-products may be generaled during collection and processing 
For the above and other problems first steps to deal with these have been indicated for some 
concrete situations. With respect to alllogistics aspects further research is required. 
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BURNING OF WASTE: 
problems of capacity of burninq installations 

ANJA DE GROENE AND JOS VERMUNT 

In this paper the problems of the convertion of waste 
are äiscussed with special attention to the burning of 
waste. It is argueä that there will be an overcapacity 
in the burning installations in the near future, äue to 
a äecrease in the amount of inflammable waste as a 
result of prevention anä reuse. Solutions have to take 
into account the äistinction between househola waste on 
the one hand anä business anä inäustrial waste on the 
other hand. The Porter-framework is useä to look at 
solutions for the capacity-problem of the burning in
stallations. More research is neeäeä to finä out whe
ther äifferentiation anä vertical integration are stra
tegies to strive for. 

1. Introduetion 
Each year a large quantity of waste is produced, caused by pro
duction, consumption and other activities. In the Netherlands, 
in 1993 28 Mtons of waste per year was produced (AOO 1995) • 
This waste consists of the following streams: househeld waste, 
business waste, industrial waste, construction and demolition 
waste, cleansing service waste, shredder waste, parts of hospi
tal waste, non-cleansable polluted soil and residues of sludge. 
More than 50% (53%) of this waste can be reused, 27% of the 
waste is inflammable and 20% cannot be burned and has to be 
dumped (AOO 1995). 

The aim of Dutch environmental policy is to reduce the 
total quantity of waste (NMP 1989). Reuse and prevention are 
preferable to dumping and burning. Since the beginning of 1996, 
dumping of waste that can be burned is forbidden by law. The 
aim is to reduce the quantity of burning and dumping waste to 
25% and the part of waste to be reused has to reach to 75%. 

The organization of the remaval of waste was very fragmen
ted, small scaled and ad-hoc (Verhoog 1996). In 1990 the cen
tral government, provinces and munipalities established the 
Waste Consultatien Body (WCB). The taskof this body was to 
bring about a coordinated, and joint policy of the remaval of 
waste in the Netherlands. Therefore, the WCB made a 10-year
plan to be revised every three years. The most recent plan 
(1995-2005) is aimed at a national optimization of the conver
tien capacity and the steering and organization of the remaval 
of waste. In the plan, 5 points of departure are laid down: 
1. a limited development of burning capacity; 
2. a streng reduction of the dumping of waste; 
3. to stimulate the flexibility of the convertien structure; 
4. national coordination of regional self supply; 
5. national self supply. 

The way waste is produced, reused and converted is shown in 
figure 1. 
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Figure 1 The origin and convertien of waste 
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In the upper part of the figure the or1g1n of waste is 
shown. In all phases of the production process waste can be 
reused; in the production of components, the production of the 
end product, commerce, and in the consumption phase. The part 
that cannot be reused (the lower part of the figure) can be 
separated befere burning and gasifying. The last station of the 
waste is at the dumping site. 

In the recent 10-year-plan of the WCB, three scenarios are 
distinguished, the policy scenario which is the tasksetting 
one, the opposition scenario in which prevention and reuse will 
be less than in the policy scenario and the perspective scena
rio in which higher percentages of prevention and reuse are 
supposed in the year 2015. Figure 2, derived from the 10-year
plan 1995-2005, shows the supply of waste for the three diffe
rent scenarios. The waste consists of the streams early mentio
ned. 
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Figure 2 supply of waste for the different scenarios (in Mtons) 

Total Prevention Reu se Inflamma- Not flam-
ble waste mable 

waste 

point of 28.0 0 14.7 7.6 5.7 
departure 
1993 

policy sce- 30.9 3.1 19.7 5.1 3.1 
nario 2005 

opposition- 31.5 2.2 18.3 6.8 4.3 
scenario 
2005 

perspective 34.8 3.8 22.7 5.2 3.1 
scenario 
2015 

Source: AOO 1995 

In this paper we focus on the problem of the burning of 
waste. In the policy scenario, the quantity of inflammable 
waste will be 5.1 Mtons in 2005. At this moment, the burning 
installations are filled for more than 80% with household was
te. As a consequence of prevention and reuse, the WCB expects 
this part to diminish to 60%. So, within some years, the bur
ning installations, will be filled for 60% with household waste 
and for 40% with business and industrial waste. The household 
waste is delivered by municipalities by means of longterm con
tracts; the industrial and business waste mostly by private 
collectors of waste (AOO 1995). According to the 10-year-plan, 
the supply and "demand" of burnable waste will be in equilibri
um. 

2. Inflammable waste 
Burning installations are capacity driven installations, owned 
by semi-state enterprises, such as public utility companies. 
They have to comply with severe environmental regulations be
cause of the emission of for instanee dioxine. The energy ori
ginating from the burning of waste, has to be used and to be 
transformed into electricity or useful heat. In order to gene
rate a reasonable cost price, large scale operations are neces
sary. 

During the last years, the trend has been visible that the 
total amount of waste is diminishing (AOO 1995 and Hafkamp 
1996). This trend can be shown in the next figure. 
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Figure 4 Supply and capacity of burninq installations 
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In the Netherlands, the operational burning capacity in 
1995 was 2.544 Mtons (AOO 1995). Besides, 2.043 Mtons were in 
construction and another 719 Mtons were planned, but the reali
sation of these plans is not probable (AOO 1995); the total 
capacity will be 4.587 Mtons in the next years. The installati
ons of VAM-Wijster and ARN-Nijmegen have chosen for systems 
where inflammable waste is split up in an easy seperable waste 
part and in a rest-fraction, which is to be burned. Pre-separa
tion is mainly relevant for household waste, because industrial 
and business waste streams are more homgeneous (see section 3). 
ARN-Nijmegen has a burning capacity of 75 Mtons; an additional 
capacity of 70 Mtons is being build. VAM-Wijsters' capacity is 
720 Mtons, 320 of which is a separation-installation, the bur
ning capacity is 400 Mtons. The investment costs of separation 
facilities are much lower than the investments necessary for 
burning installations. 
If the pre-separation before burning is taken into account, the 
total "burning" capacity is far too much in the Netherlands. 

This overcapacity may cause an increase in prices to be paid 
for by the municipalities, or, more specific, the citizens. 
Local governments have garantueed the supply of waste, but the 
problem is that local governments don't own the industrial and 
business waste. They only can control the household waste; as a 
result, they don't have the total waste flow in their hands. 
The business and industrial waste mostly is removed and conver-
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ted by privately owned commercial companies. Another possibili
ty is that those burning installations that have a relative 
high cost price and little long term contracts, will try to 
increase their capacity. In any case, there will be a competi
tion struggle for burnable waste, from a political as well as 
from an economie viewpoint. 

In order to analyze the underlying forces of the overcapa
city of the burning installations, it is necessary to make a 
distinction between househeld waste and industrial waste. In 
the next sectien we will elaborate on these differences. 

3. Househeld waste, business and industrial waste 
The calculation of the WCB {see figure 2) of the quantity of 
5.1 Mtons inflammable waste in 2005, is based on the propoeiti
on that local governments will supply all the municipal waste 
to the burning installations. As have been said, the problem is 
that they don't have the authority about business and industri
al waste, because that kind of waste is in the hands of private 
companies. The amount of burnable househeld waste according to 
the policy scenario is 3 Mtons a year, burnable industrial and 
business (office, shop and service waste) waste 1.6 Mtons a 
year, and the amount of other burnable waste streams is 0.5 
Mtons a year (AOO 1995). 
In many cases, municipalities contract out the actual colleeti
on of househeld waste to private companies. But, the local 
government owns the waste and decides how and where the waste 
has to be converted. The private company can be seen as a lo
gistic service provider. For example, BFI, a large private 
company, collects as a logistic service organization, the waste 
in 135 municipalities; the company also has 65.000 private 
customers (Elan october 1995). In the Netherlands, there are 
about 300-350.000 potential customers, so BFI owns and controls 
a reasonable share of the burnable waste market. The "SOBA" {a 
cooperation of state enterprises in waste converting) is an 
initiative of 22 municipal service providers, who try to get "a 
foot in the business waste market". The battle for a marketsha
re in business and industrial waste has just started up. The 
market of industrial and business waste is going to change from 
a suppliers market to a disposal market. 

Most business and industrial waste is more homogeneous than 
househeld waste, it can be separated in several reusable frac
tions. This separation at souree reduces the amount of waste to 
be burned. Firms can outsouree the activities separation and 
collecting to private waste converting companies. When tariffs 
for dumping and burning are high, separation at souree means a 
reduction of costs for firms. The waste market is very price
elastic. 

Househeld waste can be collected and separated in different 
ways. Many households separate their waste in fractions like 
paper, glass, and sometimes plastics. The total costs of sepa
ration are low, whereas the costs of colleetien the separated 
streams are high. Another possiblity is not to separate the 
waste at source, but at a central place between households and 
burning installations. Then, all the waste has to be collected 
and next to be separated. A third solution is to pre-separate 
the waste at the end of the chain at the burning installations. 
Which of the three options creates the most added value has yet 
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not been found out. The same counts for the market of the re
maining streams: paper, glass, plastics, and so on. Is there a 
reasonable demand for those streams, who are the parties and 
which quality is asked for? 

A related question is the problem of when and under what 
conditions are streams to be considered as waste? Plastic and 
paper separated out of waste streams are seen as resources and 
may be exported. Before separation those streams are waste and 
exporting them to other regions and countries is forbidden. 

Also the organizational aspects of the chain of household 
and business waste colleetien and convertien are not yet clear. 
In the chain of household waste, there is not one "chainconduc
tor". On the other hand, in the chain of business and industri
al waste, the large powerful private collectors (like BFI) act 
like "chain conductors". They are in the position to negotiate 
with the burning installations about the price to be paid for 
the burning and pre-separatien of business and industrial was
te. 

The differences between the composition and organization of 
household waste (60% of the supply of burning installations) 
and business and industrial waste (40% of the supply) makes the 
problem of evereapacity of the burning installations a diffi
cult one. 

4. consequences 
From the point of view of the burning installations, actions 
have to be undertaken. To analyse those actions, the Porter
framewerk can be used (Porter 1985). Porter distinguished be
tween four sourees of competition in a branche of industry. 
Besides the internal competition, competition can originate 
from customers, suppliers, substitutes and potential entrants. 
The internal competition in the "burning installation sector" 
is not very tough (Daems and Douma 1989): the concentratien is 
very high, the possibilities to enter the market are low, the 
willingness to cooperate is not very relevant because the sup
ply-areas are regulated. On the other hand, the strategie un
certainty is high, because of technological developments, pro
duction capacity, use of existing production capacity, and so 
on. The overall conclusion is that there is not much internal 
competition. 

The customers of the burning installations are the buyers 
of the separated materials (paper, plastics, ferrofnon-ferro 
materials, organic textile, stone and sand fractions), the 
electricity-companies and the dumping-sites. 

The suppliers are the municipalities and the private col
lectors. 

Substitutes are dumping and prevention and reuse. 
Potential entrants are other burning installations. 

Considering these four sourees of competition, it will be clear 
that potential entrants are not really dangerous. The Nether
lands is divided into four supply areas from the point of view 
of waste converting; between those areas no "waste-traffic" is 
allowed (AOO 1995) and every region has its own burning instal
lation. Besides this strict regulation, the investments to set 
up a burning installation are very high. 

The substitutes of the burning installations, the dumping 
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sites and prevention and reuse have a reverse effect. Dumping 
burnable waste is forbidden, whereas prevention and reuse are 
stimulated by the government. As has been shown in figure 3, 
prevention and reuse are increasing. At this moment, (too) many 
releases of the dumping-prohibition have been given and much 
illegal dumping occurs. In the short term, no releases of the 
dumping prohibition and no illegal dumping, can cause a larger 
supply of inflammable waste at the burning installations. 

Burning installations want to have more burnable waste, the 
suppliers, the municipalities and private collectors, are im
portant parties for the burning installations. The burning 
installations are filled for 40% with business and industrial 
waste, supplied by private companies. These companies will try 
to get low prices for the burning of their waste, otherwise 
they look for other solutions to get rid of the waste (more 
separation for example). Thus, the burning installations will 
do their utmost to get the industrial and business waste. As 
have been said, household waste, which will fill the installa
tions with 60%, is a rather certain stream, because the munici
palities have long term contracts with the burning installati
ons. If the other 40% becomes more uncertain, the possiblity of 
pre-separation will become less attractive because in that case 
less waste is available for burning. This policy is not in line 
with government policy, that is directed towards more reuse. 
Another possibility is to raise the prices to be paid for by 
the municipalities, because the burning installations have to 
cover their costs. The costs of the convertion of waste for an 
average family-household has risen from Dfl. 134,00 in 1990, to 
Dfl. 350,00 in 1995 and the expectation is that this amount 
will reach Dfl. 435,00 in 1997 (AOO 1995). It is not reasonable 
to think that higher prices are politically possible. 

The needs and wants of the customers of the burning instal
lations are not yet very clear. What is the dimension, the 
quality and composition of the demanded separated materials. 
Tagether with firms that can use those materials as inputs, the 
burning installations can carry out a study in which these 
aspects can be analyzed. 

To sum up, the suppliers and customers are the most important 
sourees of competition for the burning installations. According 
to Porter (1985) three kinds of generic strategies are availa
ble to firms: cost leadership, differentiation and a focus 
strategy. A low cost strategy aims at achieving a competitive 
advantage by a policy of low prices, whereas a differentiation 
policy aims at achieving a unique position in a branch of in
dustry. A focus strategy is directed at achieving low costs and 
a unique position. According to Daems and Douma (1989) four 
related strategies are possible: horizontal expansion, diversi
fication, vertical integration and multinationalisation. Becau
se of high investment costs, a strategy of cost leadership is 
not reasonable. Besides, competition for waste between regions 
and countries is not allowed. 
Maybe a strategy of differentiation and diversification is to 
be taken into account. In the (near} future, large specialized 
installations for the burning of different types of waste will 
become attractive. Also differences in the degree of pre-sepa
ration will occur. Because of the large investments, the scale 
of the region will be too small for this kind of installations. 
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Maybe the national scale is not appropriate and do we have to 
face a specialization of waste converting on a European scale 
(multinationalisation). 
A strategy of vertical integration with the users of the sepa
rated streams or whith the central collectors and separators 
(in the case of household waste}, is another option tobetaken 
into account. For that case, the organization of the household 
waste stream, the actors in the chain, the power, the dominan
ce, etc., have to be investigated thoroughly. 
At this moment it is to early to judge these ideas, because 
much research is needed to answer the many questions. 

s. Conclusion 
The organization of the convertion of waste is subject to much 
debate in the Netherlands (Van der Schot 1995, Rense 1994). In 
this paper, one particular form of converting is discussed, 
namely the burning of waste. It is to be expected that within a 
few years there will be an overcapacity in the burning instal
lations, due to a decrease in the amount of burnable waste. In 
order to analyze the problems of this overcapacity, it is ne
cessary to make a distinction between household waste on the 
one hand and business and industrial waste on the other hand. 
Household waste is in the hands of the municipalities, which 
have long term contracts with the burning installations. Busi
ness and industrial waste is owned by private collectors and 
this supply (40% of the installations) is not secured. So bur
ning installations will try to get the waste from the private 
collectors, by decreasing their prices. At the same time, it is 
politically impossible to raise the prices to be paid for by 
the citizens. Burning installations have to look for other 
solutions to deal with their capacity problems. Some auggesti
ons are given: diversification and specialization of the bur
ning of special streams of waste on a large scale, vertical 
integration with actors before and after the burning installa
tions in the (household) waste chain. These suggestions need 
further research. 
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Introduetion 

A large number of research efforts have been directed at forming a framework for 

environmental corporate strategies (Frosch & Gallopoulos, 1989; Roy & Whelan, 1992; Sarkis, 

1995; Stahel, 1994; Thierry et al., 1995; Vandermerwe & Oliff, 1991), mostly basedon a 

generalized industrial ecosystem type model. These strategies aim at optimizing the use of 

matenals and energy while minimizing the production of waste (pollution) and many focus on 

recycling as the primary activity. One aspect of such strategies that appears to have significant 

environmental potentialis remanufacturing. Stahel (1994), Thierry, et al. (1995) and 

Vandermerwe and Oliff (1991) all propose more specific environmental strategies with 

remanufacturing as a viable, profitable farm of waste prevention. 

The foundation of a waste prevention system is the recovery of materials used to 

manufacture and deliver products. A recoverable product environment (see Figure 1) includes 
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Upgrade 
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Figure 1 ·A Recoverable Product Environment 
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strategies to increase product life consisting of: repair, remanufacturing (including overhaul, 

refurbishment and technica! upgrades), and finally recycling of products (Guide et. al. 1996, 
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Stahel, 1994; Thierry, et al., 1995; Vandermerwe and Oliff, 1991). A major part of 

therecoverable product environment is the recoverable manufacturing system that focuses on 

manufacturing systems designed to repair and remanufacture products. 

Several authors have recognized the need for recoverable manufacturing systems and have 

cited the need for production planning and control systems that recognize the inherent 

uncertainties contained in such a system (Guide et. al. 1996, Thierry, et al., 1995; 

Vandermerwe and Oliff, 1991). Vandermerwe and Oliff (1991) call for the development of 

manufacturing infrastructures to support recoverable manufacturing systems. Guide et. al. 

(1996) state the need to develop manufacturing planning and control systems specific to this 

environment, and Thierry et al. (1995) call for the development of inventory control systems 

that consider the uncertainty in such an environment. 

The purpose of this research is to evaluate the effectiveness of various delay buffer 

strategies used to stage materia Is for production in a recoverable manufacturing system. 

Specifically we examine the effectiveness of stocking materials in two distinct buffer areas: a 

disassembly buffer which exists between the disassembly shop and the remanufacturing shop, 

and a reassembly buffer, which exists between the remanufacturing shop and the reassembly 

shop as shown in Figure 2. 

The next sectien briefly describes the characteristics of a remanufacturing environment, and 

the following sections discuss the relevant literature, the research methodology, present the 

research findings and discuss managerial implications for planning in a recoverable 

manufacturing environment. 

Characteristics of a Remanufacturing Environment 

Remanufacturing firms cantend with several complicating factors that make traditional 

methods of manufacturing planning and control (MPC) difficult to use and require new 

techniques to be developed . These complicating factors include: ( 1) probabilistic routing files, 

(2) probabilistic material replacement, and (3) highly variabie processing times needed to 

perfarm required repair operations. 

Probabilistic routing files are used because most remanufacturing operations only perfarm a 

processing operatien if necessary (e.g. the part needs the operatien to be returned to usabie 

condition). Whether a particular operatien is required depends on the age of the product, and 

the conditions the specific product unit has been subjected to. Two identical components off 
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different units may require completely different routings depending on the individual wear 

patterns on each component. The amount of time required for an individual operatien may a lso 

vary drastically for identical components since the time required at an operatien is dependent 

on the amount of wear on the individual component. Probabilistic material usage results from 

components being scrapped because the components were worn beyend practical or economie 

repair. Material recovery rates are a way to predict the frequency of a particular component 

being reecvered in a useable form (e.g. any component that is not scrapped). A simple method 

for calculating a material recovery rate is given by Guide and Spencer (1996). 

Remanufacturing Literature 

The majority of research on remanufacturing is limited to case studies of aircraft applications 

(Guide, 1996; Schneeweiss and Schroder, 1992; Srikar and Vinod, 1989) or railroad 

locomotives and equipment (Kumar, and Vrat, 1994; Panisset, 1988). Thierry et. al. (1995) 

discuss several case studies of firms remanufacturing a variety of products, including copiers, 

automotive components, and personal computers. Krupp (1992) examined and developed a 
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model for foracasting core obsolescence for use by automotive component remanufacturing 

industries. 

Exceptions to case-oriented literature include work by van der Laan, et al. (1995), Salomon, 

van der Laan, Dekker, Thierry, and Ridder (1994), Flapper (1994, 1995), Gupta and Taleb 

(1994) and Guide et. al. (1996). Guide et. al. (1996) present approaches to rough-cut capscity 

planning for remanufacturing that takes into account unrecoverable material and the 

uniqueness of remanufacturing operations. The work by van der Laan, et. al. (1995) presents a 

general approach to production and inventory planning for a mix of traditional manufacturing 

and remanufacturing units. The primary focus of their work is on a steady-state analysis of how 

much stock to keep and stock location and how to plan for various sourees of uncertainty. The 

work is limited to a single item consisting of a single component and all of the items are fit for 

remanufacture (no scrap or disposal). lncluded in the paper by van der Laan, et. al. (1995) is 

an excellent review of analytic repair models that discussas the ditterences between 

remanufacturing andrepair models and for the sake of brevity, we refer the interestad reader to 

this work. In related work by Salomon, et. al. (1994}, snother analytica! modelfora single level 

unit is developed, but the focus is on optima! control policies for a mix of manufactured and 

remanufactured units. Flapper (1994) presents a modified MRP framework aimed at being a 

starting point for coordinated support of production and praeurement in 

recycling/remanufacturing. Flapper (1995) presents a framework for logistics research on 

reuse/recycling activities that focuses on the need for operational level planning and control 

functions. All of the literature reviewed shares the conclusion that remanufacturing operations 

are unique and, as a result, require production and inventory planning and control functions 

designed specifically for this environment. 

Oelay Buffers 

Delay buffers are locations where material is stocked for remanufacturing, and the location of 

these buffers is impacted by the strategy employed to release materials from the disassembly 

shop to the remanufacturing shop. Delay buffers exist in the disassembly area after a unit has 

been disassembied and is waiting to be released to the remanufacturing shop, and in the 

reassembly area where remanufactured parts wait for all other parts which are needed to 

reassemble the unit to arrive from the remanufacturing shop or from suppliers. The delay 

buffers can a lso exist in both locations as a result of the specific disassembly release strategy 
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(DRS) used. Disassembly buffers arebasedon the premise that the release of material to the 

remanufacturing shop should be in support of a final reassembly schedule and consider the 

lead times involved. Reassembly buffers are supported by the argument that no parts should be 

delayed at disassembly since a remanufacturing system has very high levels of variability with 

respect to required operations routings and processing times, thus lead times cannot be 

reasonably estimated. Any delay in releasing the part to the shop will only increase the flow 

time for that part. Guide and Srivastava ( 1996} propose various DRSs. The effect of these 

strategies is to ereale a delay buffer at one or more of these locations. 

A time-phased DRS creates a delay buffer at the disassembly area since lead times, thus 

release of parts to the shop is offset relative to the order due date. A last off, first to shop 

strategy also ereales a disassembly buffer. This approach might be useful if the disassembly 

steps for the unit are. the reverse of the reassembly steps. 

Reassembly delay buffers are created by using a flush DRS. A flush DRS implies the 

release of all parts off a disassembied unit to the shop at the same time. Thus, parts upon 

completion of remanufacturing arrive and wait in the reassembly buffer for all other parts. 

Another DRS which ereales a reassembly buffer is a first off unit, first to shop strategy. 

Mixed buffers (i.e., buffers at both locations) result from the use of batch DRS or a 

staggered DRS. A batch DRS implies holding units of a part in the disassembly buffer until a 

batch has been accumulated, then released to the shop, after which these parts u pon 

completion wait in the reassembly buffer until the entire batch of parts has been 

remanufactured. A staggered DRS seeks to avoid long queues and smooth material flows in 

the remanufacturing shop by releasing material at some predetermined fixed time intervals. 

Experimental Design 

There are several factors to consider in examining the effectiveness of the various delay 

buffer strategies. In order to avoid confounding, we limit the experiment to two factors. The first 

factor is the type of work-in-process material stcr.t~Jd.at the delay buffers. In many instances, 

when a unit is disassembied for remanufacture, several components may be serial number 

specific, i.e., they must be reassembled to the sameunit they were disassembied from. Other 

components may be common to all units and can be interchanged. The second factor is the 

type of delay buffer created, i.e., disassembly, reassembly, or mixed. This factor, as discussed 

in the earlier section, is the direct consequence of the DRS employed. The effectiveness of the 
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delay buffers is examined using various performance criteria. These criteria, commonly found in 

use are the mean flow time and the mean tardiness. 

Results and Analysis 

The means and standard deviations for the performance criteria are given in Table 1. From 

the table it can be observed that for the flow time criterion the serial number specific and the 

common components exhibit different behavior. Flow times are minimized if the DRS used is 

Table 1 

Means and Standard Deviations for the mean flow time and mean tardiness. 

Common Components 

Performance Disassembly Reassembly Mixed 

Criteria Buffer Buffer Buffer 

Disassembly Flow time: Mean 261.73 262.40 536.00 

Std. dev. 27.24 30.77 10.65 

Se rial Buffer Tardiness: Mean 6.05 6.45 7.88 

Std. dev. 19.59 19.81 24.07 

Number Reassembly Flow time: Mean 262.00 261.27 534.93 

Std. dev. 30.44 34.35 9.45 

Specific Buffer Tardiness: Mean 0.93 4.40 7.07 

Std. dev. 3.59 17.04 19.12 

Components Mixed Flow time: Mean 714.67 712.13 719.13 

Std. dev. 29.76 20.26 27.17 

Buffer Tardiness: Mean 115.31 108.73 117.44 

Std. dev. 64.97 57.74 66.44 

such that the delay buffer is created at either the disassembly area or the reassembly area for 

the two types of components. Both types of components could be held at the disassembly 

buffer, or the reassembly buffer, or serial number specific components could be held at the 

reassembly area while the common components could be held at the disassembly area, or vice 
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versa. An interesting observation is that if the objective is to provide more consistency in the 

system, i.e., minimization of variance, then serial number specific components should either be 

kept in the disassembly or the reassembly area, while the common components should be 

controlled by a DRS which leads to a mixed delay buffer. 

In terms of the other criterion examined, the mean tardiness, we see some similar results. 

The serial number specific components should either be kept in the reassembly buffer, or the 

disassembly buffer, but should not be controlled by any DRS which leadstoa mixed buffer for 

the components. As long as serial number specific components are not kept in mixed buffers, it 

can be noted that the DRS used to release common components is not a significant issue. The 

resulting mean tardiness from any of the DRS is approximately the same. lt can be noted that a 

combination of DRS which leads to a reassembly buffer for serial number specific components 

and a disassembly buffer for common components does provide slightly lower tardiness than 

other release strategies. 

Conclusions 

This study evaluated the placement of delay buffers to stage materials in a recoverable 

manufacturing environment. The results clearly show the need to use different strategies to 

control the release of components which are serial number specific and those which are 

common components such that they are placed in appropriate buffers. For the criteria 

evaluated, the placement of the delay buffers is clearly stated. This provides the manager in 

this environment guidelines in staging the material needed for the remanufacture of the unit. 
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1. Introduetion 

A material recovery system; which may be termed as a reeoversbie product environment, 

includes strategies to increase product life by means of: repair, remanufacturing (including 

overhaul, refurbishment and technica! upgrades), and finally recycling of products (Stahel, 

1994; Thierry et al., 1995; Vandermerwe and Oliff, 1991 ). The term reeoversbie product 

environment is used here to describe the processas in a system designed to extend product life 

and ultimately reeover materia Is via recycling at the end of the product life (see Figure 1 ). A 

major part of the reeoversbie product environment is the reeoversbie manufacturing system 

,--- ,.. - - - - - - -

Recycle ' Remanufacture, Repair 
i Overhaul, and 

' I Upgrade 
' 

' ' 
1ir 

... Parts and/or Product 
p Raw Component .. 

Material Manufacture 
Manufacture 

t 
New Parts/Components 
Required for Replacement 

Recoverable Manufacturlng System 

Figure 1 -A Recoverable Product Environment 

' .. 
Consumer 

n 

Disposal 
(Minimized) 

that focuses on the repair and remanufacture of products. Remanufacturing has been 

considered as the transformation of used units, consisting of components and parts, into units 

which satisfy exactly the same quality and ether standards as new units (Lund, 1984; van der 

Laan et al., 1995). 

There are many factors which favor the development of reeoversbie manufacturing systems, 

including: legislation, increased sales by creating an environmentally friendly image, and the 
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development of new technologies in product design and process design that make 

remanufacturing cost effective (van der Laan et al., 1995; Vandermerwe and Oliff, 1991). The 

need for reeoversbie manufacturing systems and for production planning and control systems 

that recognize the inherent uncertainties and complexities contained in such a system has been 

recognized by other researchers (Thierry et al., 1995; van der Laan et al., 1995; Vandermerwe 

and Oliff, 1991). Vandermerwe and Oliff point out the need to develop manufacturing 

infrastructures to support reeoversbie manufacturing systems and Thierry et al. have stated the 

need for inventory control systems that consider the uncertainty in such an environment. 

Flapper (1995) reports on the need for systematic study on planning for and cantrolling 

operational activities concemed with reu se. The focus of this research is on disassembly 

operations. Specifically, we examine the relationships between disassembly operations, 

scheduling and matenals procurement. 

2. Disassembly Operations 

... 

Disassembly 
Shop 
m Units 
n Parts 

/ 

'/ ' /" 

/ ... 8 ,~wc· 

'"9>/ ' " ' 

' " .... EP r-WC--'-i-, 

Remanufacturing 
Shop 
i Shops, 
k Routings 

Figure 2 - Elements of a Remanufacturing Shop 

Reassembly Shop 
n Parts 
m Units 

Disassembly operations may be thought of as the first step within a remanufacturing/repair 

system. Products are disassembied and parts/components are sent into the shop area for 
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disposition (use-as-is, remanufacture, or replace), remanufacture and then to reassembly (see 

Figure 2). Some disposition of parts may also be possible at this stage in the remanufacturing 

process since the decision to remanufacture/replace may be dictated by obvious part failure. In 

many situations, however, decisions must be made prior to disassembly regarding which 

parts/materials are economically worth reecvering and remanufacturing by considering the 

economics of material recovery options. The choice of disassembly sequence for optima! 

material recovery and method is often made as a result of these types of economie analyses. 

Johnson and Wang (1995) focus on material recovery opportunities and present a methodology 

for cost-effective recovery and optima! disassembly sequencing for economie recovery of 

materials. Penev and de Ron (1996) also consider the problem of optima! disassembly 

strategies for material recovery and develop a decision model for profitable materials recovery. 

Gupta and Taleb (1994) presentareverse material requirements planning (mrp) algorithm for 

planning disassembly, assuming 100% parts recovery, known certain lead times and nopart 

commonality. All of the previous works do not consider the operational aspectsof disassembly. 

This research seeks to identify and examine the interactions between disassembly operations 

and other areas within a remanufacturing facility. We consider the economie analysis and 

optima! disassembly decisions to be exogenous variables, and limit our discussion to the 

interaction between disassembly release strategies (DRS) and schedule performance, and 

disassembly and matenals preeurement (see Figure 3). 

3. Disassembly, Material Scrap and Procurernent 

As Figure 3 shows, there are a number of relationships between decisions made at the 

disassembly level and other areas. Disassembly often provides management the first 

opportunity to know with certainty which parts must be scrapped. Disposition of materials at the 

disassembly stage is possible, but may be limited, since many parts may require cleaning and 

non-destructive testing before a remanufacture or replace decision may be made. There are 

some cases where the disposition of material may be readily apparent, e.g., a mechanica I part 

which has failed and caused a system failure. Replacement parts for remanufactured goods 

may be quite expensive and economie decision models may show that units should not be 

procured until the needis known with certainty. To our knowledge there have been nodecision 

models developed which address this problem. 

Regardless of the reason for the material to be scrapped, several important decisions arise. 

First. the decision to scrap material requires that an additional decision be made as to whether 
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recycling or disposal is the best option. At this stage, the economie models developed by 

IN-FLOW DISASSEMBL V~-----....... PARTSTO 
WORK 
CENTERS 

SC RAP 
- RECYCLED 
-DISPOSAL 

PURCHASE JOB ORDER 

ORDER I PARTS TO 

IL---------L-----............ REASSEMBLY 

Figure 3 • Disassembly Operational Relationships 

Penev and de Ron (1996) may provide some insights as to the proper choice. Second, when 

parts are scrapped for any reason, new materials must be procured, either via in-house 

fabrication, an outside vendor or cannibalization. There has been limited work done on the 

choice between remanufacture or manufacture of parts (van der Laan et al. , 1995), but no work 

has been done on economie models for the make-or-buy replacement parts decision in this type 

of environment. There has also been no werk that we are aware of which. examines the 

economics of cannibalization. However, we are aware of anecdotal evidence which suggests 

that cannibalization policies require a number of decisions which complicate production 

planning and control and inventory control functions greatly. No matter which method is chosen 

to preeure materia Is, the disassembly area may be able to aid in the coordination of the arrival 

of parts to final reassembly so that due dates are met and inventory holding costs are kept in 

check. A complicating factor is the existence of serial number specific parts (parts off a 

particular unit must be reassembled on to that same unit), and common parts (parts which may 

be interchangeable among different units of the same type). These different types of parts may 

require different inventory control models to efficiently manage costs in this type of an 
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environment or hybnd models may need to be developed which explicitly consider the specifics 

of remanufactunng. 

4. Disassembly Release Strategies 

From a scheduling view, the disassembly shop represents a portion of the overall 

remanufacturing environment (see Figure 2). When a single unit is disassembled, n parts are 

released from disassembly on to the remanufacturing shop floor (see Figure 3}. Disassembly 

release strategies (DRS) are concerned with the timing of the release of these n parts and the 

impact of these decisions on the remanufacturing shop and reassembly areas. Research is 

very limited in this area since few dynamic models of remanufacturing systems exist or have 

been reported in literature. Research by Guide, Snvastava and Kraus (1996) examines the 

effect of disassembly release strategies and pnority dispatching rules on several schedule

based performance measures. The results indicated that fora hypothetical shop 

remanufacturing three different types of products with all parts senal number specific, the 

significanee of DRS on any of the performance measures was mixed. A follow-up study by 

Guide and Srivastava (1996) examined a number of DRS which resulted different delay buffers. 

The study examined the remanufacture of a single actual product consisting of a mix of serial 

number specific and common parts. The production process, from an actual eperating facility, 

was modeled via simuiatien and produced some interesting results. The choice of a DRS, and 

the resulting delay buffer, in this type of an environment is significant and the proper choice of 

strategy is dependent as to whether a part is senal number specific or common. 

Table 1 presents the six DRS proposed to date. Many of these strategies were observed by 

the authors in remanufactunng facilities and others were suggested by the type of production 

planning and control system in place (e.g., mrp suggests a time-phased release strategy). The 

choice of DRS will delermine the location of the delay buffer. Delay buffers are locations where 

matenals are staged for remanufacturing and the location of these buffers is a direct result of 

the DRS selected. The delay buffers may be located in the disassembly area, the reassembly 

area or divided among the two areas. These delay buffers are where matenals wait for either 

release to the shop floor (disassembly buffer) or wait for all the parts required for reassembly 

operations (reassembly buffer). A mixed delay buffer represents a blending of the two pure 

strategies and proposes that some delay in both areas may provide the best performance. 

By selecting a time-phased DRS the delay buffer is located at the disassembly area. Under 

a time-phased DRS parts are released into the shop areas based on the expected lead time 
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Disassembly Release Rule 
Release Strategy 

8 11 - a batch size of B is accumulated for part type k (k =1,2, ... ,n) and 
Batch released at tb 

First part release: max PT at time t1 
Staggered Second part release: max PT \ i at time At + t1 

nth part release: (n-1)At+ t1 

Time-Phased First part release: max TD at time t1 
Second part release: max TD \jat time t1 + TD2 
nth part release: t"..1 + TDn 

Flush All parts released at time f 

Last off, first to First part release: fL 
shops (LOFS) Second part release: Att + ft 

nth part release: (n-1)AtL +ft 

First off, first to First part release: fF 
shops (FOFS) Second release: fF+1 

nth part release: fF+n 

PT= {PT11 PT2, PT3, .... PTk, ... ,PT0} =set of expected cumulative processing times for k part types 
(k=1,2, ... ,n) 
PTk = r.m ~s 1 E[pj], E[pJ = expected processing time for operation i 
PT \ i= {PT} - {i}, where {i} = part k, PT k• released previously 
TD = {T01, T02, T03, ... , TOk, ... TOJ = set of expected time delay before release for k part types 
TOk = OOk - E[L T J 
ook= due date for part type k 
E[L T J = expected lead time for part type k 
TO \ j = {TO}- {j}, where {j} = part k, OTi released previously 
At = time delay between releases 
Aft.= time delay between releases, LOFS strategy 
t1= time at which first part released 
r = time at which all k parts are disassembied and ready for release 
rL= time at which the Lth part is ready for release (rL = r) 
r"= time at which the first part off (F) is ready for release (rF+n = r) 

Table 1 - Disassembly Release Strategies 

I 

for each part. The goal of time-phasing is to prevent parts from entering the system until they 

are required to support an order due date. This logic is based on the hypothesis that by 

preventing parts from entering the remanufacturing shops too early, queues at work centers are 

more predictable, as are lead times. Another DRS which results in a delay buffer at the 

disassembly area is the last off, first toshops (LOFS) strategy. A LOFS strategy is basedon 

the logic that the last part disassembied from a remanufactured item will be the first part 

required for reassembly. The remaining parts are released with some time interval between 
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each part's release, where the time between releases is a variabie designed to prevent 

congastion atentry points and coordinate the arrival of parts to the reassembly area. Bothof 

these strategies relies on delaying the release of material to the shop floor and holding 

materials either at the disassembly area or in a physical holding area near disassembly. 

The two DRS which produce a reassembly delay buffer are the flush and the first off, first to 

shops (FOFS) strategies. A flush DRS requires that when all disassembly operations are 

completed, the material is all released to the shops. The rationale for a flush and FOFS 

strategiesis that the variability inherent in a remanufacturing environment (i.e., operations 

required and processing times) makes estimating lead times required for time phased releases 

unrealistic. Further, both strategies assume that it is better for a part to arrive early in 

reassembly after processing is completed than it is for due dates to be missed. 

A staggered release strategy simply seeks to avoid long queues at.~ating work centers and 

smooth material flows onto the shop floor, where the time between releases may be determined 

based any number of criteria. A consequence of a staggered DRS is mixed delay buffers, 

where parts are held in disassembly and reassembly areas for some planned amount of time. 

A batch strategy releases a group of identical items after a threshold value is reached. Many 

forms of batch strategies seek to minimize set up times in the remanufacturing shop. Batch 

DRS attempt to reduce flowtimes by grouping identical parts, but in a remanufacturing 

environment the issue is more complex than in traditional manufacturing. ldentical items will 

rarely require the same operations (and as a result share the routing sequence) and identical 

items with identical routings will most likely incur very different processing times at these 

common operations since parts will rarely require equal amounts of processing (because of 

different part ages, geographic location of use, prevenlive maintenance, etc.). Batehing 

decisions in this environment must carefully consider the trade-off between increased flowtimes 
·•·'"""""""""'' 

resulting from batehing items (which requires that all parts follow the part with the maximum 

routing to save set-ups) and the potential flowtime reduction from eliminating set ups. 

5. Conclusions 

There are many other variations on the six basic DRS proposed here. Different types of 

strategies will support difference performance criteria and this must be considered when 

designing a scheduling system for recoverable manufacturing systems. The relationships 

between disassembly operations and schedule performance and matenals planning must be 

considered when designing a production planning and control system for remanufacturing 
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industries. There is the need for specific research in a number of DRM facets. Oetermining the 

time delay between releases and whether batehing is a sound strategy for reducing flowtimes 

requires research. There is also a need for research into the numerous interactions at the 

operationallevel between disassembly and ether areas (e.g., materials procurement, economie 

disposition options for scrapped parts, and schedule performance). 
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In this paper, we present an algorithm to obtain a disassembling scheme for the complex 
problem involving multiple product structures where the parts/materials have multiple 
occurrences. In particular, the algorithm determines the quantity and operations schedule of 
disassembly for all product structures (including the ordering of the roots and the disassembly 
schedule for the roots and the subassemblies) in order to fulfill the demand for the various parts. 
An overview of the algorithm is presented logether with the results of an example to illustrate 
the woricings of the algorithm. 

INTRODUCTION 

In recent years there bas been an appalling rate of depletion of natural resources. This is a direct 
result of an ever increasing demand for consumer goods coupled with shortened lifetimes of 
many products. Ironically, the products built are more durable requiring more matenals (and 
hence more natural resources) yet they are not kept for long because of the rapid change in the 
state ofthe art (for example, availability offaster computers) and the appetite for latest fashions 
or roodels of products by the consumers. This leads to an increase in quantity of used and 
outdated products scrapped. The greater part of the scrap comes from automobiles, household 
appliances, consumers electronic goods [8], [13] and at an increasing rate from computers. 

With serious concerns over landfills being exhausted and closing down [ 14] combined with 
environmental awareness and recycling regulations, many manufacturers are feeling the pressure 
to produce and dispose of products in an environmentally responsible manner. The regulations 
are becoming more stringent [3] and manufacturers are required to use recycled matenals 
whenever possible [6]. Product recycling requires disassembly first, so that individual 
components and materials can be reused or recycled. Disassembly and matenals recovery is 
currently a growing trend in most industrialized countries and is having an impact on the 
manufacturing and operationallogistics [4], [9], [11]. For example, European automakers, such 
as BMW, have already opened disassembly plants [7], [10] and are the leaders in this field .. US 
automakers have recently formed the Vehicle Recycling Partnership as part of their effort 
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towards disassembly and recycling. Computer and peripheral makers such as IBM, Xerox, and 
Hewlett Packard arealso working on disassembly. IBM prediets that in ten years, all products 
will be designed for disassembly [5]. Another current application of disassembly is in disposing 
of unneeded weapons. The U.S. Defense Department is now hiring military contractors to 
disassembie and recycle unwanted weapons [15] since it is no longer environmentally acceptable 
to discard weapons and ammunitions by blowing them up, burning them or dumping them in the 
ocean. 

We address the operational aspect of planning the material requirements for disassembly 
operations. While MRP (Material Requirements Planning) is a widely used procedure for 
production planning, it is assembly oriented and cannot be used for the planning of disassembly 
operations. As Panisset [17] pointed out, "Most MRP logic (and supporting bill ofmaterials) do 
not provide facilities to plan disassembly". Although the scheduling problems of assembly and 
disassembly share many characteristics, such as the dependent demand concept in discrete parts 
production systems, they also have their differences, and often the approaches to solve these 
two kinds ofproblems are very different. Perhaps the most important difference is in the number 
of demand sources. In an assembly setting, the parts tend to converge to a single demand souree 
as they move on the manufacturing floor. This single demand souree is the final product, and the 
material management's governing principles are constrained by this "convergence" property. 
Under a disassembly setting, as the partsstart moving away from their source(s) of origin, they 
tend to diverge from each other teading to the "divergence" property. In addition to this 
"divergence property", each leaf item constitutes a souree of demand, and since some of these 
leaf items share the same procurement source(s), fulfilling the demand of those separate leaf 
items cannot be done in an independent manner. 

An algorithm presented by Gupta and Taleb [12] can be applied toa single product structure in 
which there is a certain demand for components and a need to know the number of root items to 
disassembie in order to fulfill the demand for those components. At each level of the product 
structure, the demand for parts was translated into an equivalent demand at the next lower level 
of the product structure. This process was repeated from the leaf items until the root item was 
reached. The algorithm determined the disassembly schedule for the root item and 
subassemblies. and the ordering schedule of the root item in order to satisfy the demand for the 
components. 

An important characteristic for the manufacturing operadons of productsis commonality (i.e. 
multiple occurrence ofparts). The benefits of commonality include lower inventory costs, lower 
unit costs ( due to quantity discounts), and the alternative use of parts/materials ( new or 
reclaimed) across several end products. While new matenals are constantly being developed, the 
trend has been towards a consolidation of matenals in most products. This has become a 
common aspect of new product design since it allows the recycling operations to be much more 
efficient and less expensive [16]. Sorting and collecting fewer types of matenals in higher 
volumes is more efficient than sorting and collecting more types of matenals in lower volumes. 
The same concept applies to the cost of recycling. Car manufacturers are currently trying to 
reduce the total number of different plastic types from over thirty to fewer than ten [2]. At 
BMW, for example, researchers and engineers are hoping to have only five different forms of 
plastic in their cars [ 1]. In fact, some manufacturers over design some elements in a product, 
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just to achleve the benefits produced by materials commonality. Commonality is therefore a 
major issue when dealing with disassembly and should not he overlooked. However, 
commonality adds a degree of freedom to the problem while creating dependencies between the 
components of the product structures making the problem of scheduling disassembly more 
complex. 

In this paper, we address the problem of multiple product structures with multiple occurrence of 
parts andlor materials. In this case however, a scheduling approach similar to the one employed 
fora single structure [12] is inadequate. The reason is that the decision rules needed, as aresult 
from the added degrees of freedom, cannot he easily embedded in a level by level scheduling 
system. Therefore, a fundamentally different approach is presented. 

The paper is organized as follows. In the next section we describe the disassembly problem. The 
subsequent section is devoted to the overview of the algorithm developed to address the 
disassembly problem. We also present the results ofan example to illustrate the workings ofthe 
algorithm. The conclusions section follows the discussion ofthe issue ofmaterials commonality. 

SC=Sl 
DLT=2 

SC=$5 
DLT=l 

TDC -$20 
A 

IC=SIO 
OLT=l 

SC=$2 

DLT•l 

TDC-$6 
8 

2 

IC=$2 
OLT=2 

Fig. 1 Disassembly Product Structures 

DISASSEMBLY PROBLEM 

SC=$3 
DLT=2 

TDC - $21 c 

IC=$8 
OLT=l 

In this section, we address the problem of disassembling multiple products with parts 
commonality. Figure 1 displays the disassembly product structures of three root items A, B, and 
C (for clarity, the common parts are designated by the same bold box pattem). The numbers on 
the lines joining an item and its parent are the corresponding yields from that parent The 
numbers in parenthesis next to the item narnes are the yield of those items from the root item. 
The disassembly lead time of a root or subassembly item is denoted by DLT and the ordering 
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lead time of a root item is denoted by OLT. IC is the item cost, SC is the separation cost per 
root or subassembly, and DC is the disposal cost (any cost associated with "trashing" the leaf 
items which cannot be sold). TDC; is the total disassembly cost (TDC) for root i; this is the sum 
ofthe item cost, the separation costs and the disposal costs (ifany). Thus, TDCA (the TDC for 
root A) = $10 + (1)$5 + (3)($1) + (1)($2) + $0 = $20; TDCB (the TDC for root B) = $2 + 
(1)$2 + (2)($1) + $0 = $6; and TDCc (the TDC for root C) = $8 + (1)$3 + (1)($1) + (3)($2) + 
(3)($1) = $21. 

Our aim is to find the ordering and disassembly schedule that fulfills the demand of all the leaves 
while attempting to minimize the disassembly cost, i.e., given a known requirement for the leaf 
items H, I, J, K, and L over a planning horizon, we want to find an efficient disassembly 
schedule for the roots A, B, and C and subassemblies D, E, F, and G. 

In order to illustrate the possible praeurement sourees for every leaf item, we can modifY tigure 
1 so that the disassembly product structures are linked together by overlapping their common 
elements as illustrated in tigure 2. Here, the elements that are common to other product 
structures appear only once. Item H is a unique (non-common) item since it can only be 
procured from root A along the path H-D-A. Item I is a common item withili a product 
structure, since it can be procured only from root A along either path 1-D-A or path I-E-A. Item 
K is a common item across product structures B and C, since it can be procured along either of 
the two paths K-F-B and K-F-C. In general, if there is a single path from a leaf item to a root 
item, then this item is a unique (non-common) item. Fora leaf item to be common within a 
product structure, it is enough to have two paths from the leaf item to one root item only. 
Finally for a leaf item to be common across product structures, it is enough to have at least two 
paths from the leaf item to two different root items. Note that an item can be common both 
within and across product structures (item J is such an example). 

J K 

Fig. 2 Linked Disassembly Product Structures 

In the next section, we present an algorithm which can be applied to obtain a disassembling 
scheme for multiple product structures with multiple occurrences of parts. In particular, the 
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algorithm determines the quantity and operations schedule of disassembly for all product 
structures (including the ordering of the roots and the disassembly schedule for the roots and 
the subassemblies) in order to fulfill the demand for the various parts. 

THEALGORITHM 

The algorithm is developed in two parts. The first part determines the number of root items to 
be disassembied in order to minimize the total disassembly cost. The second part determines a 
disassembly schedule for the roots and subassemblies by allocating the disassembly requirements 
over the planning horizon. The algorithm implicitly minimizes the holding cost by delaying 
disassembly as much as possible. (Note that due to space limitation only an overview of the 
algorithm will be provided bere). 

Overall Logic for the First Part 
The overalllogic for disassembling multiple product structures is summarized in tigure 3. The 
objective of the algorithm is to determine the number of units of each root item to disassembie 
such that the requirements of the leaf items are fulfilled while attempting to minimize the total 
disassembly cost. 

Note that some of the leaf items can only be procured from a single root (i.e. either they are 
unique or common within a product structure). Their requirements provide a lower bound on 
the total number of a root item to be disassembied over the planning horizon. This is called the 
minimal "disassembly order" (DO). Once the minimal DO for every root item is determined, all 
the requirements of the unique leaf items are fulfilled. Fulfilling the requirements of unique leaf 
items wilt most likely reduce the requirements of some common items as well. The residual 
requirements are termed "unfulfilled requirements" (UR). 

By definition each common item can be procured from at least two root items, the algorithm has 
to decide on its praeurement source(s). The most "attractive" root item is selected for this 
purpose. The attractiveness of a root is based on its benefit-to-cost ratio (contribution factor). 
Since the objective is to fulfill all requirements, the "benefit" is defined as the percent decrease 
in UR. The "cost" (in the benefit-to-cost ratio) is defined as the percent increase in the total 
disassembly cost of the root item. After selecting the root item, the algorithm proceeds by 
increasing its DO, and updating the UR. 

When the URs for all leaf items are zero, the schedule is feasible. At this point, the algorithm 
attempts to improve on the feasible solution by systematically decreasing the DO of the root 
items. A DO of a root can be decreased if the yield of each of its leaf items is less than or equal 
to the current accumulations of that item. If the DO of more than one root can be decreased 
then the root item with the highest "improvement factor" (IF) is selected. IF is the percent 
decrease in the value of the objective function. This part of the algorithm terminates when no 
further impravement is possible. The information obtained from here becomes the input to the 
second part of the algorithm in order to determine the time periods for releasing the roots. 
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Data Input and lnitialization 

Product Structure yields 
Common/Unique leaves 
Gross Requirements 
Cost Parameters 

Find a Feasible Solution , , 
Detennine the Minimal Disassembly Order based on the Gross ) Requirements of non·common leaves. 

+ 
Determine the Unfulfilled Requirements for all common leaves. ) 

+ 
Determine a Disassembly Order that achieves a feasible schedule 

using an incremental approach of a Benefit·to-Cost Marginal 
Analysis. 

lmprove the Feasible Solution ~ 
, 

Decrease the Disassembly Order to find a better feasible solution 
using the Impravement Factor. 

Determine a Disassembly 
Schedule for the Roots 

., r 
Schedule the release of the roots over the planning horizon based 

on the lead times so as to minimize the holding cost of the root items. 

Fig. 3 Logic for First Part 

Overall Logic for the Second Part 
A flowchart for the logic ofthe second part is shown in tigure 4. The algorithm first detennines 
the nearest time period with positive net requirements for the leaf items. Next, the algorithm 
determines the time periods when each root should be released such that the leaf items produced 
will arrive, at the latest, by the current time period. The algorithm, then, selects and releases a 
unit ofthe most "attractive" root. The most "attractive" root is the root whose yields ofthe leaf 
items result in the largest percent decrease in the requirements of the leaf items. After that, the 
algorithm determines the receipts from disassembly and updates the requirements for the leaves. 
All the previous steps are repeated for the same time period until all the requirements for that 
time period are fulfilled. At that point, the algorithm moves to the next time period and repeats 
the same procedure. Once this procedure is completed over the entire planning horizon, the 
algorithm provides a disassembly schedule for the sub-assemblies. 
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Example 

Data Input and Initialization 

Time Loop ~ r 

Root Release Looo 

• Find the nearest time period 
with positive requirements 
for the leaf items. 

•Determine the time period 
when each root could be 
released. 

•Select the most "attractive" 
root to disassembie and 
release one unit of that root. 

•Determine the receipts from 
disassembly and update the 
inventories. 

•Move to the next time period 
with positive requirements 

,, 
Determine the Disassembly 
Schedule for Sub-assemblies and 
exact schedule for leaf items. 

Fig. 4 Logic for the Second Part 

Consider the example given in figure 1. The product structure data of figure 1 can be 
summarized as follows: 

Yield ofltem Maximum 
Root H I 1 K L TDC DLT 

A 9 4 2 0 0 $20 3 
B 0 0 2 2 0 $6 3 
c 0 0 7 1 3 $21 4 

The data for the Gross Requirements of the leaf items over the planning horizon is given in the 
table below. We assume zero initial inventories for all items in the product structures. 
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Period 
Item 1 2 3 4 5 6 7 8 9 10 Total 
H 0 0 0 0 0 3 0 3 3 0 9 
I 0 0 0 0 0 2 0 0 0 0 2 
J 0 0 0 0 0 11 4 0 6 0 21 
K 0 0 0 0 0 0 2 0 0 0 2 
L 0 0 0 0 0 0 0 0 0 0 0 

Results of part 1 
The results obtained by applying part 1 ofthe algorithm can be summarized as foUows: 
• The DO for roots A, B and C are 1, 3, and 2 units respectively. 
• For every leafitem, UR are zero. 
• The accumulations for leaf items H, I, J, K, and L are 0, 2, 1, 6, and 6 units respectively 

(The accumulations are excess units of leaf items produced in order to fulfiU the Gross 
Requirements). 

• The TDC for disassembling 1 unit of A, 3 units ofB, and 2 unitsofCis $80. 

The DO for roots A, B and C obtained from part 1 become the upper bounds for roots A, B and 
C in part 2. Thus: 
Upper Bound for A== 1 
Upper Bound for B = 3 
Upper Bound for C = 2 

Results of part 2 
The results of part 2 can be summarized as follows: 
• Schedule the disassembly of 1 unit of root A in period 3, 1 unit of root B in period 3, 2 

units of root B in period 6, 1 unit of root C in period 2, and 1 unit of root C in period 3. 
• Place an order of 1 unit of root A in period 2, 1 unit of root B in period 1, 2 units of root 

B in period 4, 1 unit of root C in period 1, and 1 unit of root C in period 2. 
• Schedule the disassembly of3 units ofsubassembly D in period 4. 
• Schedule the disassembly of 1 unit of subassembly E in period 4. 
• Schedule the disassembly of 3 units of subassembly F in period 4, 1 unit in period 5 and 4 

units in period 7. 
• Schedule the disassembly of3 units ofsubassembly Gin period 4 and 3 units in period 5. 
• The schedule for the receipts of the leaf items is as follows: 9 units of item H wilt arrive in 

period 6; 1 and 3 units ofi wilt arrive in periods 5 and 6 respectively; 8, 9, 1 and 4 units of 
J will arrive in periods 5, 6, 7 and 9 respectively; 3, 1 and 4 units of K will arrive in 
periods 6, 7 and 9 respectively; and, 3 and 3 units of L will arrive in periods 5 and 6, 
respectively. 

MA TERIALS COMMONALITY 

With minor modifications, the algorithm presented in this paper can also accommodate the 
disassembly problem with materials commonality, i.e., the demand occurs in terms of a eertaio 
material rather than in terms of a eertaio part. As an example, let us assume that parts I and J in 
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ft gure 1 are made of identical material and that the demand for the material is expressed using a 
weight measure (Ibs.). Unlike the rest ofthe partsin the product structures that have quantities 
(number) associated with them, the demand of parts I and J are expressed in terms of the total 
weight of the material needed at a eertaio point in time. However, in order to use the algorithm 
presented in this paper, portions of the product structures and some of their data need to be 
modified. First of all, the two parts (I and J) have to be given the same name, say X. Next, the 
yield has to be expressed in terms of a weight measure ( rather than quantity) which equals the 
product of the weight of material in the part and the original yield (number) of that part. Thus, 
the demand and yield of X are kept in terms of weight while the demand for rest of the parts 
stay as numbers. At this point, if the two parts of the algorithm are carried out in the usual way 
(by ignoring the units), the desired result would be obtained. 

CONCLUSIONS 

In this paper, we presented an algorithm for scheduling disassembly of multiple product 
structures with multiple occurrences of parts/materials. The algorithm consisted of two parts. 
The first part determined the total disassembly requirements of the root items over the planning 
horizon, and the second part provided a schedule for disassembling the roots and the 
subassemblies. The algorithm provides a scheduling mechanism for disassembly and can be 
easily implemented on a computer. An example was presented to illustrate the implementation 
of the algorithm. Further development is needed to extend the algorithm for determining the 
disassembly schedule of a relatively large product such as an auto mobile. 
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Disassembly assessment and planning for electronic consumer appliances 

Jürgen Hesselbach 
Martin Kühn 

Abstract 

Due to the responsibîlity of the product designer concerning the economie efficiency of 
disassembly and recycling it is necessary to support the designer to consider the ease of 
disassembly at the design stage. The support should identify weak points of the design and 
assess design alternatives. This paper provides an insight into a new assessment method 
which covers these requirements. 

1 Introduetion 

Recycling of electrical and electronic products is a necessity of the time. Recycling helps to 
solve problems such as limited resources, limited depositing areas and disposal of 
hazardous components. But the scale of recycling actlvities depends on their economie 
efficiency. For economie reasons there usually is no complete recycling of products today. 
Especially due to the disassembly which is mainly done manually, the costs are higher than 
the value of the material that can be recycled or of components that can be reused. 

But recycling is not possible without disassembly [Hes94]. lnstead disassembly is an 
essential part of the recycling process. Only the disassembly allows the 
• recovery of operative components, 
• separation of pure materials and 
• separation of hazardous materials. 

Theease of disassembly generally not directly influences the environment but the recycling 
costs. These costs cause certain decisions that lead indirectly to enviromental problems. In 
order to reduce the disassembly and recycling costs and to achieve a higher recyclability it is 
necessary to simplify the product recycling. This requires to consider recycling aspects at the 
earliest stage of product design. In the design stage the materials, components, joining 
techniques and the structure of the product are determined. All these features affect the 
ease of disassembly. 

Traditionally designers have not been concerned with design for disassembly. So it is 
necessary to increase the designers' awareness for design for disassembly. For this 
purpose they need support in terms of a tooi that helps them to examine the ease of 
recycling, assess the impact of their proposed design and to direct the designer to consider 
design intent with respect to the product specification and other possible design options. 

-
Such a tooi as mentioned above is developed in a close cooperation between the Korean 
company LG Electronica lnc. - MTC and the lnstitute of Production Automation and Handling 
Technology, Technica! Univarsity Braunschweig. lt is a software tooi to assess the design of 
products with respect to the processof disassembly. The tooi enables to evaluate quantita
tively the ease of disassembly. In this way the problems can be highlighted and design 
alternatives compared. The design changes guarantees better disassembly and higher 
economie efficiency. 
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2 Assessment Tools 

The software tooi can assess whole products or single components. The characteristics of 
the product are gathered in a product model. The specific data of this model and general 
data that are stared in a database are used for the assessment which results in evaluation 
scores. The next step is to campare the scores with given design goals. lf the assessment 
results exceed the goals the product design doesn't need to be changed. In the other case 
there is a redesign necessity [Eba94]. The redesign ends in an improved product (Figure 1 ). 

R<G 

Figure 1 : Flow chart of the assessment tooi 

3 Synthesis of product and process assessment 

Disassembly differs from the assembly process since less operations are necessary. Also, 
the disassembly subassemblies consist of more components than the assembly subassem
blies. 

For example a TV set consists of more than 600 components which must be placed, fixed or 
electrically connected at assembly time. For recycling purposes only few structural compo
nents need to be disassembled. State of the art is to divide the TV set in the following 
fractions: 
• Back panel 
• Cabinet 
• PCBs 
• · Hazardous capacitors 
• Oeflector 
• Cable 

The product can be assessed without regarding the disassembly process. In this case all 
important properties such as joining techniques and structure are assessed. Every joint -
whether to be disassembied or not • is considered in the evaluation step. Joints between 
components consisting of compatible or even the same material are evaluated as well. In the 
example of the TV set all joints amongst the 600 components are assessed although only six 
recycling subassemblies are dismantled. 
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In order to develop an exact assessment method a detailed disassembly process design has 
yet to be considered. This is realized by a linkage of product and process. Assessment and 
product design are done simultaneously, not sequentia!. 

4 Assessment Model 

This assessment model is focused on the necessary task to link the product and process 
assessment. The model consists of five modules (Figure 2). The disassembly level dater
mines the components that need to be disassembied by forming recycling fractions. 

All other modules base on this result. The needed time for the disassembly operations and 
the costs are calculated and the sequence for the disassembly is found out. The product 
evaluation assesses the properties of the product. 

Figure 2: Modules of the software tooi 

4.1 Disassembly level 

1n electronic products there are many parts or materials worth of recycling. But often the 
costs for disassembly are higher than the value of the components. For economie raasons a 
complete disassembly is not wise. The more components are being disassemblad the purer 
the material fractions. On the other hand the costs increase with each additional disassembly 
step. From a certain disassembly level the costs rise superproportional whereas the benefits 
of the disassembly diminish. 

So first of all the components or subassemblies that are disassembied have to be deter
mined. The result of this workis defined as disassembly level. 

On principle the following components are suited for being disassembled: 
• In any case the hazardous substances have to be dismantled. These components such 

as nickel-cadmium batteries, mercurial components or capacitors containing polychlorina
ted biphenyl centamine the non-hazardous fractions if they are not separated. 

• Non-compatible materials, e.g. copper and steel 
• Werking parts which have a high failure probability 
• Valuable components 

To delermine the optimum disassembly level the influencing variables have to be con
sidered. These are costs tor the amount of effort that must be invested for the disassembly 
and tor the revenues that can be gained [Che93]. Both costs and revenues depend on 
market conditions. 
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Costs of recycling processas are: 
• Disassembly 
• Material recovery 
• Waste disposal 
• Logistics 
• Tools and machines 
• Shredding 

Benefits are: 
• Revenu es by selling of used parts 
• Revenues by selling of recycled material 
• Reduction of disposal costs by reducing of the quantity of waste 

Costs and benefits have to be analysed for each component. Only if the benefits surpass the 
costs disassembly is profitable. 

After identifying of the valuable components the next step is to form recycling subassem
blies. Recycling subassemblies consist of two or more components which are joined with 
each other and which can be recycled in the same way. To form rather large recycling sub
assemblies it is checked if a valuable component is attached to other components that are 
made of compatible material. 

The output of the process assessment is forwarded to the product assessment module. 

4.2 Evalustion 

The evaluation aims to support the designer at his work. The evaluation methods highlight 
potential problems with the product design and the designer gets information about design 
details where disassembly wil! be difficult. In this way the product can be improved in a 
concerted manner. 

For this purpose a standard to measure the ease of recycling is developed. The evaluation is 
based on criteria that are measuring the properties of the product concerning their ease of 
disassembly. So the investigation of criteria is very important. 

Requirements of the criteria are [Pah93] : 
• Completeness: The criteria have to measure all aspects that are relevant for disassembly 

and recycling. 
• Independent of each other: Activities to enhance the value of one criterion must not 

influence the value of other criteria. 
• Measurable in quantity: The properties of the product should be quantitatively measurable 

if possible. 

The criteria are based on guidelines for design for disassembly. All in all about thirty different 
criteria have been investigated. The total amount is divided into the following six groups: 

• Material: Today electronic products consist of a variety of different materials. These 
matenals are chosen due to the required function. But for recycling reasons the optimum 
number of material is only one. In this case there would be no need to identify the 
materials and to separate them. lf different material are used they should belong to the 
same material group if possible or consist of compatible materials. The use of · toxic 
matenals has to be avoided on principle. 
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• Structure: When designing the structure and layout of a product the reptacement of 
components should already be considered. In addition hazardous and valuable material 
must not be reached difficultly. The structure should also provide an access for hand tooi 
and power tooi operation. 

• Joining techniques: lf recycling the whole product is not possible the product has to be 
divided into fractions which can be recycled. Therefore the joints have to be separated 
easily and quickly. In case of further reuse of the components the separation has to be 
done without destroying them. This requires certain kinds of joining techniques and a 
minimized quantity of different joints. 

• Components: The ease of gripping the components is important for the disassembly 
tasks. This depends on the geometry and complexity of shape. In addition the standardi
zation of the components is measured. 

• Disassembly operations: The disassembly steps are mainly done manually or with tools. 
They differ in the standardization and variety of necessary tools. Conceming the 
operations the quantity, the movementand direction arealso important. 

• Further utilization: There is a ranking of recycling options. The best way is to prolong the 
lifetime of the products. This strategy avoids additional waste. In case of discarding the 
products the reuse of components and subassemblies keep more added value than the 
recycling of material. Is there no possibility for recycling the disposal is the last solution. 

Not all criteria have the same importance. This fact is taken into consideration by finding a 
weight for each criteria. By multiplying the maasurement of the criteria by the weights a 
design score either for the whole product or for selected components is provided. 

This method leads to the following advantages: 
• Scores indicate weak points of the design and the product can be improved 
• Various design alternatives can be compared to each other quantitatively 
• The economie efficiency can be enlarged 
• Design changes affect the time and costs of disassembly 

4.3 Disassembly Sequence 

After the module disassembly level has determined all disassembly operations they are 
sorted by the so called disassembly sequence module. All possible sequences are represen
ted in a priority graph or priority matrix. The sequence graph is similar to network planning 
graphs. The knots of such a graph reprasent the disassembly operations while the edges 
hold the priority relations. The sequence graph states which operations can be done after 
other operations have been finished. Geometrical priorities and those that are caused by the 
running of the disassembly process are taken into consideration. Figure 3 illustrates an 
example for the disassembly of a TV set [Hes95]. 

4.4 Disassembly time and costs 

Besides the information described before the evaluation tooi has to contain also the costs 
caused by the disassembly. The different categones of costs are named in chapter 4.1. The 
category which causes the most costs contains the Iabour costs because the manual 
disassembly is costs intensive. For this reason the costs are directly affected by the time. 
The latter is defined as the time that is needed to execute the disassembly operations which 
are determined by the disassembly level module. 

On the whole the needed time to separate a joint depends on the kind of joining technique 
and the tooi that is used for the separation. In dependenee on these two influencing 
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variables a table with standard times is developed. For the time maasurement the MTM· 
technique is applied. 

F~gure 3: Priority matrix and graph 

5 Conclusion 

This paper presents a computer-based method that supports the design of a product. In 
order to get exact assessment results this method links product and process evalution. The 
starting point for the assessment is the determination of the disassembly level. On the basis 
of the results the disassembly sequence, time, costs and the evalustion of the ease of 
disassembly and recycling are determined. All these different modules are implemenled as a 
software tooi. 
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Abstract 

Dr. P.C.T. van der Hoeven. 

The use of scrap in the steel industry is one of the first and best 
examples of sustainable reuse of materials. Today, in the Netherlands, practi
cally all abclisbed steel is collected to be reused. 

Scrap supply and demand vary in time, both qualitatively and quanti
tatively. These changes have economical, technological· or environmental back
grounds. The trend is towards a relatively greater portion of steel production 
from scrap. Scrap upgrading measures are taken to guarantee the controlled 
production of superior steel qualities in the future. 
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1 Introduetion 

Steel is a flexible material in its use and in its reuse. It allows for 
endless recycling. This reuse can take place by the reshaping or repair of steel 
products. The bible already mentions the reshaping of swords into ploughs; today 
steel objects from cars to bridges are often repaired during their lifetime. 

Another form of reuse is the input of old, abolished steel, steel scrap, 
in the production process of new steel. In this paper it will be made clear, 
that practically all used steel is at present being reused in the creation of 
new steel. 

Therefore the recent developments in the reuse of steel scrap in the 
modern steel industry will be described. The use of steel scrap in the produc
tion of new steel is a well known practice since long time. Since steel scrap 
represents an economical value it is a recyclable product perse. Under the 
influence of both economie and environmental considerations the amount of reueed 
steel is further increasing, so that an 100%-return rate of steel scrap will be 
reached. 

The following items will be discussed: 
- the cycle of steel production and scrap reuse; 
- developments in steel production and scrap reuse; 
- sourees of scrap and their return rate; 
- some topics in scrap upgrading; 

2 The steel cycle 

In the next sections an overview is given of the way steel is produced and 
used. More quantitative data are given later. 

2.1 Bow steel is made 

There are two ways to produce 
steel, both depending, at least par
tially, on the availability of scrap; 

the "conventional" way, where 
ore is converted into pig iron. 
In a modern oxygen steel plant 
this pig iron is mixed with 
scrap to produce steel. This 
scrap is needed to control the 
temperature. 
Electric are furnace steel 
plants, where scrap is melted to 
produce new steel. 

Clearly the quality of the input 
material determines the quality of the 
produced steel. Since the quality and 
composition of raw iron originally is 
better controlled than the quality of 
scrap EF-steel plant are not (yet) 
able to produce all steel qualities. 

On the other hand EF-steel 
plante are cheaper to build and 
cheaper to operate. 

Sc rap 

The fact that scrap is needed 
for ·the steel production of course 
makes it a relatively valuable good 
(note that to a certain extend alter-
natives for scrap are available). Figure 1: The sustainable scrap cycle. 
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2.2 Bow steel is processed 

Newly made steel is rolled to coils, bars or sections. Of course the way 
the steel is rolled depende on the further use. During this rolling process a 
certain scrap production occurs (internal scrap). However this scrap production 
tends to decrease by technological improvements. In many cases the steel is then 
coated for eerrosion proteetion (e.g. tinned for packaging steel, galvanized for 
construction and automotive). 

The steel is now ready to be used in a variety of industries. During the 
production of steel objects once again scrap is produced (prompt scrap), but of 
course the main flow runs to the user. 

We now give some examples of the use of steel and the typical time it 
takes befere the steel is thrown away to become scrap. This obsolete scrap is 
available for reuse in the creation of new steel. 

Steel processor objec:ts lifetime 

canmakers cans < 1 year 
Automotive plante cars 10 year 
Yards ships 25 year 
Construction buildings 40 year 

On average 15 year {?) 

2.3 Obsolete steel bec:omes reusable scrap 

The above table indicates that there is a rather long time lag between 
production of steel and the moment it becomes available as scrap input for new 
steel production. This means that the total amount of steel in use is propor
tional to the steel production in the preceding years. 

This time lag also depends on the economie circumstances: the more new 
cars are sold, the more old cars become obsolete. The scrap demand depende on 
the economie circumstances too. Hence, clearly the amount of steel in use and 
the amount of col1ectable obsolete scrap both vary in time. 

It is to be mentioned that not all steel finally becomes scrap. There are 
small losses due to oxidation, sinking of ships etcetera. This losses are partly 
inevitable; partly they can be influenced by collecting or recycling measures. 

3 Steel production and scrap use 

3.1 Steel production 

Cue to the dynamica described in 
the preceding sections the flows in 
the steel cycle are not statie. The 
return flow has a long time lag with 
the production. This means that during 
a period of growth, the return flow is 
small compared to the actual produc:
tion. 

The picture shows that indeed 
the world steel production grew expo
nentially since the beginning of the 
century. In the mid seventies this 
exponential grow ended. So since then 
the relative amount of used steel, 
that becomes obsolete, is increasing 
c:ompared to the production of new 
steel. 

-
... 
-... 
... 

__.--v 

Figure 2. 
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3.2 More scrap used 

by: 
The scrap use can be increased 

more EF-steel production; 
more scrap input in conventional 
steel plants. 

F i gure 3 shows the development 
of the electric furnace steel produc
tion in Europe and makes it clear that 
the relative portion of EF steel in 
the total production increases by nea
rly 1% each year. 

Figure 4 shows schematically the 
development of the internal scrap 
cycle at Hoogovens Steel, an inte
grated steel work. There are two 
things notable: 

The amount of internal scrap 
production decreased during the 
eighties. This is mainly due to 
new casting techniques, which 
improved the yield of the pro
cess substantially. 
On the other hand 
input in the steel 
decreasing, but is 
increasing. 

the scrap 
plante was 
since 1990 

The gap between internal scrap 
production and scrap use has of course 

European steel production 
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Figure 3: The portion of EF steel. 
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to be purchased. The graph makes clear Figure 4. 
that dur ing the last years the scrap 
purchases increased substantially. So 
a better use of the steel plants goes hand in hand 
loop. 

4 Sourees of scrap; return rate 

with the closing of the scrap 

Figure 1 shows that there are three different sourees of scrap in the 
steel cycle. Each of these sourees has its own characteristics. 

The table below makes clear that in many cases steel recycling is 
guaranteed. Only the small steel objects (cans, paperclips, etcetera) require 
special attention as reuse is concerned. These applications contain only a small 
part of the total steel production. 

However, even for this kind of scrap the return rate is more than 50% in 
the Netherlands. The measures needed to improve its return rate further, will be 
discuseed in the next section. 
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Kind of souree Cycle time Percen- Trend Return ra te 
scrap tage 

Internal Rolling Very short 10 Decreasing Tot al 
mille 

Prompt steel Short 15 stable Tot al 
processors 

Obsolete Users Varying, 75 Rapidly Big objects: 
(very) long increasing Total; 

Small objects: 
Increasing 

Tot al Long 100 Increasing Nearly total 

5 Topics in the upgrading of scrap 

It was already indicated that in the Netherlands all steel scrap is in 
principle being reused. There are however conditions under which the collection 
or upgrading of scrap requires special attention. 

5.1 Shredder scrap 

Shredder scrap, mainly packages of car wrecks, is one of the best known 
types of scrap. A problem using car wracks in the production of new steel is the 
presence of parts of other materials. If these parts are melted together with 
the new steel, they may pollute the steel. As a consequence, shredder scrap can 
only be used to a very low extend unless the shredded cara were disassembled in 
advance. 

An other advantage of dismantling is, that the other metals can be made 
ready for reuse too ànd that there is lees polluted dust produced during the 
steel production. 

This explains the interest of the steel industry in the dismantling pro
grams of cara, which are supported by the authorities too, in for instanee the 
Netherlands. Also for other obsolete products, like washing machines and refrig
erators, dismantling serves both the environment and the scrap users. 

5.2 Scrap collection from household waster----------------------------------------, 

Household waste contains a small 
portion of steel, mainly tinplate 
cans. Thanks to the magnet ie prop
erties of steel powerful electromag
nets are able to extract ferrous 
metals from a stream of waste. 

In the Netherlands it was recog
nized that dumping household waste is 
wasteful in terms of space, energy and 
raw material. Therefore a programme 
was launched to come to a 100% waste 
processing. This programme among other 
things includes the separation of 
steel from the other materials. 

After the completion of two 
waste processing plante in 1997 the 
Netherlands will have enough capacity 
to treat all Dutch household waste. 
From then on cans thrown away in the 
dustbin will not be lost, but will 
made ready for reuse. 

Recovery rat.e -.. .. 
.... .. 

.. ... 

.. 
... 
10 

• ... .. • .. .. .. 
Figure 5: Trends in scrap collection 
from household waste. 
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5.3 Metallic coatings 

For an increasing number of applications the steel is coated before it is 
further processed. Frequently used coating are: 

Tin: Steel coils are tinned to be used in can production. This tin is 
applied to proteet both can and contents. 
Zinc: steel coils are galvanised for applications in construction and for 
cars • The zinc protacts the steel from rusting and hence makes more 
durable products possible. 

From the point of view of reuse this coating bas the advantage that the 
coated steel does not rust. During the reuse of galvanized steel the coating is 
separated and recovered for reuse itself. The coating can also be recovered in 
separate processing. Datinning is a rather old technique applied in various 
countries for prompt scrap of canmakers. In France a pilot plant for the 
degalvanizing of process scrap of automotive sheet became operational in the 
beginning of 1996. Hoogovens is active in both fields. 

6 Conclusions 

The reuse of steel scrap is a general practica in the production of new 
steel. Today the last leaks of the steel cycle are being closed. The relativa 
amount of available and used scrap is increasing compared to the steel produc
tion. In order to maintain the advantageous poeltion of steel compared to other 
materials from.the point of view of recycling, the steel industry is investing 
in scrap upgrading measures. These measures are taken to guarantee the con
trolled production of superior steel qualities in the future. 

The scrap supply is a global problem with shifting equilibria. Moreover a 
precise prediction of the available amounts of scrap is difficult due to the 
fact that the number of sourees is high and diverse. This prediction is there
fore subject of further research. 
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TBE FINNISB SOLUTION FOR CONTROLLING TBE RECOVERED PAPER 
FLOWS 

1. INTRODUCTION 

The Finnish recovery system for waste paper is quite extmordinary in Europe, beside the fàirly 
similar system in Sweden. The paper recovery is chamcterised in botb countries by a strong in
fluence ofthe joint-industry-owned centml organisations responsible for the recovered paper pro
curement for the paper industry and for maintaining the stability on the national recovered paper 
market. Another speciality ofthe Finnish system is the well developed sorting at the source, that 
is at the paper consumers' premises, which contributes to relatively sligbt sorting needs , quaran
tines sustainable quality of the recovered paper and makes the matching of supply and demand 
easier. 

In this paper, the Finnish system for the paper recovery with the accompanying control system for 
the optimised material flow is discussed with the aim of showing the advantages botb of the na
tion-wide system and the tigbt engagement of the paper industries in the recovery activities. 

2. RECOVERED PAPER IN TBE FINNISB PAPER INDUSTRIES 

Some general remarks 
Finland is the second largest paper producer in Europe putting out annually about 11 million tons 

. of paper and board. The Finnish industry is highly intemationalised and opemtes Europe-wide, 
concentmting, however, on production of high quality printing and writing papers as well as fine 
papers. This paper sector bases mainly on virgin food fibre and utilisation ofnon-food additives. 
This kind of product structure results from the available fibre resources and the needof speciali
sation on more valuable products, supported by the accompanying, well developed branch of 
paper machinery. 

The industrialised industry has concentrateel its virgin-fibre-base production mainly in Finland, 
but has broaden its product mix with recovered paper based products, which, however are mainly 
produced closed to the mw material sourees and the customers; recovered fibre is more readily 
available in Middle-Europe and mostly utilised in short living products such as newsprint and 
board packages, for whieh the major clientele exists in Middle-Europe. 

Recovered paper usage 
Compared with other European countries, the utilisation mte of recovered paper in the Finnish 
paper industries is very low. In Finland only 5 % of the total fibre fumish consists of recycled 
fibre, while in Gennany, for example, the mte is as high as 63 %. There are two main reasoos for 
this situation: 

(i) the virgin fibre availability in Finland is considembly better than that of recycled 
fibre, due to the huge wood reserves as well as the small population producing 
waste paper. The local raw material availability does not, therefore, justify the 
investments on the recovered paper utilisation facilities in Finland. 
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Finland is the second largest paper producer in Europe with the annual output of 
about 11 million tons. If any largershare ofthis production should be recycled 
fibre based, the recovered paper imports should be immense, since the local paper 
consumption could cover only one tenth of the raw material needs. 

Practically all recovered paper colleeteel in Finland is utilised in the local industries, the main 
product group being different kinds of boards (Figure 1). 

l(apll•·~a'l ... 

Figure 1. Utilisation of recovered paper in final products 

The total utilisation of recovered paper 1995 was 525.000 tons, from which 54.000 tons were 
imported. The utilisation by the main recovered paper grades can be obtained in the figure 2. 

Figure 2. Utilisation of different recovered paper grades 

W....,_WAP 

-~ u .. 

Organisation 
The Finnish paper industry has organised its recovered paper preeurement and the collection 
activities under a joint company Paperinkeräys Oy, the responsibility ofwhich is to quarantee the 
optimal raw material supply to the mills that utilise recovered paper as a raw materiaL Paperink-
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eräys Oy also takes care of the recovered paper imports and exports, if needed, and con.ducts all 
kinds of infonnational and statistical tasks con.ceming the recovered paper businesses. 

It is worth notifying that Paperinkeräys Oy does oot collect paper physically; it buys different 
recovered paper grades from the recovered paper merchants, large waste management companies, 
municipalities and also directly from the sourees and acts thus as a recovered paper wholesaler. 
The purebases of Paperinkeräys Oy cover about 80 % of the Finnish recovery, which makes the 
optimised control over the recovered paper flows possible. 

3. GRADE CLASSMCA TION 

As in almost any other country, an own grade classification system is used also in Finland, which 
however, is well adjustable to the international trade. The classification bases on the fibre quality 
as well as the coating and printing characters of paper and is additionally matebed with the means 
of collection; the most important grades can be collected clean directly ftom the sourees and only 
a control sorting is needed aftetwards. 

In Finland the most important recovered paper grade is so called "household paper" consisting of 
the mailed papers; news, magazines, brochures, catalogues etc. This grade is pre-sorted by the 
households and only a light sorting at the sorting plant is needed. Very a simpte sorting instruc
tion bas been succesfully implemented; all through mail-box coming printed material is accepted. 
Some lots are even delivered directly to mills without any sorting at all. The tradition of house
hold collection in Finland is long established and the paper consumers are used to sorting and 
collecting at source. 

The secoud biggest grade is Old corrugated containers (OCC) originating from the trade and 
industries foliowed by the woodfree printing and writing papers from the offices and printing 
houses at the third place. Also these two grades are collected pre-sorted. The area collection with 
containers for OCC bas also been introduced in some towns. 

Among these most important grades, there is a plenty of other grades, some of which are pro
duced by a sorting process, but the majority being purchased pre-sorted. 

In the figure 3, the consumed and collected quantities of different kinds of paper products 1994 
are presented. It is notabie that the collection rates of different types of paper vary a lot; the col
lection of household paper (news and W&.P/WC) covers almost 75 %of the con.sumption , 
whereas there are stilllarge and high quality fibre potential to be colleeteel in the woodfree print
ing and writing sector. Also the collection rates of different kinds ofboard-based packages could 
be increased. 
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CONSUMPfiON AND RECOVERY OF PAPER AND BOARD IN FINLAND 1994 

Consumptioa -

+ 

J 

Figure 3. Consumption and coneetion of paper in Finland 1994 

4. COLLECTION SYSTEM 

Background 
Doe to the low population scatteredon the large geographical area, the organisation ofthe cost
effective colleetion systems in Finland is full of challenges. However, the actual colleetion rate of 
the total paper consumption is high in the European view; 60 % of the recoverable paper con
surnption. Such a high colleetion rate has been achieved by the effeetive and well organised col
lection schemes both for the post-consumer and the pre-consumer sectors; coverable building
coHeetion supported by the area-coHeetion and the innovative purchasing activities in the trade, in 
printing houses and in the converting industries . 

Some for Finland typical features have contributed to the successful colleetion system, which are 
to regarded as essential prerequisites for the whole system: 

(i) this kind of system can only fimction in a fuirly well developed society with a ce:r
tain level ofknowledge (e.g. general knowledge of environmental aspects, no fear 
of stealing the containers etc.) and is therefore not applicable to all environments 

(ii) traditional and stabilised engagement ofthe paper industries on the recovery ac
tivities with clear strategies 

(iii) national tradition of consensus and co-operativeness of the industries 
(iv) mentally compact society and population. 
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The development and support of the Finnish recovery system lean wholly on the engagement of 
the industry since 1940'ies. The role of authorities and municipalities in the paper collection is 
insigni:ficant and no pubtic :finance is needed to maintain and to develop the collection system 
further. The objective of the system is to provide the industry with sufficient and qualitatively 
proper raw material so that the collection costs are covered and deep price fluctuations are 
avoided. Due to the tight engagement of the industry these objectives have been reached and the 
Finnish price level bas been rnanageef to keep fàirly steady in comparison with other European 
markets; exaggerated market actions and price speculations have not taken place in Finland. On 
the fairly stabie level remained price of the household-grade covers completely the casts of the 
logistical chain (:figure 4) and can beregardedas an indicator ofthe benefits risen from the indus
try-driven recovery system. To support their collection and transporting activities some collectors 
have implemented container and service fees to the buildings with a private paper container; this 
cost factors does not, however, have any influence on the price paid by the mills. 

Figure 4. Price factors of household paper 
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The industry-driven praeurement organisation is able to provide the suppliers with the certainty 
for being capable of continuing the activities by quaranteed destinations and by prices covering 
the logistical casts. Cornmunal legislation contributes often to the density of collection with the 
obligations to recover, main targets ofthe legislation being the households and industries. 

The collection and pre-sorting principle 
The main principle of the Finnish collection system is the grade-speci:ficity and the pre-sorting. 
The principle ofthis system is presented in the following tigure (Figure 5). 
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Figure 5. Tbe Fiooisb grade-specific collection system 
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As the fi.gure 5 indicates, separate systems and material flows exist for each main grade; this 
system, basing on the pre-sorting principle is adjusted to the needs ofthe paper consumers and to 
the rnain paper products consumed by them. The most important aspect oftJ:tis system is the sus
tainability ofthe reeavered paper quality and the minor needs for reeavered paper processing, 
wbich. of course, leads to the minimised casts in the supply chain. This kind of eaUeetion princi
ple enables the quaranteeing bath the qualitative and quantitative needs ofthe miUs and the opti
misation ofthe logistic casts. 

The dominating system for the eaUeetion of the biggest reeavered paper volumes front the house
hold sector is the separate container for the household paper, wbich is located either in each block 
of flats or on the central place of a housing estate. This metbod has been weU established among 
the consumers and the pureness ofthe obtained paper is amazing good; only about 2% of impu
rities is included. Earlier bundie collection was more utilised, but have been mostly replaced with 
the container-metbod and the role of associations and their collection campaigns have clearly lost 
the share of collection (fi.gure 6). The structure of supplies has altered also otherwise; the share of 
waste management companies and the trade as suppliers has increased , wbile the significanee of 
the traditional paper collectors have diminished. This development is a clear indication of the 
structure change in the wbole collection branch; all materials are reeavered by larger companies 
and the buildings are affered with compact collection solutions. The decrease in the campaign 
collections has contributed to the levelling off the seasonal fluctuations and the recovery has be
come a continuous activity. 

Figure 6. Tbe sellers of recovered paper 
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On the sparsely populated areas with long distances, some other solutions have been introduced. 
In Lapland, for instance, the collecting point is aften located in the post-office or the delivery-van 
of the post collects reeavered paper. Also some container-solutions for the long-distance trans
polts have been tested in Lapland, wbere the paper consumption, and thus the reeavered paper 
quantities, are low and there are no sorting plants on the area; paper is coUected, let say, in the 
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post-office to a sack, whieb is then emptied directly to a truck with a container. The truck makes 
a round through several collecting points and drives to the mill as soon as the container is filled. 

The physical collection is conducted by the collecting firms, who either hire a container for the 
use of a building or empties the own container of the building. The collector then delivers paper 
either to one of nine sorting plants of Paperinkeräys or to his own facility, where the possible 
sorting and baling processes take place. Large share of especially household paper needs no 
sorting and is also delivered loose to the mill; the processing costs are nuther reduced. (Figure 7) 

• THE MARKET PI.ACE" 

Figure 7. "The market place" -system 

The material flows physically to the mill is either from the Paperinkeräys-sorting plant or from 
the collectors premises (Figure 7). The transports are often (66 %) organised by the mills, which 
take advantage of reeavered paper transports as two-way freights in order to be able to minimise 
the total transport casts and to avoid useless driving; as a mill delivers its final products to the 
ports or to a certain town, the local reeavered paper are deiven to mill with the retuming truck. 
The truck-transport is the major way oftransporting, but railway is utilised, too. As a curiosity a 
special wagon-toading-station can be brought forth; the collectors unload their collecting velticles 
directly to the wagons after weighing it and the paper is delivered directly to mill unsorted and 
loose. This scheme is a clear quarantee ofthe fimctionality ofthe pre-sorting system. 

The recovery of OCC takes place mainly in the supply ebain of teade and the fruitfu1 co-operation 
with the major ebains has lead to rapidly risen recovery quantities. In some retail trade ebains the 
distribution transports have been utilised in order to gather larger material flows to central points. 
In the largest towns also OCC originating from the household sector is colleeled with the means 
of area-containers and increasingly with larger containers provided with collection "departments" 
for different fibre fractions. 

The pre-consumer recovery of woodfree grades is well organised and practically all printing 
houses and converting premises are covered. From these sourees obtained paper is pre-sorted and 
can seldom be sorted further at the plant. Woodfree grades are increasingly collected from offices 
and the collection is often accompanied with the shredding service. An office collection system 
producing two separate fractions have been introduced; confidential white papers are colleeled 
with a locked bin and news, magazines etc. with another bin. This system enables the separate 
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collection of white office papers and lowers the thresbold ofthe offices to start with the collection 
activities, since the data security is preserved. 

5. SOLUTION FOR THEMA TERlAL FLOW CONTROL 

Background and prereguisites 
In order to have been able to impleméllt the described collection and control systems the conunon 
rules within the industries have been essential. As, for example, some grades are continuously 
short in Finland, the industry has decided to divide the available supplies according to their con
sumption and the share of Paperinkeräys Oy. This kind of consensus within the industries pre
vents the speculative cornpetition and the deliveries can be organised optimally. The imports are 
also directed optimally to the mills in tigbt conneetion with the dornestic deliveries in order to be 
capable of optimising and of stabilising the local market. 

Material flow planning system 
The deliveries as well as quantitatively and qualitatively optimised material flows to paper mills 
are controlled by the "Market plaée" -system of Paperinkeräys. This logistical control-system 
matches on the weekly level both the by the suppliers or the sorting plants offered quantities and 
grades together with the grade-specific material needs of the mills, giving as an out-put a delivery 
order list bath for the mills and the suppliers. 

The main objective ofthe logistical control system is to secure the optimal raw material deliveries 
to the mills according to their needs. The constrains with the destinations are paid attention to in 
the system in order to be able to minimise the transport costs. Another important objective is the 
destination quarantee for the suppliers; a destination - either a mill or a Paperinkeräys sorting
plant - can always be directed to every supplier. In the cases of oversupply, the suppliers without 
own storing premises are preferred when organising the deliveries to the mills and the Paperink
eräys plants serve as buffers. 

The weekly delivery order lists base on the quarterly plans made co-operative between the suppli
ers and Paperinkeräys on one side, and between the mills and Paperinkeräys on the other side. 
The suppliers give as an input-data, thus, quarterly the likely collected, grade-specific quantities, 
while the mills provide the system with their grade-specific needs for the succeeding quarter. Wrth 
the aid of this input-data, the delivery plan is build and the suppliers are let known the future 
destination fortheir paper. In the annual material flow planning, the input-data is as in the pre
ceding; the needs of the mills and the supply from the collectors. The bistorical data from the 
Market -place system is also utilised, since the deliveries follows a. certain trend if no structural 
changes in either the mill process or in the collecting system have occurred. 

The weekly logistical activities and material flow control takes place similarly in the Market
place-system; the system is provided with the input data from the supply and the demand of the 
succeeding week, which is further processed under the consideration of the logistical constrains. 
The out-put is a weekly delivery order list, from which the mills obtain the supplying sourees and 
the suppliers the destination to the deliveries. (Figure 8). 
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Figure 8. The material flow control system of Paperinkeriys Oy 
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If the medium-term plans indicate the lack of some grades, the import activities are started by 
Paperinkeräys Oy. As a wholesaler and central organisation, good cantacts to the external mar
kets are easily utilised and the order sizes are high and regular enough to enable sustainable sup
ply-contacts and the minimised import costs. Intherecent years Finland bas clearly been a net
importer and continuous imports are essential to guarantee the smooth material flows to the mills. 
The imports are included in the "Market-Place" -system and lead to the mills among the dornestic 
deliveries; mills see from the weekly delivery order list all incoming deliveries. The imports differ 
from the dornestic praeurement in the organisation of the transport, but also in the adjusting the 
order quantities; domestically offered posts are purchased, but the import quantities are adjusted 
carefully co-operative with the mills and real orders are placed. Among the direct import deliver
ies to mills, Paperinkeräys also purebases from the external market paper on its own hebalf in 
order to be able to maintain the safety stock and to take advantage of the international market 
situation. With the buffering function of Paperinkeräys the exaggerated market fluctuations and 
actions can be avoided and the speculations play practically no role in market actions, unlike in 
Middle-Europe. 

The export activities in Finland are minor, but provide the Finnish market with an essential safety 
valve; grades that can not be utilised locally are exported. Also some second quality or damaged 
rolls are exported or traded. The export needs are disclosed as the quarterly and weekly delivery 
plans are being made. The export activities, however, are not started in the case of slight surplus 
when the commonly utilised grades are concemed. An important responsibility of Paperinkeräys 
is namely the inventory management for the mills, and if the demand is likely to rise in near fu
ture, the not-immed.iately-delivered posts are stored. 

As already mentioned, inventory management on behalf of the mills with the aim of maintaining 
the market balance, is a responsibility of Paperinkeräys of great significance. The mills do not 
owe large storing premises, for which the long-term and safety inventory activities are transferred 
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to Paperinkeräys. The company bas a couple of own inventories and hires extemal inventory 
capacity if neede'i. The safety stock covering about the quantity of two-week consumption is 
maintained and the occasional over-supply is mainly handled with the buffers. In the inventory 
management, the main objective is to the capability of meeting the raw material demand and of 
offering a safety valve for the individual collectors, who are oot able to build up inventories and 
are willing to get rid oftheir paper. 

The stored material is also put into the ''Market-Place" -systern so that mills are also informed 
about this supply source. When imported paper is concemed, the inventories are mainly ear
marked and offered to a specific mill, while the dornestic inventories serve as "suppliers'' for each 
mill. 

The connections 
The mills and some ofthe biggest suppliers are connected directly with the Market-piace -systern 
and the information flows automatically two-way. Also the information about the material receiv
ings from the mills is automatically transferred to the system; this information can also contain 
the claims or reductions ofweight. The receiving information from the mills is used further in the 
accounting and the follow-up ofthe mill-specific deliveries. 

The Market-piace systern has proved to be of great benefit bath to the mills, suppliers and Paper
inkeräys itself, as it manages to assist the planning fruitfully and the activities are given a steady, 
long-term character. This system, togeth.er with the pre-sorting principle, has also contributed to 
the cost-minimisation of the whole reeavered paper supply chain and thus to the fairly steady 
price level, which, inthe-long term benefits all parties ofthe reeavered paper busmesses and pre
vents the extravagant actions. 

7. CONCLUSIONS 

On the European level extraordinary logistica! systern for recovery of fibrous raw material has 
been well established in Finland and as proofs of its efficiency following statements can be pre
sented: 

- both the quantitative and qualitative raw material needs ofthe paper industry have been met 
- the separate colteetion and tight pre-sorting principle has been succesfully established quaran-

teeing the ability to supply the mills with the qualitatively acceptable grades 
- the national price level has been managed to keep steady thanks to the pre-sorting and the 
optimised material flows minimising the transport costs 

- the market balance have been maintained without speculations and exaggerated fluctuations 
- aggerated actions both by the private collectors or by the mills have been prevenled due to the 
clear principles and the continuity of the supply chain 

- costly imports have been managed to minimise thanks to the existing medium-temt information 
about demand and supply and the common rules for dividing the short dornestic supplies 

- practicalty all ofthe nationally colleeled reeavered paper cao he utilised locally 
- the collection systern has been developed speciaHy to the sparsely populated country > fairly a 
high collection rate (60 %) has been reached. 
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Abstract 

One of the major issues in business today is how to handle waste. This paper presents a 

theoretica! framework for analyzing coneetion systems for reuse and recovering of 

electtonic waste. Coneetion systems are viewed as reverse distribution systems and 

theory for forward distribution channels is discussed in relation to reverse channels. 

Results from a case study of three reverse systems including coneetion of electtonics 

and hazardous waste are presenled and propositions regarding the relation between 

design of such systems and their performance are suggested with basis in four main 

decisions concerning distribution channel design. These four decisions include the 

number of levels, the number of middlemen at each level, the type of functions 

performed by the middlemen and finally the number of channels to be introduced in 

order to maximize sales, minimize costs and maximize channel control and goodwill. 

According to the present results in the study forward distribution theory is wen suited 

for analyzing reverse channels although some aspects such as closed v. open systems 

and traditional vs. new channels are not covered in the present theory. Further research 

in the study include evaluating three proposed models for conecting and recovering 

electtonics waste in Norway. 

190 



Collection, reuse and recycling of electronics - theoretical framework and propositions 
Marianne Jahre and Bente Flygansva 

Introduetion 

Environmental concerns are becoming more important in industry and business. One of 

the major issues today is how to dispose of waste. Among post-consumer waste of 

interest to reuse and recycle are packaging for all kind of products as well as the 

products themselves such as food waste and electronics. This paper reports on an 

ongoing study on how to efficiently collect and reeover electronic waste in Norway. 

The study was initiated in a coherent effort between researchers in the field and the 

industry itself and is fmanced partly by the industry and partly by the Research Council 

of Norway (PROTRANS). This paper presents the purpose, scope and research design 

of the study. The main results from a case study are reported and these and other 

aspects of reverse distribution are reviewed in the light of distribution theory. A number 

of propositions are suggested as basis for future work. in this project as well as for other 

research concerning reverse distribution. 

Background 

For many years the handling of end-of-life electrooie and electtic equipment have been 

neglected by the industry as well as the authorities. In Norway one has now decided to 

start recovering materials from such products. This is happening at very fast pace. 

Thorough analysis is necessary in order to evaluate different possibilities if one is to 

avoid large (and incorrect) irreversible capita! investments. 

One point of great interest and concern for the industry and the authorities is who is to 

pay the bill once the reverse system is established. Obviously each actor in the value 

chain is interested in minimizing its own cost. 1t would, however, probably be more 

sensible to decide on important issues concerning what type of system should be set up 

in order to minimize total cost, and then start sharing the bill. Cost efficient logistics in 

the ftrSt part of the value chain is thus of importance ( and should be of great interest) to 

all parties in the chain including producers, users, reeoverers and the authorities. In 

spite of this the logistics area is to a great extent being neglected by the industry as well 

as by the authorities. Collection, handling, and transporting are actlvities that seem 

"boring .. and only represent costs in the system compared to the exiting business of 

recovering which is viewed as the area in which you fmd the business (i.e. the 

money). This means that a lot of actors are coming on to the scene on sorting and 

recovering. However, experiences show that in most cases, recycling is cost intensive 

and delivering services to these type of actlvities may not be as profitable as it may seem 

(Jahre 1995). Further, it should be pointed out that the way things, i.e. used products, 
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are being handled in the fll'St part of the value chain has great implications for forther 

handling and treatment and also for the according cost and sales revenues. 

Purpose and scope 

The purpose of this study is to contribute to knowledge on how to develop and 

establish systems for collection and renewed use of resources in used products. The 

main objective is to review how the logistics channel, i.e. collection, transport and 

handling, should be designed in order to provide cost efficient and environmentally 

sound solutions. Collection systems are viewed as reverse distribution channels. The 

theory is based on distribution research and in particular on contributions conceming 

distribution channels as defmed by Bowersox (1978) as " ... the structure of 

intracompany organization units and extracompany agents and dealers, wholesale and 

retail, through which a commodity, product, or service are marketed". 

The study consist of two main parts. One part is to develop and describe a working 

methodology for designing reverse distribution systems in genera!. The other concerns 

reverse systems for electronics specifically and contains two main parts; First, to test 

the general working methodology on the case of electronics. Second, to evaluate a 

number of specific and existing systems on electronics in order to be able to develop 

and describe (a) possible future system(s) in Norway. 

Reseal'Ch approach and methodology 

The study is mainly explorative. The research approach is based on a combination of 

literature studies, case studies and focus groups. Data collection in the case studies is 

basedon Jahre's prior work on collection of household waste (Jahre 1995). Cases 

include systems of collection and recovering of used products. The focus groups 

consist of potentlal actors in a Norwegian system which are put together in a group in 

order to discuss their main role and needs conceming a reverse system for electronics. 

Distribution theory and the propositions developed below are then used in order to 

analyze and understand the results from cases and focus groups. Parallel to this the 

working methodology developed by Jahre in her prior work is reviewed and forther 

developed with basis in the results from this study. 

Choice of subjects and data collection instruments 

The unit of analysis for the case study is the reverse distribution system and not a 

specific company taking part in that system. Accordingly, one case consists of several 

actors. Three systems were explored. These include collection and recovering of 

electronics in Switzerland, Rank Xerox• system in Norway for taking back copiers and 
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reeover them, and fmally Norway' s system for colleetien of hazardons waste. Data was 

collected from multiple sources; documents, archival records, interviews and site visits. 

The focus groups will consist of users (of electronics), producers, recoverers, 

transportation companies and the authorities. Two such groups make the basis for the 

second data collection. 

Working methodology and data analysis 

A large number of variables was chosen and used as data collection instrument for all 

cases (ref. Jahre and Flygansvzr 1996). Each case was then described according to 

these variables and compared. The main results of the case analysis are briefly listed 

below. The propositions suggested below form the basis on which the results from the 

case studies and the focus groups are analyzed. Three models for collecting and 

reecvering electronics in Norway are suggested and compared with the cases in a 

stepwise way. However, this paper focus on the theoretica! framewerk and the 

propositions developed therefrom. For presentation of the models and the comparison 

of the models regarding the propositions, it is referred to Jahre and Flygansvzr - work 

in progress. 

Results from case analysis - major points 

Four main issues identified in the case analysis are focused: 

• It is important that there is one actor within the system that works as the 

coordinator of physical and information flows. We have termed this role the 

''waste manager" of the re verse system. 

• There is a major difference between systems that use communities, e.g. depots or 

recycling centers as a frrst colleetien point for the user of the product compared to 

systems where the retailers are given that role. 

• Another major difference exists concerning whether systems are closed (resources 

used over again for making the same type of products and the company collect 

their own products) or open (resources used for new types of products and 

collected also by external actors i 
• The fourth major difference concerns who perfonns the different tasks of physical 

movementand information flow in the systems. 

1 The difference between closed and open loop system is not very wen defined in the literature; some 
focus the company (e.g. CLM 1993), whereas others focus the re.sow:ce (e.g. is the remelting of 
aluminium cans into new cans defined as a closed system because the products are the same. 
However, the companies involved are not necessarily the same). One possible explanation for this 
"confusion" may be that wbile a logistics perspective would focus on who is involved (i.e. the 
system), an environmental perspective would focus on how the resource is used (i.e. product). For 
the purpose ofthis paper (and study), a closed system is then defined on the basis of the company 
dimension as wen as the resource dimension. 
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Theoretica! Framework 

In actdition to theory on forward distribution channels prior studies on reverse 

distribution systems (e.g. Jabre 1995, CLM 1993, Pohlen and Farris 1992, Guiltinan 

and Nwokeye 1975) are taken into consideration. Power-dependenee relationships 

within a channel (Gripsrud and Nygaard 1996, Pfeffer and Salancik, 1978, Gattoma 

1975) are not the focus of the study, rather where, how and why goods are moved 

physically through a channel (Persson and Virum 1995, Stem and El-Ansary 1992, 

LaLonde and Mason 1985). Mallen (1970, reprinted 1996) presents a multi-stage 

process for selecting channels of distribution and suggests four main decisions 

conceming channel structure. These include number of distribution levels, number of 

middlemen, number of functions and number of channels. The last could be viewed as 

a decision "framing" the others in that if multiple channels are chosen, the flrst three 

decisions have to be made for each channel. 

Number of levels 

The flrst concerns the length of the channel and is called directness. This is also called 

the vertical dimension of channels (Bucklin 1971) or the complexity of the material flow 

(Persson 1989). Two extremes are suggested by Mallen (ibid.); either the channel is 

direct (involves few levels) or it is indirect (involves many levels). Langley and Morlee 

(1982) argue that there is a requirement to reduce the number of distribution facilities 

and as such increase directness of channels because of lack of energy, changes in 

technology, increasing regulation and demands for better productivity. Bucklin (1971) 

claims that a direct channel will reduce distribution unit cost if volumes are large (i.e. 

large lot sizes). With smalllot sizes, a two-level channel will usually generate high 

distribution costs because of higher unit costs for each contact. According to him, 

"additionallevels are required to concentrare the tlows from a variety of producers into 

assortments of suffi.cient size to qualify for the transport savings in moving goods in 

volume". Thus, in addition to the function of adjusting discrepancies (sort products into 

correct mix for customer), intermediaries are often introduced to reduce channel cost 

because of economies of scale. Mallen suggests, on the other hand, that a direct channel 

does not minimizes costs, but sales are maximized as is channel goodwill and channel 

controL An indirect channel, on the other hand, does not maximize sales, goodwill or 

control, but minimizes costs. However, Mallen views this from one actors perspective, 

i.e. the producer, and not from the total channels perspective. 

In areverse system, the number of levels between the user (the actor that has used the 

product and now want to discard it) and the end-market (the actor that wants to use the 

resource over again), is the parallel to the directnessof a forward channel (Jabre 1995). 
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lf used products have to go through many levels before being recovered, the channel is 

long compared to when products are taken directly from the user to the recoverer. 

Transportation cost may increase in the latter alternative because volumes are low from 

each user and it may be difficult to maximize capacity utilization. Accordingly, one 

proposition is suggested: 

1. A direct reverse channel will increase transportation cost per unit because capacity utilization is low. 

On the other hand, if transport of used productsis performed when new products are 

transported out to the customer, such as when breweries take back empty botties from 

the retailers when distributing fu11 bottles, transportation cost per unit, does not have to 

be particularly high. Accordingly, another proposition is suggested: 

2. A direct channel may minimize transportation cost per unit if return capacity may be used, even if 
volumes are small. 

Fewer actors involved, i.e. increased directness may improve communication in the 

channel which may give way for better and quicker product design changes in 

accordance with the requirements in recycling and reuse. Further, directness provides 

better control with how the user and the recoverer act and thus give way for 

improvements in the total channel. Accordingly, a third proposition is suggested: 

3. A direct channel may give better comrnunication between producer, user and recoverer, and thus 
increase effectiveness in the reverse channel. 

Number of middlemen 

Thesecondof Mallen's decisions concerns the number of middlemen at each level in 

the channel and is called selectivity. This is also called the horizontal dimension of 

channels. Two extremes are suggested, either the channel is intensive (involves many 

middlemen at each level) or it is exclusive (involves few middlemen at each level). 

According to Bowersox (1978) facility location includes the number, size, and 

geographical arrangement of production plants, warehouses and retail stores. Many 

points at each level suggests a decentralized flow, whereas few points suggest 

centralization. Mallen argues that an intensive channel provides maximization of sales, 

whereas costs are higher than in an exclusive channel. Further channel goodwill and 

control is higher in an exclusive channel compared to the intensive alternative. 

The parallel to this aspect in reverse channels concerns the number of collection points, 

and the num.her of middlemen (if the channel is indirect) and fragmentationlrecovering 

facilities. lf there are many collection points, the volumes being returned for recovery 

may be higher than if the num.her of points is small. This is parallel to the aspect of 
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bring and kerbside collection of household waste, where the distance from user point to 

collection point is a determinant for the service given to the user (Jahre 1995). 

Accordingly, the following proposition is suggested: 

4. An intensive cbannel will increase availability for the user, making it more convenient to return 
used products, and thus may increase volumes compared to an exclusive cbannel. 

On the other hand, if collection points are located where the user goes to replace the 

used products (e.g. at the retailer), the number of collection points may be few, but still 

a convenient alternative (for example when households go to the foodstore and at the 

same time can deliver botties and other packaging there). Accordingly, a fifth 

proposition is suggested: 

S. An exclusive cbannel may not reduce the convenience ifthe user bas to go there anyway to buy new 
products as replacement for the old ones. 

The selectivity in reverse channels also concerns the number of fragmentors/recoverers. 

A small number suggests that used products have to be transporled long distances in 

order to be reeavered and may thus increase costs, suggesting the sixth proposition: 

6. Few fragmentorslrecoverers may increase transportation unit cost because distances are long. 

On the other hand, if the fragmenting technology requires large volumes to. reduce 

"production" cost, many fragmentors/recoverers may increase production cost because 

volumesbyeach fragmentor/recoverer becomes low, suggesting a seventh proposition: 

7. A selective cbannel concerning recovering/fragmenting may increase production cost because 
volumes are too small to maximize utilization ofthe capacity. 

This last proposition is based on the assumption that fragmentors/recoverers have high 

fixed cost because of expensive and sophisticated technology investments. lf these 

costs may be tumed variable, even small volumes can be recovered/fragmented at a 

relatively low cost. 

Two main aspects of reverse channels concern the choice between an open or a closed 

system and between a new and a traditional channel. Closed systems are often 

established for hazardous waste and high value products where it is important for the 

producer to keep control of the material flow and track of the products. Open systems 

wi1l usually be established if the product is on the far end of the value chain which gives 

large geographical dispersement, e.g. for household waste packaging. Compared to 

Mallen's conceptualizations, a closed system may be an exclusive channel, whereas an 

open system may be viewed as the intensive alternative. In a traditional channel 

products are transporled via the same middlemen as in the forward channel, i.e. from 
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producer out to the customer. When a new channel is established, the used products 

will go through other actors on its way back from end-consumers to the market There 

will often be a relationship between these two issues. An open system will usually 

mean a new channel because the resources will be used for new products, whereas a 

closed system may use the traditional channel. Further will an open system often result 

in material recovery being the most common way of recovery because other actors take 

part, whereas a closed systems will allow for more reuse. The following proposition is 

suggested: 

8. In an open system, the flexibility regarding types of products that cao be included will be higher 
than in a closed system. 

The reason is that a closed system is usually established for a specific type of products, 

e.g. Rank Xerox copiers, by the producer himself, whereas open systems collect all 

kinds of products. On the other hand will closed systems secure a better control with 

the material flow because it is easier to keep track of sold products (e.g. through 

leasing), and thus provide better security for e.g. data on computers. Further, fewer 

actors are involved in a closed system, which may make it easier to calculate return 

rates2 and other success criteria Another important matter is the data security; especially 

in collection and recovery of computers, reuse of products is a difficult matter because 

data can be recovered and misused. 

9. A closed system will usually provide better control than an open system which probably will result 
in reuse of products/components in addition to material recovery. 

In the case of an open system, a new distribution channel will usually be establi~hed, 

and thus an additional system bas to be operated which may create higher costs because 

of new investmentS, etc. A closed system, on the other hand, may be integrated with 

the company' s own forward system and thus create better capacity utilization in 

transport and handling. 

lO.A closed system may be integrated with the campany's traditional distribution channel and may thus 
create lower cost than an open channel. 

Further, most companies do repairs and receive products being sent back because of 

malfunctioning, and as such already bas to take care of products "going the wrong 

direction". Accordingly, making a system for reversing the flow may improve the 

service in these actlvities as well, as was experienced by a big telephone companyl. 

2 Return rates = Collected volumes or units/used volumes or units 
3 A re verse logistics project by Anderson Consulting at AT &T resulted in a time reduction on repairs 

and complaints by 75% compared to earlier times when there existed no system for taking care of 
the reverse flow (reported at the CLM-conference in October 1994). 
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11. A closed system may be integrated with the other reverse flows in the company and may thus create 
better service for all such activities because it becomes more systematized. 

Finally, there is often a close conneetion between closed vs. open systems and new vs. 

traditional channels and the number of levels that used products are taken through. A 

closed and traditional system may give a shorter route between user and producer, i.e. 

increase directness. 

Type of middlemen 

The third of Mallen's decisions concerns the role of the middlemen in the distribution 

channel, i.e. the number of functions that are performed by each intermediary. Two 

extremes are suggested; full service or a limited function in which the flrst case provides 

higher cost and more goodwill in the channel, whereas control is reduced by "giving 

away" more functions to the middleman. Parallels exist in more recent concepts such as 

third party logistics and outsourcing. 

According to Alderson (1954), channel intermediaries' primary function is to adjust for 

a discrepancy between what one single producer can offer and the more complex needs 

of a customer, by performing the following "sorting" processes: 

• Sorting out - break:ing down heterogeneaus supply into separate stocks that are 

relatively homogenous. 

• Accumulating - bringing similar stocks together into a larger homogenous supply. 

• Allocation - breaking homogenous supply down into smaller and smaller lots. 

• Assorting - building up the assortment of products for use in association with 

eachother. 

In reverse channels, these functions may be "translated" in the following way: 

• Sorting out - breaking down heterogeneaus supply into separate stocks that are 

relatively homogenous (e.g. sort packaging from products from one user) 

• Accumulating - bring similar stocks together into a larger homogenous supply 

(e.g. computers from all suppliers in one group, copiers in another) 

• Allocation - break:ing homogenous supply into smaller and smaller lots (e.g. 

mM-machines in one group, Apple-computers in another) 

• Assorting - fragmenting, i.e. taking apart products into more homogenous 

components 

Three additional channel functions suggested by Bucklin (1960) have to be performed: 

• Search - actlvities required to communicate offers to buy and sell, and transfer 

title; in reverse channels the communication totheuser on how and where (and 

maybe why) to return products is essential 
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• Persuasion - actlvities incurred to influence the beliefs of a buyer or seller; each 

actor in areverse cbannel must have an incentive to do bis/her job in accordance 

with specifications, whether it be fmancial or some other type 

• Production - actlvities necessary to create a good with any desired set of 

specifications; the recovery process in a reverse system, i.e. renewed use of 

resources, whether it be reuse (e.g. cleaning, repair) or material recovery 

Stem & El-Ansary (1992) agree with Mallen in that intennediaries can be eliminated, 

but not their functions. lf the same function is performed at more than one level of the 

channel, work is shared which may increase cost, but may be justified by the need to 

provide costomers with goods at the right quantity, quality, time and place. In contrast 

to Stem & El-Ansary and Mallen, much logistical theory focus on eliminating 

functions, such as inventory (see for example Abrahamsson 1992). 

So the question remains; who is to perform the actlvities suggested above, and what are 

the consequences of choosing one middleman (or none) compared to another? The 

principle of postponement may provide a closer onderstanding of this issue. According 

to Jahre (1995), postponement is most important and interesting for reverse channel 

with respect to the sorting and fragmenting activities, i.e. whether sorting/taking 

products apart is to take place early or late in the matenals flow. The maximum level of 

postponement means that sorting is awaited to the last possible point in the channel. 

Speculation, on the other hand, means to do sorting/fragmenting as close to the user as 

possible (preferably by the user himlherself). The following propositions are suggested 

in accordance with what was studied by Jahre (ibid.) and the same logic holds true even 

for electronics and electtic equipment: 

12.Much sortinglfragmenting performed at the collection level, i.e. speculation, increases coneetion 
cost and reduces sortinglfragmentation cost compared to postponement. 

13.Postponing sortinglfragmenting leaves less work totheuser which increases customer service. 

14. Postponement leads to more direct re verse channels because materials are undifferentiated until they 
reach the processing level. 'lbus handling, transport and inventory cost may he reduced. 

15.Postponement increases flexibility compared to speculation because the products reach the end
market with more possibilities, whereas speculation reduces flexibility because it is bmd to change 
the specifications of the retumed products that have already been worked on. 

The number of channels 

According to Mallen, the fourth choice concerns whether to use single or multiple 

channels. Multiple channels may maximize sales, but a1so increase cost, reduce control 

and goodwill compared to a single channel. The parallel to reverse distribution would 

be whether one or more reverse systems should be established. For example, if a closed 
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system is developed by one producer of copiers, what would happen to the rest of the 

copiers not of this specific type. Accordingly. it may be necessm:y to establisb more 

closed systems (e.g. one for eacb producer), andlor set up an additional open system. 

It may become necessm:y bere as in other areas of recovering areas (e.g. for bousebold 

waste, ref. Jahre 1995) to differentiate the systems both regarding collection, bandling, 

transport and fragmenting as to bow the products are being taken into the production 

flow again. Maybe one may not expect equal return rates or equal number and type of 

product to be returned in all parts of the country and for all types of products. It may be 

just as cost efficient and environmentally sound to differentiate regarding what 

products/components (including type and wbere they are located) that are to be reused, 

remanufactured, material recovered, discarded, etc. Accordingly, the following 

proposition is suggested: 

16. In order to minimize total costs, different systems, .i.e. multiple channels, regarding the number of 
levels, the number of middlemen and the type of functions should to be set up within a country. 

This depend on the available volumes, the requirement for reuse vs. material recovery, 

the type of products to be included in the system(s) and the available fragmenting 

technology. It will probably not be enough to set up a single channel if the strict future 

regulations and attitudes are taken into consideration. 

The channel captain 

Mallen's conceptualization and discussion is developed from the perspeelive of the 

producer; " .. .it is the manufacturer's cost that are being minimized bere and not 

necessarily the total distribution system's costs." In the study reported from in this 

paper, the total system is the focus, and it may be that the better system from a bolistic 

point of view reduces total cost but increases one actor's cost. This will not be further 

discussed bere, but sbould be k.ept in mind In many ways Mallen's manufacturer could 

be look.ed upon as the actor in the marketing literature that is termed the channel captain 

(Gripsrud and Nygaard, 1996). The channel captain bas the power to design the 

channel and to influence the other parties in the channel. One of the most important 

conclusions from the case analysis was that there is need for a single waste manager, 

i.e. one material and information flow coordinator, if a reverse system is to work 

effectively. Accordingly the following proposition is suggested: 

17. Efficient reverse logistics is best obtained through centralized decision making and there is thus oeed 
for a channel captain in order to imprave information flow and control. 
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On the other hand, it may be more motivating for all the actors involved, if they are 

involved in the decision making themselves. Accordingly, the last proposition is 

suggested: 

18. A decentralized decision making couples responsibility and tasks and is therefore motivating for the 
participant&. 

Conclusions 

The theoretical framework developed above is the basis for analyzing and 

understanding the four main points from the case analysis as well as the results from the 

focus groups. This is the work that is being performed at present and no fmal analysis 

is thus presented bere. However going back to the four issues, some tentative 

conclusions can be made. First, the challenge of establishing the role of the waste 

manager is parallel to that of the channel captain in the forward channel. Accordingly it 

is expected that systems with such an explicit role take better care of the information 

flow and the control of the flow than systems that do not have established such a role. 

Second, the difference between using retailers and communities as the collection point 

may be more thoroughly understood in view of Mallen's second decision area, the 

number of middlemen. It could be expected that a retailer base model will have many of 

the characteristics of that of the exclusive channel, whereas the intensive channel will be 

the one with many collection points, that is the community based model. The issues of 

open vs. closed systems are already covered insome of the propositions. However, it 

is important to view the decision on this aspect in relation to the other characteristics 

suggested by Mallen on the selectivity of channels as well as the type of middlemen and 

the number of levels. An implicit proposition, accordingly, is that the choice between 

closed or open systems bas great implications for many other important design criteria. 

Fourth, the issue of who is doing what in a reverse channel and what the consequences 

are, concern particularly the aspect of speculation vs. postponement. The concepts of 

actlvities being performed by middlemen in a forward channel as suggested by 

Alderson and Bucklin, will also be further. 

The next step in this project will be to compare the aforementioned roodels for collection 

and recovering of electronics in Norway and relate them to the framework presented 

above. The result will (hopefully) be that we can present an .. ideal" model for a reverse 

system of electtonics and also discuss the advantages and the disadvantages with the 

proposed models. 
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Abstract - The introduetion of (extended) producer responsibility forces Original Equipment Manufacturers to 
solve entirely new managerial problems. One of the issues concerns the design of the physical reverse logistic 
network, which is a problem that fits into the class of facility-location problems. Since handling return flows 
involves a lot of different processing steps, the physical system might consist of two or more echelons. In this 
paper, a MILP-model is presenled that gives decision support in designing the physical network structure of a 
reverse logistic system. The model is applied toa case from the automotive industry. Finally, subjects for forther 
research are pointed out 

1. Introduetion 

Traditionally manufacturers only took back discarded products and components selectively, if at all. 
Products were usually retumed to the Original Equipment Manufacturer (OEM), due to contractual 
obligations (lease products), technica! failure, etc. However, the growing public interest in 
environmental issues causes customer demand for recycling and the implementation of new 
govemment policies. These new policies aim at the ciosure of material flows as part of lntegrated 
Chain Management (lCM). The reverse logistic system must facilitate this ciosure of material flows, 
which is reflected in Figure I. 

distribution production purchasing 

. . 
.......------. : t -------r--._, t 1 1 
~.-_co_I_Ie...;.c_tio_n _ ___.l· .. ~ .... ~ ........... ~ ..... r;.r-_ ...... ; 

Figure 1. Reverse logistic system in lCM 

As a result of lCM, many industrial businesses will compulsorily be confronted with large volumes of 
discarded or return products within foreseeable time. Although many OEMs might at first react rather 
reserved to the concept of producer responsibility, large opportunities exist for commercial 
exploitation of return flows. However, a number of managerial problems of an entirely new nature will 
have to be solved. Some critica! problems include the following [4] [5]: 

• product design must enable cost effective disassembly and processing as well as high quality 
recovery 

• secondary end markets must be sufficiently developed 
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• products must be returned in sufficient quantity and quality 
• relevant information must be available to decision makers 
• a Product Recovery and Disposal (PRO-) Strategy must be determined for return products. 

Another key issue concerns the physical network design for a reverse logistic system, i.e., the decision 
where to locate processing facilities -like disassembly stations or shredders- and how to allocate supply 
and demand points to these facilities. These kind of problems are generally known in OR-Iiterature as 
facility-location problems. A physical network can consist of one, two or more echelons. lf a product is 
transported from the factory to the customer via one transfer station, then it is a one echelon system, if 
there is another transfer at local stations after the first transfer , then it is a two-echelon system, and so 
on. A reverse logistic system may involve more than two echelons, due to the high number of 
(different) processing steps to be performed. This paper discusses a multi-echelon model that can deal 
with more than two echelons and multiple facility types. The paper is built up as follows. In Section 2, 
the problem situation is defined. In Section 3, a mathematical model is presented for determining an 
optima! multi-echelon network structure. InSection 4, we present a case from the automotive industry. 
Section 5 is meant for discussion and conclusions. 

2. Problem definition 

The problem situation studied in this paper can be described as foltows. Return products of a certain 
type are discarded from the consumer market. The products are collected at a finite number of supply 
points and from there supplied to the reverse logistic system. The secondary products, components and 
materials -resulting from applying the PRD-strategy- are delivered at customer demand points. Every 
product is to be processed by a PRD-strategy. This strategy describes the sequence of disassembly, 
recovery and disposal operations to be performed, depending on the state ofthe (parts ofthe) returned 
products [4]. The aim of a PRD-strategy is to maximise net profit from return flows while meeting 
technica! and ecological (legislative) restrictions. We assume that supply and demand for different 
Recovery and Disposal (RD-) options are balanced in this PRD-strategy, so in our physical network 
design model we can assume that supply and demand are equal. 
In order to be realised, every RD-option requires a sequence of processes, where every process type 
requires a specific facility type. The following entities are assumed to be known: 

• for each supply point: the amount (kg) of discarded products, specified per RD-option 
• for each customer demand point: the amount (kg) of secondary products, specified per RD-option 
• for each RD-option: the sequence of facility types required to reatise this option 
• for each facility type: a set of feasible locations plus investment and (constant and variable) 

processing cost at these locations 
• distances between all possible Jocations plus transportation cost. 

For simplicity, we neglect the problems concerning material toss or emissions during the processing. 
We also assume that there is only one problem owner- the OEM - and only one type of return product. 
Of course, in practice many complications might arise. Therefore, we shall discuss extensions of the 
model is Section 5. 
Now, in the physical network design model, it is to be determined for every facility type which 
location(-s) should be opened and, furthermore, how many products would flow through these 
Jocations. The aim is to minimise the sum of transportation, processing and investment cost while 
demand and supply constraints are satisfied. 

3. Model formulation 

Numerous models have been developed on the issue of (discrete) facility location analysis. Excetlent 
reviews of general models can be found in [3] and [2]. Also, more specific models can be found for 
solid waste management, for example in [I]. However, these models are not suitable for our purposes 
for the following reasons. First, we have RD-options according to which discarded products should be 

206 



3 

processed. These RD-options are realised by a sequence offacilities. Since every facility can be located 
at a different location, we need a multi-echelon model. This is beyond the scope of the models 
mentioned above. Second, apart from [I], all models deal with only one type offacility, while we wish 
to include multiple facility types. 
Therefore, we developed a new model, that incorporates all relevant aspects from our problem 
definition. The basic concept that underlies the model is explained in Subsection 3.1. Subsequently, a 
MI LP-model- basedon this concept- is formulated in 3.2. 

3 .1. The concept of routes 

The heart of the model lies in the concept of the processing route. As mentioned before, every RD
option requires a sequence of facility types. For every facility type, a set of locations is available. 
Overlap is possible, i.e., one location can contain zero, one or multiple facilities of different types. 
Now, the clue to the problem is togeneratea set ofpossible physical paths for every RD-option. Every 
physical path - consisting of a sequence of facilities, each facility assigned to a location - is called a 
processing route. Note that a facility -and thus a location- can be part of multiple processing routes. 
Every processing route can be used by return products assigned to the corresponding RD-option, at a 
certain cost per kg, i.e., variabie processing costs per kg of every facility on the route and 
transportation cost between the facilities (from the first to the last facility on the route). A location 
must be opened, if at least one processing route is chosen that 'passes' through this particular location. 
lf multiple facilities are opened at one location, facility investment costs are charged for every single 
facility, hence investment costs are not shared. Facility investment costs are also not capacity 
dependent 
In addition, we need entry routes and delivery routes. An entry route is the conneetion between a 
supply point and the first facility of a processing route. Entry routes can be used at a certain cost, 
equivalent to the transportation cost between the two locations involved. Analogously, the customer 
takes away recovered products from the processing route via the delivery route. The 'delivery costs' 
are equivalent to the transportation costs between the last facility of the processing route and the 
demand point. The model now bas to determine an optima! contiguration of entry, processing and 
delivery routes. 

3.2. Construction of an MILP-model 

Schematically, the problem with one RD-option rl with one processing route pl and three supply and 
demand points can be represented as in Figure 2. 

Figure 2. 

ENTRY ROUTES 

CPptrt PROCESSING ROUTE 

DELIVERY ROUTES 

Mathematica! representation for one RD-option r1 with processing route p1 
and three supply/demand locations 
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To fonnulate our model we introduce the following notation: 

f 
loc 
Clt:tm· 
p 
r 
s 
c 
CPpr 
CE,rs 
CDpn: 
Vsr 
Der 

= 
= 

facility type, f=f1 •• fF 
location, loc=loc1 •• JoeL 
in vestment costs of facility type f on location loc 
processing route, p=p1 •• PP 

RD-option, r=r1 •• rR 
supply point. s=s1 .. Ss 
customer demand point. c=c1 •• cc 
processing costs for RD-option r via route p 
entry costs of RD-option r via route p for supply from point s 
delivery costs of RD-option r from route p to customer c 
supply of cars assigned to Rl)..option r at supply point s 
demand at customer demand point c for secondary products, components and 
matenals resulting from RD-option r 

The decision variables are: 

• XEprs = 

• XDpn:= 

the amount (kg) of products from supply points assigned to RD-option r to be 
processed via route p 
the amount (kg) of products assigned to RD-option r, processed by route p, 
de livered to customer c 
the amount (kg) of products assigned to RD-option r, processed via route p 

4 

Note that XP pr is an implicit decision variabie and dependent on XEprs and XDprc. In other words 

XPpr is equivalenttoL XEprs and L XDP"'. 
s 

• yf.ltK: = I, if location loc is open for facility f, else 0. 

The objective function to be minimised is: 

+ 
p r s p r 

+ 2:2: 
p r c I toe 

Restrictions are fonnulated to make sure that: 

• all supply V,r is processed correctly 
• all demand Der is satisfied correctly 
• all products entering a processing route are taken away from this route 
• if a route is used, alllocations at this route are opened. 

Let us now take a look at the results ofthe automotive case, which is described in the next section. 

4. Automotive case 

The case is built up as follows. First, we shall give a description. Then the data that serve as model 
input are descri bed. These data are derived from [ 6-15]. Finally, results are discussed. 
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4 .1. Description 

An OEM of automobiles takes back its family cars. All cars are treated exactly the same. so they can be 
considered as one type of car. Because of their outdated design, only two RD-options can be applied to 
the cars: 

1. The car is disassembied and reusable parts are reused in the car-repair business 
11. The car is disassembied and shredded. The shredder fluff is sold to material recyclers, who recycle 

the materials. 

Seven out of ten cars are processed according toRD-option I. and three out of ten by option II. Figure 
3 reflects the case graphically. 

I 00 ---+ I disassembly 
70 

CAR REPAIR BUSINESS 

~0 
30 

shredding MATERIAL RECYCLERS 

Figure 3. The PRD-strategy in the automotive case 

4.2. Model parameters 

Collection points as well as customer demand points are at three locations. There are seven possible 
locations for the disassembly stations and the shredders. Facility investment costs are different per 
location {per fadlity) due to different landprices. For each facility type, (variable) processing costs are 
equivalent for alllocations, so they have no influence on the optima! solution. Therefore. they are left 
out of consideration in this case, hence CP pr is now equivalent to the transportation casts between the 
locations on processing route p (generally, this is not the case!). Transportation costs are calculated by 
multiplying the distance between locations with a cost per kg of fl. 0.16 per km per ton. Facility 
in vestment costs are depredated linearly in 10 years, without interest. Below, we summarise the data 
for the oost parameters in Tab te 1, 2 and 3. 

points for: supply supply supply demand de mand demand 
facility loc .. BopZ Den Helder Zwolle Hoek v.H. Lemmer Roermond 
Enschede 38.9 37.8 11.5 35.4 20.3 32.8 
Groningen 47.4 24.1 16.6 39.8 12.3 44.3 
Haarlem 29.1 12.5 20.8 11.6 19.3 30.1 
Maastricht 29.1 46.4 37.1 36.1 46.4 7.2 
Middelburg 10.1 43.8 40.8 14.9 45.4 33.1 
Tilburg 10.1 31.5 25.3 17.3 31.4 14.2 
Utrecht 17.9 19.5 14.4 13.6 18.4 22.9 
Table 1. Entry and delivery costs per ton/km in Dutch guilders 
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facility Iocation investment cost shredder investment cost disassembly line 
Enschede 30.540.00 1.775.00 
Groningen 30.000.00 1.675.00 
Haarlem 30.303.75 2.237.00 
Maastricht 30.000.00 1.675.00 
Middelburg 29.932.50 1.662.50 
Tilburg 30.067.50 1.687.50 
Utrecht 31.755.00 2.000.00 
Table 2. Yearly facility investment costs in Dutch guilders 

Enschede Groningen Haarlem Maastricht Middelburg Tilburg Utrecht 

-Enschede X 

Groningen 21.4 X 
Haarlem 28.3 31.4 X Symmetrie 
Maastricht 41.6 53.3 35.5 X 
Middelburg 48.3 57.0 31.7 38.6 X 
Tilburg 29.9 41.4 20.5 19.7 19.7 X 
Utrecht 22.1 30.4 8.5 28.3 27.3 13.3 X 
Table 3. Transportation costs per ton/km between facility locations (Dutch guilders) 

Basically, two situations with different supp1y and demand parameters are analysed in the case. The 
supply and demand parameters are reflected in table 4 and 5. 

Collection point Collected volume RD-option I. Colleeled volume RD-option 2. 
Bergen op Zoom scenario I: 9 scenario2: 7 scenario 1: 5 scenario2: 3 
Den Helder scenariol: 5 scenario2: 7 scenario I : I scenario2: 3 
Zwolle scenariol: 7 scenario2: 7 scenario 1: 3 scenario2: 3 
Table 4. Yearly supply of cars intons for two scenarios 

Customer demand point Demand volume RD-option I. Demand volume RD-option 2. 
Hoek van Holland scenariol: 10 scenario2: 7 scenario I: 4 scenario2: 3 
Lemmer scenario I: 4 scenario2: 7 scenariol: 2 scenario2: 3 
Roermond scenario 1: 7 scenario2: 7 scenario I: 3 scenario2: 3 
Table 5. Yearly demand for secondary parts/materials intons for two scenarios 

4.3. Results 

The model was implemented in CPLEX, on a HP 90001710 workstation. Run times for the case 
parameter settings were around 5 seconds. The results are as follows. 
In scenario 1, the supply is (9,5,7) and (5,1,3) tons for RD-option I and II respectively, while demand 
is (10,4,7) and (4,2,3) tons. In this scenario, disassembly lines are opened in Tilburg and Utrecht and a 
shredder is located in Tilburg only. The contiguration of the network -in termsof entry, processing 
and delivery routes- is reflected in Figure 4a. Overall costs are 4.313.680 guilders per year, variabie 
processing costs not included. 
1n scenario two, supply and demand are (7,7,7) and (3,3,3) for both RD-option I and 11. Now, a 
disassembly line is opened in Utrecht and a shredder in Haarlem. Overall costs are 4.392.639 guilders 
per year, again variabie processing costs excluded. The contiguration of the network is reflected in 
Figure4b. 
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Figure 4a. 

RD-option I. 
RD-option 11. 

Optima! physical netwerk for scenario 1 

5. Discussion and conclusions 

0 
0 

Figure 4b 

l 
= facility location j. 
= supply/demand point 

Optima! physical netwerk for scenario 2 

7 

In this paper, a model was presented to determine an optima) physical design for a multi-echelon 
reverse logistic system. It can deal with more than two echelons and multiple facility types and is 
therefore more suitable for our purposes than the models found in the literature. 
The managerial usefulness of the model can be exploited in scenario analysis, as module in a 
hierarchical decision process. For example, the management of the OEM might like to know the 
impact of: 

• opening or closing offacilities in an existing network 
• changes in transportation costs due to increased tariffs or improved infrastructure 
• the implementation of new recovery technologies, resulting in different cost functions or entirely 

new RD-options 
• new supply points or customer locations. 

In addition, sensitivity analysis might provide interesting insights in the influence of supply, demand 
and cost functions on the optima] solution and the need for accuracy in parameter estimation. 
However, the model also has its shortcomings. To a large extent, this results from the problem 
definition. We have restricted ourselves toa relatively easy problem, which might be more complicated 
in practical situations. Therefore, further model extensions might follow from changes in the problem 
definition of Section 2. Some examples include problem situations in which: 

• supply and demand are not balanced, hence no PRD-strategy has been detennined 
• customers do nottake full batches of secondary parts or materia Is but only partsofit 
• the OEM co-operates with other OEMs 
• the OEM has to deal with multiple product types 
• facility investment costs are capacity related 
• the number of facilities is limited per location 
• the capacities of facilities are restricted 
• minimal throughput for each opened facility is required 
• volume reduction, emissions and materialloss occur during recovery processes. 

211 



8 

A lso, the computation time might strongly increase, when problem instances grow larger than the case 
we presented in Section 4. The problem complexity may be reduced by: 

• clustering of supply and demand points 
• reducing the set of possible routes by eliminating routes unlikely to be selected. 

Our future research aims at improvements ofthe model on the above aspects. 
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Tbis paper deals with determination of optimal recycling strategies for those sOphisticated packaging 
materials that can rather be considered as product carriers. Starting from an example from practice, a 
modelling technique bas been developed to evaluate different possible routings of products and mate
rials. Two related approaches are discussed; a simple graphical metbod to select the optimum routing, 
and a more advanced metbod based on optimisation techniques and appropriate to cases in which a 
more complex routing is required. Both methods are applied to a practical situaton. Results of this 
study have been discussed and result in recommendations for extension of the methods to a generally 
applicable decision aid tooi. 

Introduetion 
Producers and users of pacldng are increasingly faced with the environmental require
ments of handling these products. 
In the Netherlands, e.g., many users have made deals with the government, on a semi
voluntary base, to process a certain share of the packing they have used, in an envi
ronmentally conscious way: the so-called convenants. If customers sign such conve
nants, the supplier of the respective packaging materials will become involved in the 
responsibility and will have a considerable share in realising reasonable decisions with 
respect to this question. Contrary to the many packing matenals and products that rep
resent a relatively low specific value, there also exists a class of sophisticated packing 
matenals -or product carriers- that should meet special requirements. Product recy
cling is desirabie bere from an economie point of view, although both product and 
matenals recycling are limited by strict quality requirements. 

This contribution deals with a case study on reels, that are used to carry the polycar
bonate tapes that bear tiny electronic components, the so-called surface mounted de
vices (SMD's). SMD's -essentially resistors and capacitors based on semiconductor 
techniques- are handled by pick-and-place machines to mount them on printed circuit 
boards (PCB's). This proceeds mainly at other sites and often by other companies then 
those from where SMD' s origin. This implies transactions and transport, that may 
hamper tracability of the reels. The reels should meet strong requirements on dimen
sions and on both dimensional and anti-static properties. To indicate the environmental 
burden of these products: in the present situation about 1000 tonnes/year of discarded 
reels are disposed of in Europe. 
The case originates from a problem, stated by a producer of reels that is faced with the 
fact that customers desire to return their used products. Consequently, the producer 
wishes to make a systematic review of the possibilities to deal with this challenge. 
Moreover, a metbod for supporting a satisficing choice out of the available solutions 
should be developed. The resulting solutions should be viabie both from an economie, 
an environmental and a technical point of view. So multiple criteria should be met. 
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Consequently, two phases can be discerned: 
• Developing a rnadelling metbod to generate solutions, 
• Application of the model to decide which salution should be selected 

From both a practical and a scientific point of view, the metbod should be flexible up 
to such a degree, that it can be applied to general situations. 

Physical production chain. 
Although in this study not the complete lifecycle Figure 1: Schematic diagram of the pro
ftorn eradie to grave is considered, the chain duet lifecycle. 
approach is crucial to all aspects of the study 
described bere. This approach manifests itself in entllliY rn.-ia~s 

the concept of both the supply chain (focused 
on quality) and the physical materials-process 
chain [see, e.g., l.]. The latter is basedon mate
rials and energy flows, connecting processes 
with each other. Both different companies : 
(suppliers, producer, forwarder, user etc.) and 

1 
rtiT"-t..,...L2:!:~~~ 

different processes within these companies can 
be considered as links in the chain. 

In a schematic model of a product lifecycle, see 
figure 1, one meets the following chain of proc
esses: 
• Extraction of raw materials ftom nature 
• Production, subdivided in three subsequent 

subprocesses: 
• Materials production: creation of intrinsic 

properties 
• Parts production: creation of extrinsic 

properties 
• Assembly 

• Consumption 
• Upgrading 
• Discharge 

In general a definite hierarchy in upgrading dis
carded products is present: product recycling, 
materials recycling, materials downcycling 
( cascading), cambustion ( energetic recycling), 
and disposition. Although product recycling is 
preferable, both ftom an environmental and an 
economie point of view, it is counteracted by 
qua/ity requirements that, in the case of sophis
ticated packaging tools, are of crucial impact. 
Even in the situation without recycling, the 
meeting of quality standards is difficult, espe-
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cially with respect to anti-static properties. Therefore, this present situation should be 
studied thouroughly, prior to study recycling options, and the actually existing quality 
problems should be consciously analysed in order to optimise the situation in advance 
and to adapt it to the requirements set by the implementation of a possible recycling 
process. Next a systematic inventory of possible solutions should be generated and 
subsequently the desired characteristics for an optimal solution should be defined. To 
that order, quantitative data should be gathered to support the selection of one or 
more optimal solutions. Finally, the selected solutions should be studied into more de
tail in order to end up with a reliable evaluation oftheir feasibility. Subsequently, im
plementation can take place. 

The actual situation is typically characterised by a linear supply chain: 
• Materials production 
• Reel production (moulding, assembly, inspection) 
• Transport to customer 
• Customers 

• Producer of electronic components 
• User of electronic components (producer of printed circuid boards) 

• Wholesaler 
• Final processing (unwrapping) 
• Disposition 

The anti-static properties of the products are crucial. These are obtained by addition of 
a hydrophile additive to the basic material polystyrene, to enhance surface conductiv
ity. The production process consists of moulding the required parts and subsequent 
assembly. It lasts about one day before the anti-static properties are apparent, because 
the additive bas to migrate, after the moutding process, to the surface. Determining the 
anti-static properties proceeds by measurement of the surface conductivity. This re
quires reproducible extemal circumstances as, amongst others, a conditioned climate. 
Moreover, close co-operation and adequate exchange of information between the 
supply-chain partners: materials producer, reel producerand customer, is compulsa
tory. Even the present situation is far from i deal, in spite of continuing improvement 
efforts. An important constraint to recycling of the used reels is the inevitable down
grading of materials, particularly with respect to anti-static properties, during use and 
matenals reclaiming. Consequently, the recycled materials can no longer be used in reel 
production or may at best be applied as a small share to the bulk material. 

In analysing recycling options, changes in the actually applied process should be ac
counted for. Possible introduetion of new technologies to the production process 
should be included in the study, in particular those technologies that eliminate some 
difficulties arising in the case of recycling. With respect to anti-static properties, coat
ing is a promising emerging technology. In this case full recycling ofthe basic material 
is possible because the anti-static properties are obtained by the coating and not by the 
bulk material. Another problem met in recycling is contamination, in particular due to 
the use of stickers by the customers. It should be stressed that during the 
'consumption' phase of the reel transactions take place between the producer of the 
components and the user of the components. These are accompanied by transfer of 
information. Laser engraving of product and elient data or barcodes on reels is an op-
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tion for rnaicing supertluous the use of stickers. It indeed facilitates tracking and trac
ing, but does not completely exclude sticker use by costomers and wi1l, moreover, 
cause logistic problems that still increase if the reels might he reused. 

Recycling options 
In figure 2 a schematic view of possible routes of the product between different com
panies is presented. It starts with matcrials production by the process industry and sub
sequently shipping it to the reel producer. The reels are shipped to the S:MD producers 
that wrap them with S:MD-containing tapes. Subsequently, the wrapped reels are for
warded to a multitude of PCB producers. In the most elementary routing scheme, the 
reels are disposed of after use. Disposal, however, is not desirabie from an cnviron
mental point of view and it wi1l, consequently, he restricted in the near future. From an 
economie point of view, repeated exchange of reels between the PCB producerand the 
S:MD producer will he realistic, in so far quality requirements are not violated and 
shipping costs are reasonable. Similar considerations hold with respect to shipping 
from S:MD producer back to the reel producer, where the reels are cleaned and tested 
on visual, dimensional and anti-static properties. Next, the decision is made whether or 
not the reels are suitable for reuse by the S:MD producer. Other alternatives are down
cycling of the products by using it for another -less sophisticated- purpose, or shred
derlog it internally or extemally. The current technology does not permit, however, the 
reuse of the granulate for the same purpose because anti-static properties are impaired 
by materials reclamation. So, downcycling is compulsatory, although addition of a 
certain share of secundary granulate to the virgin material is permitted without violat
ing quality requirements. 

Figure 2: Different partners within the supply-chain. 

exblmal 
materiala 

downeyding 

These and other considerations lead 
to a choice tree like that in figure 
3ab, showing different recycle op
tions by trajectories. Figure 3a pres
ents conventional technology, while 
figure 3b shows the choice tree in 
the case of adapted technology, viz. 
coating. The basic framework of the 
diagrams is the process-product 
chain, with free choices represented 
by open circles and forced splittings 
by filled circles. Free choices are 
splittings of product flows towards 
different processes that are adjusted 
by decisions taken by the manage
ment. The flows at forced splittings 
are dictated by physical constraints. 
When anti-static coating is applied, 

the requirements to the basic material of the reels, polystyrene, are relaxed to such a 
degree that full matcrials recycling is possible. So there exists a cycle of the reels be
tween S:MD and PCB producers, ti11 they are rejected by the users as a result of tests 
on visual, dimensional or anti-static properties. Rejects on anti-static properties can he 
recovered by coating at the reel producer. Reels retuming to the producer wi11 he 
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coated again to reeover their anti-static properties. The only testing beferehand there is 
on visual and dimensional properties. 

Choice of recycling alternatives 
The valuation of the different possible alternatives proceeds with respect to multiple 
criteria, the most important of them are: 
• Technical 
• Economie 
• Logistic 
• Environmental 

With respect to technical critera, reliability and tlexibility should he mentioned. 
Requirements with respect to quality should not he violated. 

Economie characteristics, costingin particular, are apparently easily quantifici
able. However, ambiguity is present up to a large degree, as the costs highly depend on 
the metbod of calculation. This is apparent, e.g. in storage and Iabour costs, in the way 
available free capacity is passed on, in the methods that are applied to allocate common 
costs to separate activities, and many other topics. 

Logistics is a complicated topic in the case of recycling [2,3]. In the above 
mentioned process-product chain many transport and storage processes play a role, 
although not explicitely indicated in the figures for the sake of simplicity. Lot size is 
crucial. Possibilities of combined transport should he taken into account. This, how
ever, requires information from outside the systems boundary. In a preliminary viability 
study, that usually preeerles a more detailed etaboration of the problem, this grade of 
detail is not desirabie and the discrete product tlows are approximated by continuous 
tlows. Within the domain of logistics, many actors play a role. The reel producer is in 
general not informed about logistics between SMD-producer and PCB-producer, and 
is not the owner of the reels within this stage of product life-cycle. Although the reel is 
actually "consumed" within this stage (it provides services to the user at the cost of 
quality degradation), it is considered by the user as a utility for production. 

Environmental criteria can he evaluated within a definite accuracy, using stan
dardized methods like LCA. To that order, materials and energy balances [4] of each 
link in the chain should he established. lt should he emphasised that environmental 
characteristics are either positively or negatively correlated to technical, logistic and 
economie aspects of the process chain. 

As bas been previously mentioned, it is possible to derive the number of possible alter
native routes straightforwardly from the choice tree. Therefore one starts from down
streams the production chain and proceeds upstreams. At a free choice node, numbers 
of possible sequences are added; at a forced splitting, they are multip lied. The conven
tional case of figure 3a enables 13 different routes; the advanced case of figure 3b, in
cluding coating, offers 15 different sequences as is indicated in the picture. These pos
sihilities need not all be studied within the same detail. If, e.g. intemal shredding is 
evaluated in the conventional case of figure 3a, only the benefits (with respect to the 
desired different criteria) of intemal and extemal materials downcycling should he 
compared. Only the most beneficiabie alternative should be applied within the further 
study, and the other should be rejected. To that order a cost function is connected to 
each activity. Costs are meant bere as a general concept, the different criteria included 
in them being provided with appropriate weight coefficients. In doing so, the process 

217 



N -()0 

extemal 
pracluct 

downcycling 

lntemal 
pracluct 

Ncyeling 

lntemal extemal 
materiBIS materlala 

downcycling downcycling 

extemal extemal diSposal 
pracluct matenals 

dCMncyclingdowncycllng 

Intsmal 
recycHng 

extemal 
pracluct 

downcycling 

0 hecholce 

• aplitting of tlowa 

t 

(!) 
lntemal lntemal lntemal extemal extemal extemal dispalal 
pracluct malerlala materiata materiata pracluct materiata 

recycling recycling downcycllng cbmcyclinadowncycllngdowncycllng 

Figure 3: Choice tree of anti-static reel recycling options, with number of sequences indicated. 
3a: current technology; 3b: adapted technology 



tree is systematically cut, until a single alternative remains: the optimum one. This can 
be repeated at other conditions to investigate the sensitivity of the optimal solutions to 
external changes. This is a similar procedure as in determining the optimal disassembly 
sequence [5,6]. 

Mixed options. 
Actually, not a single recycling option, but rather a mix of options should be selected, 
due to restrictions imposed by the system under consideration. Figure 4abc shows 
three alternative recycling options: the linear chain, the conventional closed loop and 
the adapted closed loop. They all include combinations ofthe 13 respectively 15 pos
sibie routes offigure 3ab. 

The linear chain is the present situation. Here the production of reels depends 
on the demand from the SMD-producer, that is represented bere by the wrapping 
process. From there the reels are forwarded to the PCB producers. A definite share of 
the reels is, after use, returned towards the SMD producer. After a selection proce
dure, based on visual, dimensional and anti-static properties, the accepted part may be 
reused by this producer and wilt, consequently, return into the process, apart from the 
responsability of the reel producer. The actual return percentage is rather small (< 
500/o) and it is assumed that in the present both losses and rejects are disposed of and 
leave the chain. 

In the conventional closed loop case a restrietion is imposed on materials re
cycling. Because of the requirement for anti-static properties, no new reels can be fully 
made out of recycled materials. Only a part of the basic material can be replaced by 
secondary granulate without impairing quality requirements. 

In the adapted closed loop, there is no restrietion imposed on the application of 
secundary material because the anti-static properties are obtained by coating. This case 
will be used bere to present the way how modelling of a mixed option can take place, 
in order to optimise the sequence. In figure 4 the advanced closed loop is presented, 
with the symbols added for the quantities of product tlows (xi) and the generalised 
costs of each process (ei). The model consists ofthe following relations: 

7 nodular {'product') equations: 
X2= XI +x12 
X3 =x2+X13 
X4=X3 +x1 
X4=xs +Xt; 
X6 = x1+Xs 
Xs = X9 + Xto + Xt3 + Xt4 
Xto = Xn + X12 

6 technica/ {'process ') equations: 
X6 ~ a·X4 (return percentage) 
x1 ~ (3·Xt; (accept percentage) 
XtJ ~ y·x. (accept percentage) 
x9 ~ ö·x. ( second choice) 
x12 ~ e·xto (return percentage of shredding) 
C9 = A·Xt; + f(xJX4) (cost dependance of return percentage) 
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2 economie (' market ') constraints: 
~ = D ( dentand by PCB producer) 
x9 ~ E (restricted dentand ofproducts for lower-grade purposes) 

1 technica/ (process ') constraint: 
x10 ~ F (restricted internal shredding capacity) 

objective function: 
min {x1·c1 + x2·~ + x3·c3 + ~·c4 + X5·c11 + xt;·~ + Xg{c6+c10) + ~·C, + x 10·Cg + x11·c12 

+ X14-c13} 

The costs are meant here as generalized ones, for they may include financial expendi
tures as well as sacrifices on other domains ( environmental, flexibility, quality and so 
on) that should be aggregated using appropriate multi criteria techniques. 

A simple example of a plausible expression for cost dependenee of return percentage is given by (see 
tigure 5): 

This shows an asymptotic behaviour if full return percentage is reached. 

0 

Environmental constraints can be introduced in the 
model by increasing the costs of disposal of discarded 
reels and shredder residue. Additionally, a trade-o:ff 
between costs and technical performance of the proc· 
esses may be added to the model. One should take care 
of the systents boundaries. This is illustrated in the 
model as follows: If, e.g. the costs of disposal of 
shredder residue increases, the cost of external shred
ding will increase too, because it also produces shred· 
der residue. This, however, is beyond the scope of the 
system that has been modelled. 

Conclusions and recommendations 
Figure 5. Recycling cost as a Recycling of sophisticated packaging products should 
function of the recycling percent- be considered with even more care as that of more 
age. 

simpte packaging. The relatively high value of the 
products makes product recycling to a potentially interesting option. lt should be 
stressed, however, that strict quality requirements may interfere both product and 
materials recycling. 
Two complementary methods have been elaborated to select recycling options: a 
graphically-oriented 'discrete' one and a more sophisticated 'contineous' one, based 
on linear or non-linear optimising methods. The latter is indispensible if the sequenc
ing of materials and products isn't unequivocally linear, but characterised by a mix of 

221 



different routings, dependent on generalised cost minimisation and extemally deter
mined constraints on demand and capacity. 

The simplified version presented bere possesses a weakly non-linear structure. This 
makes it suitable for calculation by standard solvers, like GAMS and AIMMS. 

Such models can he applied to three related purposes: 
• Evaluation ofinvestments in new capacity and/or new technology (strategie level) 
• Evaluation of optimal recycling strategies (tacticallevel) 
• Evaluation of optimal routing (operationallevel). 
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On behalf of Agfa-Gevaert AG the Fraunhofer IML was partner in developing the APS film with 
lens camera • Agfa Easy• in the fields of eco-design and reverse logistics. An eco-balance
methodology-based camparisen between the preceding and the new camera model reveals an 
overall ecological benefit for the reuse concept. The benefit of reuse of parts and materials 
outweighs the negative ecological impact of worldwide reverse logistics by far. 

1 Ausgangssituation und Zielsetzung 

In 1996, within the scope of extending its product spectrum, Agfa-Gevaert AG launched a 
newly designed APS camera of the film-with-lens-camera type (project name: Snapshot Unit -
SSU) with two variants - with and without integrated flashlight - as fellow-up model for the 
LeBox one (film with lens - FWL). The product was developed in cooperation with the 
Fraunhofer IML with the objective to return - as far as possible - used cameras after first (single} 
use into the production of new cameras: by reusing components (after thorough quality control) 
and- where not possible- by recycling the used camera materials. 

Parallel to the development of the camera the Fraunhofer IML worked out the concept for the 
redistribution system needed for returning the used SSU to the Guangdong (China) production 
plantand carried out a simplified ecological camparisen basedon the LCA-methodology [1] (i.e. 
comparison between savings by component or material recycling and additional logistic 
expenditure). For practicability reasons, the work was restricted to the estimation of the index 
quantity of cumulated energy need and to the aspect of waste amount. 

2 Balance structure and data basis 

The following scenarios were compared toeach ether: 

A planned SSU reuse concept 
worldwide colleetien andreturn to Guangdong, component recycling to the greatest extent 
possible, otherwise material recycling (for the production of new SSU) 

B SSU with regional recycling I disposal: 
regional collection, shreddering, material recycling (indefinite secondary products), disposal 
depending on the regional situation (combustion <-> depositing) 
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C FWL (LeBox) - actual (1995) situation: 
regional collection, shreddering, material recycling (indefinite secondary products), disposal 
depending on the regional situation (combustion <-> depositing) 

lf not differently noted, all reports on balancing - material and energetic ones - do also cover the 
complete pre-chains. All essential hypotheses and basic thoughts will be explained in the 
following. 

2.1 Material-linked contributions 

The material-linked in- and outputs are calculated on the basis of single part specifications and 
the specific cumulated energy need. 

For polystyrene (PS) and polyvinylchloride (PVC) the PWMII APME balance data [2] were taken 
as a basis. The data for polybutadiene terephthalate (Pan. polymethylene methacryalate 
(PMMA) and acrylonitile butadiene styrene (ABS) as well as fortransparent polystyrene (PS
Ciear) were determined by proximation with the rule of three from the energy valenee data 
ascertained by Kindier I Nickles [3] and from the ·hard· data available for PS main plastics. The 
phenol formaldehyde resin (flash board carrier materia I) data are based on details given by the 
manufacturers. 

The data for (electrolyte) copper, (spring) steel and bronze are based on investigations of 'ifeu 
lnstitut fOr Energie- und Umweltforschung Heidelberg GmbH' (ifeu - lnstitute for Energy and 
Environmental Research Heidelberg Ltd.) [5]. Concerning the data for the capacitor aluminium 
(different qualities for beaker and capacitor foil), special data of an important German 
manufacturer were taken as basis. 

A (strong) paper printed in multicolour, lying behind the transparent outer cover contains 
information about the SSU. The data provided by Haberstatter et. al. [5] serve as calcualting 
basis. Owing to data lack the Haberstatter ones were also applied for balancing the hard paper 
used for the basic board material as well as for the paper used for the capacitor. 

Thus, 54 % of camera material mass could be taken into account exactly, an additional 38 % of 
mass by applying energy valenee conditions, and only 8 % of mass are based on estimation 
(based on SSU Flash mass portion). 

2.2 Production-linked contributions 

Power consumption for the process stages of plasticization and injection is the main 
(production) energy consumption influencing factor in plastic part injection molding. The 
specific energy consumption is varying within relatively wide limits- even at optimal production 
machine adjustment and new technology - depending from weight of parts, shape of parts and 
number of shape nest (approx. 0.5 ... 15 kWh/kg). After consultatien with Agfa-Gevaert
Rottenburg (German production plant), by considering the above criteria, all injection-mold 
parts were assigned to three classes of different, specific energy consumption (3.5 and 1 0 
kWh/kg). The part weight/mass serves to calculate the power consumption needed for injection 
molding. With the aid of specified energy model in chapter 2.6 the power consumption is 
converted onto primary energy sources. 

Acc. to the knowledge of Fraunhofer IML, there are no findings available to make an eco
balance for the high<omplex component of the (flash) board at present. Within the scope of 
internal actlvities and on the basis of confirmed manufacturer's data, the materials for the board 
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production incl. the used electrooie components (transformers, capacitors etc.) were determined 
and their contributions taken into account as given under chapter 2.1 • 

2.3 Logistic contributions 

The worldwide redistribution concept developed by Fraunhofer IML provides a multi-stage 
chain: The (singly) used SSU will be collected at selected, decentral shops and, through a parcel 
service, sent to the local collecting point (stage 0). From there transport will be continueet to the 
regional collecting point, usu. that one of the resp. Land of the FRG (stage 1), and then toa 
national collecting center (stage 2). Afterwards the cameras will be transporteet to a sea port 
(stage 3). The final stage of the concept is the shipment to Hongkong (stage 4). 

Dependent on the transport stage considered - especially for stage 0 ••. 3 trucklroad transports -
transport packagings (loading units -> weight increase), truck type, truck capacity utilization as 
well as transport distance have to be determined. Then, the worldwide average transport 
distance within the single stages has, toe: 

By evaluating the quantities (to be) transporled on the single transport distances (depending on 
regionally dittering delivered quantities and colleetien quota) it was possible todetermine the 
respective mean redistribution distance within all transport stages. On the basis of that distance 
transport means fuel consumption was calculated and that- after including the relevant pre
chains[4]- results in the total cumulated energy consumption for the redistribution of the used 
cameras incl. the needed packaging and/or containers. 

Applying secondary material acc. to the SSU Reuse Concept the transport capactties needed for 
supplying primary material decrease. This effect was net taken into account within the study for 
the reasen of incomplete data and a lew absolute contribution. 

2.4 Modelling component reuse and material recycling 

A simple calculation of the average reverse quote by means of the absolute delivery and 
redistribution figures over the entire system period is net permitted since 

- the return of the first used cameras to (their) production is effecteet with considerable time 
delay (the first SSU are manufactured completely from primary material); 

- after stop of production, a portion of the SSU still being at the customer is returned (this 
relatively high portion - caused by greater sales towards market final - cannot be returneet to 
the production); 

- the SSU prognosis provides a continuous sales increase. Additionally, introduetion on the 
market will first be made within the main sales regions and then - time-delayed - in the ether 
regions; 

- for the single sales regions different recording data are supposed (but constant ones for the 
system period). 

A worldwide return rate of 38.6% (referring to the number of sold SSU) wastheresult in view 
of all influencing factors mentioned. 

The returneet SSU undergo a quality test and are dismantled, if necessary. The reusable SSUs or 
components as well as these components being reusable as production material are fed to new 
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SSU production. The components left are shreddered and then recycled (fed to waste disposal 
or used for other materials); the method implies no bonus for reusable materials (open life 
cycle). 

Different recycling possibilities for different components result from the demands on the 
material andlor component features. Reuse and recycling rates are at last depending from the 
specific component; therefore, all used components are assigned to specific component groups 
for which the specific rates (new net material, new net production etc.) have to be determined. 

For scenarios with open life cycle (B and C) the products are regionally colleeteel and fed to 
disposal after shreddering (B) or regionally fed to disposal without collection (C). 

The regional conditions (mixed percentage) were taken as basis for the kind of disposal 
(disposal, combustion) to be used for non-recycled components in all scenarios (see below). 

2.5 Disposal-correlated contri butions 

All resource recovery, material production and production wastes, the SSU not recorded and the 
unrecycled portions of returneet SSU (incl. shreddering wastes in the B and C scenarios) have to 
be assigned to the way of disposal. They are either stored on a disposal plant or fed to 
combustion. The distribution tothese two opportunities is differing from country to country. 

For the reason of the disposal plant standards considerably differing from region to region and 
no data available, the process of waste disposal will be considered in this study by two effects 
only: 

The waste portion to be deposited is binding disposal plant capadty. An energy bonus for using 
gas extraction is not granted. 

The other waste is fed to combustion. There, their combustion enthalpy is releaseet (below 
thermal power/calorific value). In view of an average total thermic coefficient of a combustion 
plant an energy bonus is granted here. This firstly applies to high thermal power cameras (-> 
plastics) not recorded within the scope of a redistribution system. 

2.6 Energy models 

lf not otherwise given, the UCPTE 1990 energy model based on the western European power 
interconnection will be used. The aluminium production data are, acc. to data of the 
manufacturers, basedon a specific energy model having- in accordance with real conditions- a 
higher portion of water power. For the lack of data a model for the energy production in China 
was not developed. 

2.7 Effects of the selected modelling 

Energy need estimation of materials without available data to be charged on or few 
components not taken into account do not considerably bias the results, since reliable data were 
used for the most portions. 

Not taking into account of production stages owing to Jack of data, especially for electronic 
components (flash board), means that the cumuiateel energy need determined by this study for 
the production of the camera variants is below reallevel. Thus, as a consequence, the recycling
correlated • bonus • of the respective scenarios is also lower than in • reality•. whereas the 
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additional need owing to logistics can be determined exactly on the basis of the transport 
model. 

This also applies to the •false· energy model for China: The average energetic efficiency 
coefficcient for the production of electrical power is certainly weaker than that one of the 
UCTPE 90 model applied. This means that - owing to loss of a portion of the production of new 
SSU by recycling (esp. injection molds) - more primary power is saved in reality than calëulated 
by this study. 

The suggestions made do finally lead to the SSU reuse concept (scenario A) being judged lower 
than the •real• conditions are. The determined •ecological superiortty• of the SSU concept 
might therefore be a (still) greater one in reality. 

3 Results 

The results clearly show that the SSU reuse concept (scenario A) in respect of the ecological 
master quantity of cumulated energy need provides a considerable advantage compared to the 
other scenarios examined. 

Among the suggestions made, especially by considering the suggested reverse and quality 
assuring quotas, a considerable superiority is ocurring in comparison with the •old• FWL models 
so that the application of the (transparent) protective hood with its relatively high portion of the 
SSU's total weight, resp. the SSU Flash one, is nevertheless clearly justified in comparison with 
the sum of the material need for the FWL. 

OWing to the method, the relief in view of the waste amount, however, does not turn out so 
clear. The wastes from the pre<hainsof the single process stages do actually decrease compared 
to scenario B as a consequence of the lower net number of parts to be manufactured, however 
a significant waste decrease by the (partially) closed recycling cycle of the SSU reuse concept can 
not be discovered. The reason is that also for scenarios B and C the colleeteel cameras are fed to 
a- undetermined- component recycling and thus not ocurring as waste. Furthermore, approx. 
75% of the waste to be fed to disposal is caused directly by non-recyclable cameras. Therefore, 
the absolute camera weight is the dominating factor. 

The main cause for the savings attained by the SSU reuse concept ist the reuse of the energy
intensive flash board component. tts contribution to the cumuiateel energy consumption savings 
is approx. 35% (530 to 812 MJ) compared with scenario B, the greater portion of which caused 
by (decreased) production. The flash board capacitor supplies the main amount (90%) of that 
component 

The regional colleetien of used SSU with following shreddering and non-determined recycling of 
the used materials does only provide the advantage of a decreased amount of waste by the 
used cameras - acc. to the method no input bonus is granted for the recycling into other 
products. 

4 Resumé 

The study on hand undoubtedly shows the ecological advantages of the selected recycling 
strategy for the product • single use camera· and does it though the logistic need of 
redistribution to the central, worldwide • colleetien point • (= place of production) is certainly 
considerable. 
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In the face of contested markets the ecological component is at least decisive just as the 
economical one is. Only if succeeding in the realization of cost-optimal redistribution strategies 
for ·valuabte• components the manufactureres will be willing to fellow a way as outlined in this 
study. lnterestingly enough, the most expensive component of the product on hand is, by far, 
simltaneously the most energy-intensive one - the capacitor. 

Ecology and economy do nat gape open in this case - an exception only? 
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Scenarios 

A: SSU-reuse-concept 

worldwide colleetien and return to Guangdong 

component recycling to greatest extent possible 

material recycling to the greatest exent possible 

B: SSU with regional recycling and disposal 

reginal colleetien 

shreddering 

materai recycling (indefine secondary products) 

disposal depending on th~ regional situation . 

C: Fwl (Ie box) with regional recycling and disposal 

reginal colleetien 

F_CN6t02 

shreddering 

materai recycling (indefine secondary products) 

disposal depending on the regional situation 

Fraunhofer lnstitut 
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determination of return quota 

quantity 

planned production 

' 
1 "':!!ro time 

1 6 months 1 return before ·quality control 

I 48 months I 

f.CNIII04 

return quota -
return before quality control 

planned production 
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EuroDean transDort balance 

collectivity return transport distance 
region local - regional quantity regional - European 

collecting point collecting point 
rkml [km] 

Belglum. Luxembourg 221 • 0 
Denmark 196 • 737 
Germany 363 346.286 0 
Finland 98 • 1.979 
France 375 • 493 
Greece 337 9.402 2.135 
Great Britain 159 77.665 591 
Iraland 619 • 591 
ltaly 384 • ' 1.071 
Netherlands 262 • 0 
Norway 479 • 174 
Austria 883 • 0 
Portugal 611 • 1.741 
Switzerland 316 • 1.051 
Spain 620 • 0 
Sweden 302 • 1.741 

average 347 937.683 382 

Average transport distance (in km) according to density tor redistribution scenario "Europe": 1.005 

• Fraunhofer lnstitut 
MaterialfluB 
und Logistik 

transport distance 
Cologne- Rotterdam 

[km] 
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net-material-inout and net-oart-oroduction SSU flash scenario A 

RQ 

QS 

AQ 

RV 

AR 

EC 

EV 

OW 

m 

NM 

NB 

f_CN6106 

tnalèrial ..... ss 

Wl!ight lgl 1.51 0,77 

mumquota JU% 38,6% 38,6'1'. 

qualily control quota 10.0% 10,0% 10.0'1'. 

o.~ ..... quali!y control RQ•QS 3,9% 3,9% 

o.~ ..... of regranulallon ..... 10.0% 0,0% 0,0% 

mUil! of regranulalion rel AQ•RV 0,0% 0,0% 

dhpmalln China 11 AR..o lhon AQ 3,9% 3,9% elwAR 

local dhpmal I-liG 61,4% 61,4% 

req<11ng (parls) RQ-AQ 34,7% 34,7% 

req<6f19 (tnaleriaQ il AR.O then AR 0,0% 0,0% elwAQoAR 

net-milterlal-Input rel. l.fiN.fN 65,J% 65,J" 

net•plrt"flroductlon I .fiN 65,J% 65,3% 

not·materlal.fnput abs. 1,03 0,50 

rnax. reu"' 10 wolght.·% 

lndiri!CI reu"' lgl 

eH. net-matertli-Input 

new mottrialinput lgl 
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PS 

34,21 

38,6% 

10,0% 

3,9'1'. 

10.0% 

0,4'1'. 

0,4% 

61,4% 

34,7% 

3,5% 

65,3% 

1,19 

PS PKG PS.CJear PMMA PIT PC advanc:e wheet 

O.t7 4,20 25,50 0,17 1,29 0,20 

38,6% 38,6% 38,6'1'. 38,6% 38,6% 38,6% I 
100,0% 100,0'1'. 100,0% 10,0% 10,0% 10,0% 

311,6% 38.6% 38,6% 3,9% 3,9% 3,9% 

10.0'1'. 0,0'1'. 10,0% 10,0% 10,0% 10,0% 

3,9% 0,0% 3,9% 0,4% 0,4% 0,4% 

3,9% 38.6'1'. 3,9'1'. 0,4% 0,4'1'. 0,4% 

61,4% 61,4% 61,4% 61,4% 61,4% 61,4% 

0,0% 0,0% 0,0'1'. 34,7% 34,7% 34,1% 

34,7% 0,0% 34,7% 3,5% 3,5% 3,5% 

- 100,0% 100.D% 61,1" 61,1% 61,1% 

100,0% 100.0% 100,0% 65,3% lU% """ 
- 4,20 25,50 0,11 0,80 0,12 

l,S3 8,86 

0,34 2,00 c--> 6,86 rnt PS-CINr 

55,2% rousable PS-CINr 
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cumulated energy consumption {flash-variant) 
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cumulated energy consumption (non-flash-variant) 
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Logistics and organisation of the eco-cycle- Eco-cycle 
Management 

earl Olsmats, MSc 
Packforsk - The Swedish Packsging Research lnstitute 
Box9 
S-164 93 KISTA 
Tel: +46 8 752 57 78, Fax: +46 8 751 38 89 
Email: carl.olsmats@packforsk.se 

Abstract 

Society develops from a supply chain structure towards a supply loop or eco-cycle structure. 
So far supply loops or eco-cycles have only been implemented for limited flows of materials. 
The structural industrial implications of a move into a large scale eco-cycle society are 
substantial. New approaches in managerial control will be demanded. Supply chain 
management will be replaced by supply loop or eco-cycle management. 

Key issues in eco-cycle design and control are: 
1. flexibility to cope with ever faster changing consumption patterns. 
2. balance between demand and supply of recycled material 
3. how to achleve stability and sustainability 
4. linking and networicing with related eco-cycles 

The eco-cycle is a very complex dynamic system and our experience in eco-cycle 
management is very limited. Due to the complexity of the task, model building and simulation 
are required to support development of new managerial strategies and practices for eco-cycle 
management. 

Introduetion 

A supply chain structure has been created to satisfy market demands in the industrialised 
society. The supply chain starts with raw material whlch is subsequently processed in a chain 
of linked companies. The supply chain is a complex dynamic system where time delays and 
structure results in fluctuations (FORRESTER 1961, TOWILL 1991). On macro-economie 
level this is illustrated by the trade cycle where times of prospecity are foliowed by times of 
depression. 

In most parts of the western world, we are lookii.lg at Wàys to achleve sustainable 
development from an ecological point of view. Legislation and consumer pressure is currently 
driving society from a supply chain structure towards a supply loop structure. So far supply 
loops or eco-cycles have only been implemented for relatively limited flows of materials. Few 
people have realized the full implications of a move into a large scale eco-cycle society. The 
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emerging industrial structure bas to be carefully designed to avoid drawbacks. New 
approaches in managerial control will be demanded. Supply chain management will be 
replaced by supply loop or eco-cycle management. 

A key issue to be raised is whether the eco-cycle society currently taking shape in the western 
world is adopted to the future life styles and demands from consumer and society. The new 
"high-speed society" will mean shortened product life cycles as well as higher demands on 
flexibility to satisfy market demands. Similar demands will be placed on the eco-cycle 
systems for products and packaging. 

Problem scope 

Balance 

Studies of supply chain dynamics bas showed that any demand changes at the consumer level 
will amplify considerably through the chain back to the raw material supplier (FORRESTER 
1961, TOWILL 1991). The bistorical record forraw material demand reileet this behaviour. 
Considerable fluctuations in demand and prices characterize most raw material markets. If we 
translate supply chain demand change amplification to the supply loop, the consequences can 
schematically be described by the tigure below. 

Product 

wr-
Packaging 
manufacturer 

Trade 

Consumer 

Recovery 

~ Injlowof 
"waste11 produels 

Zeetion 
~ Inventory of collected/processed 
V material 

Fig. 1 Schematical demand patterns in the eco-cycle 

The implementation of a sustainable eco-cycle society means a big challenge for the whole 
industry and particularly for the raw materialand recycling industry. The consumer will be the 
new supplier to the raw material industry. Unlike other suppliers, consumers will not supply 
just in time. This means that the recycler or reuse pool operator will be faced with a very 
difficult market situation. Supply and demand will be out ofbalance and can be schematically 
illustrated below. 

I 
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Supply 

Fig. 2 Schematical demand and supply fora recycler 

Physical storage space will be required for the buffer inventory that will be built up to cope 
with imbalance between supply and demand in the collection and recycling industry. 
Traditional raw material industries have a natura! storage space for its inventory, may it be a 
forest, an oilfield or a mine. During periods with lower demand, average "storage" time will 
increase. Increased "storage" time in the natura! inventory will not reduce the quality of or 
contaminate the raw material. Collected material for recycling on the other hand, has to be 
processed without too much delay, to avoid contamination and deteriorated quality. Virgin 
material can be compared with a big reservoir where the output can be controlled to match 
demand. Collected material on the other can be compared with a river, where the possibilities 
to control the flow are very limited. The flowing material has to be processed without delay to 
avoid "flooding", where collected material piles up and quickly loses its quality. 

Virgin 
material 

Fig. 3 The reservoir and the river 

Network 

'Waste" 
products 

Assume that technica! problems could be solved, so that recovery levels approaching 100% 
were possible. The eco-cycle would then still be very sensitive to market changès. The 
theoretica! closed eco-cycle with 100 % recycling cannot handle any market demand changes 
without shortage or surplus of material. A demand increase will quickly result in shortage as 
recycled material fed back in the system will not be suflident to cover demand. The opposite 
occurs fora demand decrease, where a surplus at some material processing stage will occur. 

I 
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Demand i~~ase :;~(::1 
Demand deeresse => &\ 

~~ 
Fig. 4 The closed eco-cycle is very sensitive to market changes 

The problem with surplus and shortage in the closed eco-cycle leads to further requirements 
on the eco-cycle. Each eco-cycle has to he linked with "valves" to other eco-cycles to allow 
material exchange (of material in different processing stages). This means that a networkof 
eco-cycles has to he organised to handle changing market demands. This can he compared to 
biological multitude. 

Fig. 5 A networkof eco-cycles 

Stability 

We can expect the raw material market to become even more irratic with the implementation 
ofthe eco-cycle society. High recycling levels willlead to excess capacity in the raw material 
industry, which will he reflected in lower prices. The restructuring of the raw material 
industry toadopt to the new market will certainly mean a period ofturbulence. We can also 
expect the relative fluctuations for virgin material to become larger, ifwe let recycled material 
he the future base for our material needs. With virgin material remaining as price leader, we 
can expect even more irratic raw material markets in the future. This can he schematically 
illustrated by the tigure below: 
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Today 

Demandfor 
virgin material 

jTomorrowl 

Example: 
50 % recyding level 

Fig. 6 More irratic raw material markets as relative jluctuations for raw material grow 

Cooperation tbraughout the supply loop is essential for sustainability, stability and success. 
Traditional producers ciumot simply leave the problems to theemerging recycling industry. 
Consumer pressure towards eco-cycle society is strong and the traditional consumer goods 
industry are those that will get blamed at first, if things go wrong. Bankruptcy in the recycling 
industry is one example of risk exposure. The transformation from a supply chain to a supply 
loop society is a huge Business Process Reengineering project, invalving fundamental 
changes to our industrial infrastructure. Participation is required from all actars in the loop 
and new management practices are required to achleve sustainable development. 

Eco-cycle dynamic structure 

The eco-cycle is a very complex dynamic system with a distinct feedback structure. The 
success of the eco-cycle society relies on the creation of smooth operating and stabie eco
cycle systems with good performance and resource utilization. With packaging industry in the 
lead towards a new society with recovery at large scale we have to be "pioneers" and show the 
way. The complexity of the packaging eco-cycle can be illustrated with a schematic block 
diagram for glass packaging: 
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Pack.aging cycle - glass 
Vlrgln 
m:, ... • !I!L-.--'------, 

Fig. 7 Block diagram eco-cycle for glass packaging 

Simulation reswts of basic dynamic behaviour for the eco-cycle will be presentedat the 
conference. 

Conclusion 

New management practices are required to control the eco-cycle system. The eco-cycle is a 
very complex dynamic system and our experience in eco-cycle management is very limited. 
Due to the complexity of the tas~ simwation is one of the tools required to support 
development of new managerial strategies and practices for eco-cycle management. 

To design our future full scale recovery systems we need more knowledge of eco-cycle 
system characteristics and anticipate model building and simulation as a very useful tooi for 
this application (TOWILL 1993). 

Suggestions for further research 

A research project is suggested with four main phases: 

1. To descri he the particwar eco-cycle for a packaging material group (eg plastics, glass, 
metal or paper). The focus is structure, lead times buffers and flows. 

2. To develop a dynamic simwation model for the eco-cycle. 
3. To verify the model by comparing simwated flows with real flows. Verification will also 

he made by interviews of key actors in the loop. 
4. To use the model for experimentation in order to develop strategies for eco-cycle design 

and controL The aim is to achieve sustainability, good performance and resource 
utilisation. 
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Solving the integer EOQ repair and waste disposal problem 

Kout Richter, Imre Do bos 
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Abstract: In this paper the the EOQ repair and waste disposal model wîth variabie setup num
bers n and m for production and repair wîthin some collection time interval is consîdered as an 
integer nonlinear program since differently from earlier papers, here these setup numbers are 
integers. Then the cost analysis for that model is extended to the extreme waste disposal rates 
and the pure (bang-bang) policy of either no waste disposal (total repair) or no repair (total 
waste disposal) is shown to dominate the strategy of mixing waste disposal and repair. 
Furthermore, the minimum cost function and the optimal solution for that integer program is 
described for the case, that neither the total repair option nor the total disposal option are fea
sible. Optimal and approximate solutions are presented for several subclasses of the problem. 

Key words: Production, EOQ model, waste disposal, cost minimization, remanufacturing 

1. Introduetion 

The EOQ-repair and waste disposal model introduced in [11-15] is basedon the follo

wing assumptions: A first shop is providing a homogeneous product used by a second shop at 

a constant demand rate of d items per time unit. The first shop is manufacturing new products 

in n equallots and it is also repairing products used by the second shop in m equallots. These 

numbers mannare called setup numbers. The repaired products are then regarded as new. 

The products are employed by the second shop and collected there according to a repair rate 

{3. The other products are immediately disposed as waste outside according to the waste dispo

sa/ rate a= 1 - {3. At the end of some variabie col/eetion time interval [0, T] the collected 

products are brought back to the first shop and wi11 be stored as long as necessary and then 

repaired. If the repaired products are finished the manufacturing process starts to cover the 

remaining demand for the time interval. 

Due to the application of calculus real valued setup numbers have been regarded in the 

previous papers. Now the more realistic case ofinteger-valued setup numbers wîll be discussed 

and the appropriate integer nonlinear model will be solved. 

The processes of manufacturing, repaîring and using the products are supposed to be in

stantaneous. The inventory stocks occuring in this system are illustrated by Fig. 1. Note that in 

the case of m > 1 additional stocks of used products not displayed in the figure occur in the 

first shop. The following costinputs wîll be used: The repair setup cost r > 0, the producti-
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on setup cost s > 0, the per unit cost/prices b, k > 0, and e E (-co,+ oo) for manufacturing, 

repairing and disposing products and the per unit per time unit holding cost h, u > 0 at first 

and second shop, respectively. The notations of the waste disposal rate and repair rate a, {J. 

a+p = 1, 0 <a, p < 1, ofthe demand rate d > 0, ofthe length T ofthe collection interval, of 

the lot size x = dT of the collection interval and of the setup numbers n, m E {1,2, ... } for 

production and repair are applied to formulate the models. If these variables are fixed then the 

demand of the second shop is satisfied by repairing {1x = {xJT units in m lots of size ftx!m and 

by producing ar units of new items in n lots of size a:xln. 

repair: setup 
cost r, per unit 
costk 

stocks of repaired & manu/actu
red prlXjNéts with holding cost h 

""' I 
man)'!/ácturing: / 
pfup cost s, per / 

"""' unit cost b / 
"' I 

lstshop I 

2ndshop ___ _L ________ _ 
T time 

waste disposal with per unit cost e 

Fig. 1 : Cost inputs and inventory stocks for the setup numbers m = 1 and n = 3 

First, only the EOQ-related setup cost and the holding cost parameters are considered. 

Then the over all cost for a coneetion interval {0, T] is 

a2x2 p2x2 
Kz = (mr+ns) + h(--+ )12d + upTx/2 + ufh3(m-1)12dm. 

n m 

The per time unit cost is then 

x 
K(x,m,n,a) = Kz!T = d(mr+ns}lx+-:;f(a21n+{rlm}h+up+ufP(m-1)/m], (1) 

with H{m,n, a) = ( a 21n+ {rlm}h+up+ufP(m-1)/m as total per time unit per unit holding cost. 

Let now the non-EOQ-related cost inputs be included. The sum of linear manufacturing 

cost, waste disposal costand repair cost per time unit is given by the function R(a,e) with 

R(a,e) d(a{b+e) + (1-a)k) = d(a(b+e-k) + k). (2) 

Hence the overall per time unit cost is G(x,m,n,a,e) = K(x,m,n,a) + R(a,e), (3) 
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and the corresponding optimal decision (solution), i. e. the lot size x > 0, the setup numbers 

m, n ~ 1 and waste disposal rate a, have to be determined. 

The rate a can be regarded as an expression of a (mixed) strategy combining the pure 

strategiesof total repair (and no waste disposal) and tota/waste disposal (no repair) and at the 

same time as a measure of eco/ogical (green) behavior: a low rate wilt contribute to the deve

lopment of cyclic production structures. On the opposite, high waste disposal rates imply in

creasingly large environmental cost to the society, and perhaps more and more to the produ

cers themselves. 

Two problems might be then worth studying: 

(i) [ECOL-+ECON]: Tracing the economical consequences of ecological behavior. 

For various fixede the functions GR(a,e) = minx>O, (m,n)eR G(x,m,n,a,e) and the 

optima/ so/utions XR( a,e) = arg minx>O, (m,n)eR G(x,m,n,a,e) are to be determined. 

These functions show how the minimal cost and the optima! production decisions react, when 

the ecological attitude a, or, in other words, the mixed strategy, changes. With respect to 

formula (3) this problem can be solved by minimzing K(x,m,n, a). 

(ii) [ECON-+ECOL]: Tracing the ecological consequences of economie pressure. 

The function aR ( e) = arg min a G R (a, e) explains how a cost minimizer determines his 

ecological attitude a with respect to changing waste disposal prices. This economically opti

ma/ strategy is either pure or mixed, i.e. aR(e) E {0} v {1} v{O, 1). 

The cost expressions and the structure of optima! decisions also depend on the feasible 

region R. In the waste disposal model two different types of regions R E {C, /} are of interest: 

the region C = {(m,n): m,n ~ 1} of continuous setup numbers and the region I of integral 

setup numbers. So far both the problems have been studied for the region C. The minimum 

cost Gc(a,e) has been proved to be convexforsmalt and concave for large values of O<a<1 

and the optimal decision appeared to be boundary in the following sense: one of the setup 

numbers is always equal one, i. e. the optimal solution is on the boundary of the region. 

Below two new problems will be discussed: 

First, the analysis ofthe cases a=O and a=1 will be given. lt wiltbeseen that the mixed 

strategy of repair and waste disposal is dominated by one of the pure total repair or total waste 

disposal strategies. Since Gc(a,e) .SGI{a,e) holds obviuosly for all 0 < a< 1, this result is also 

true for the integer case and it solves the problem [ECON-+ECOL]: aR(e) = 0 v 1. 

Secondly, the minimum cost function Gl a,e) and the optimal integer decision Xl a, e) are 
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studied. The optimal solutions do not fulfill the the boundary property found for the conti

nuous case. Therefore two questions are discussed: when this property is fulfilled and how 

does an optimal boundary solution differ from the optimal nonboundary solution. The mini

mum cost for the integer problem is not convex-concave, as in the continuous case, but 

piecewise convex for small a and piecewise concave for the other values. Hence, there will be 

given some answer to [ECOL-+ECON]. 

The problem of the interaction of economie and ecological factors bas found some atten

tion in last years. General ideas of modelling these problems are provided in [2-4,16]. More 

practically oriented are the mainly stochastic models studied in [1,6,8-10]. The problems ofthe 

environmental management are discussed informally in [ 5 ,17] and many other papers. The 

EOQ repair and waste disposal model bas been introduced by the author in [11] and extended 

in [12-15]. 

Before discussing the general problem the pure situations of no waste disposal (total re

pair) and no repair (total disposal) will be considered shortly. In these cases each of the setup 

numbers is automatically integer. Therefore the index R is used to characterize the minimum 

cost: 

(i) If no product will be disposed of, all of them must be collected and repaired. Then every 

product will be stored twice, as a repaired product and as a used product. The per time unit 

cost is then given by K(x,J,O,O) = dr/x+{h+u)x/2, and the total repair minimum cost is Ko = 

..j2dr(h+u). With the additional repaircosta cost expression GR(O,e) = Ko + dk (4) 

occurs. (ii) If no product is repaired the situation appears which is usually treated in the litera

ture. The per time unit cost is K{x,O,J,l) = dslx+hx/2 and the total disposal minimum cost is 

K1=.J2dsh. With the additional manufacturing and waste disposal cost the expression 

GR(J,e) = K1 + d(b+e) is found. (5) 

Ifthe cost functionK{x,m,n,a), which is obviously convex and differentiable in x, is to be 

minimized in x > 0 for fixed m, n 2 1 and fixed a, then the cost minimallot sizes x(m,n, a) can 

be derived from öK/&x = 0. Then x(m,n, a) = 
2d(mr+ns) dth .. al . 
1-..:..,_-~an e nurum cost ts 

H(m,n,a) 

K{m,n, a) = .J2d(mr + ns)H (m,n, a) . 

The two problems to be studied are the integer program [ECOL-+ECON] 

KI( a)= min{K(m,n,a): m,n 20 .11. m,n =integer} 
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and by this way GI{a,e) = min{G(m,n,a,e): m,n ;}!0 A m,n =integer} (8) 

and the continuous program [ECON-i-ECOL] G*(e) = min{GI{a,e): ae {0, 1]}. (9) 

First the continuous version of (7) and (8) wil1 be outlined. 

2. The optimal solution for the continuons EOQ repair and waste disposal model 

Now the optimal continuous m( a) and n( a) for m, n ;}! 1 and the value Kc( a) = 

K(m( a),n( a), a) have to be found: 

Theorem 1 (Richter [12]): For the function (6) the optimal continuous solution (m(a),n(a)) 

and the minimal value Kc( a) = {K;( a )};~1 for 0 < a < 1 are given by 

(i) {h >u} A {/Ps(h-u) ;}!r(a2 h+flu(J+fl))}=> m(a) = p ( s(h-u) )' n(a)= 1, 
r a 2 h+ flu(J+ P) 

K1(a)= .J"id(P Jr(h-u) +Js(a 2h+ flu{ 1+ P ;;) 
(ii) rha2-sufl$shfl2 $r(a 2 h+ flu(l+ P J)+usfJ! => 

K2(a)=~2d(r+s)(h{a1 + /1 1 )+ flu) 

(m(a),n(a)) = (1,1), 

. I 
(iii) a 3rh ;}!sfl(flh+u) => m(a) =1, n(a) = a_j rh , 

vsfl(flh+u) 

(10) 

According to [13] the functionKc(a) is continuously differentiable and the conditions (i)- (iii) 

divide the interval {0, 1) ofthe waste disposal rates into three regions (O,aJ], [a1, a2], [a2. 1) 

with different behavior of the cost functions K;( a). While under the realistic assumption of 

4h(h+u) ;}! ~ the function is convex in the second region, it is always convex in the first and 

concave in the third one. The function Ge( a,e) is then provided by 

G;(a,e) = K;(a) + d(a{b+e) + {1-a)k), i=1,2,3, and it is obviously also convex-concave. As 

an example, such a function and the reaction of the setup number n( a) to a are illustrated in 

Fig. 2. The values for m(a) are here near one, therefore they are not presented graphically. 

Remark: Since the waste disposal rate a appears only once in H {m,n, a), while due to the 

holding of used products the repair rate p is present three times, the cost function is nonsym

metrical with respect to a and the structure of the optimal solution and of the minimum co st is 

obviously not symmetrical, too. 
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Fig. 2. The fimctions Gc(a,e) and n(a) for s=140, r=100, h=10, u=4, d=5, k=10, e+b=20 
with a1=0.077 and a2=0.631 

The minimum cost for integral solutions wilt be obviously not smaller that the value found in 

Theorem 1. This value is not less than the smallest value for the two pure strategies. Therefore 

the Theorem presented below says that the pure strategies dominate the mixed strategies in 

both the continuous and integer cases. 

Theorem 2 (Richter [15]): One ofthe pure strategies oftotal repair (no waste disposal) or of 

total disposal (no repair) is optima!, i.e. G1 (a,e) :i:Gc(a,e) :t:min{G(O,e) G(1,e)} is true. 

Remark: In the case of linear holding, repair, production and waste disposal cost and of free 

choice of the waste disposal rate between 0 and 1 one of the pure strategies to repair or to 

dispose of all used products is optimal. Probably these pure strategies are technologically not 

feasible and there will always exist some unrepairable used products which are to be disposed 

of In this case mixed strategies for the problems [ECOL~ECON] and [ECON~ECOL] seem 

to have practical relevance. 

The optimal pure strategy can be simply found by romparing the values of Ko + dk and 

K1 + d{b+e): Repair is prefered to disposal, ifand only if 

.Jr(h+u) <(e+b-k)Jd 12+.fih (11) 

holds. Ifthe waste disposal cost e drops down the preferenee shifts to the disposal option. 

In the example considered in the secdon 2.2. G(O,e) = 168.322 and G{1,e}= 218.322 

hold, while the minimal value for mixed stratgies is above 200. Thus, the repair option would 

be prefered in the example. If the waste disposal price e will fall. the preferenee wilt change and 

the favorite option will be provided by the waste disposal. 
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3. The case of integral setup numbers 

In the case of integral setup numbers the problem (7) is to be solved. Due to Theorem 1 

he minimum cost K;( a. is automatically obtained ftom Kc( a) on [ a1, a:z]. In the other cases 

the optimal integral solution is not necessarily reached on m = 1 or n = 1, i. e. not necessarily 

on the boundary of C. Let a feasible solution with m = 1 or n = 1 be called boundary. The 

solutions for the continuous problem in Theorem 1 are boundary. Boundary optimal solutions 

can be obviously determined easily, since only solutions on the two lines have to be compared. 

Now two types of problems appear: finding (i) sufficient conditions for problems to contain 

boundary optimal solutions and (ü) estimations of optimal boundary solutions, i. e. of the op

timal solution on the boundary of the set C. 

Let the function (6) be presented in the following way: Let 

A = rha'. B = s(h-u}fJ', C nl(fJ+p'}, D= su(fJ+p'), E = sha'+r{h-11)/P 

and 
m n 

S{m,n,a)= A-+B-+Cm+Dn+E, 
n m 

(11) 

(12) 

This function has been studied in [7,12-14]. SinceK{m,n,q)= .J2d · S(m,n,a) holds the 

problem of finding optimal integer solutions reduces to finding such a solution for the objective 

function (12). The structure ofthe optimal boundary solution is provided by 

Theorem 3: The optimal boundary solution is (mb(a},nb(a)) with 

(i) a :;:;; a' => mb = l~ B + 1 + !_J nb = 1 
A+C 4 2' 

(iii) a;:;:a 2 =>mb =1, nb =l ~ +!_j lJB+D-r4 2 

where L x J denotes the maximal integer not greater than x. 

(13) 

The following Theorem provides some sufficient conditions for such a solution to be op-

timal. 

Theorem 4: The optimal integer solution of the EOQ repair and waste disposal model is bo

undary if (i) r = s and 9h S 2311 or (ii) h 11 hold. 

These conditions can be extended, but already this Theorem shows that for a wide range 

of situations the optimal boundary solutions are really optimal. However, instances can be fo

und, where such solutions are not optimal. The estimation of the deviation of the minimum is 
I 
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given by 

Theorem 5: Let I<!' denote the minimal value for the optima! boundary solution and let K* = 

K1<f a). Then the relation K" - K * :s; _!__ holds, i. e, the relative error is less than 2.1 %. 
K* 48 

This Theorem gives some argument for consiclering the optimal boundary solution as 

"optimal". For such solutions the minimum cost function KI<(a) can be characterized in the 

following way: 

Theorem 6: There is a finite number of intervals [cf'1, d"'1+1
} c (O,aJ] and an infinite number 

of intervals { d'1~ d'.i+Il c { a2. 1) such that the function KI( a) is 

(i) convex on the intervals { cf'1, cl"' i+ 
1
], i= 1, 2, ...• /, 

(ii) convex on { a1, a2] if 411 +4hu-tl ~ 0, 

(iii) is on {d'1, d'J'+J] convex if 4(h2 +hu)~ rln(cfÛ) and concave in the other cases. In 

other words, the function is partly piecewise convex and piecewise concave. 

The some properties hold also for the function GI( a). Some impression on the structure 

of the minmum cost function and the optimal solution gives Fig. 3. 

60 

58 

S6 

54 

52+--+---+---+--1 
0.6 0.7 0.8 0.9 

Fig. 3.: The minimum cost and the optima! solution for a ~ a2 

5. Condusion 

The results provided show that the properties of the minimum cost function and of the 

optima! solution known for the continuous EOQ repair and waste disposal problem can be 

extended to the more realistic integer problem. In this case, as in the continuous case, howe

ver, the pure strategies dominate mixed strategies for repair and waste disposal. As a conse

quence, the purely economical (co st minima!) consideration of this joint production

remanufacturing-disposal process urges to use pure strategies in the problem 
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[ECON~ECOL ], as far as this is technologically feasible. If the extreme values a are excluded 

from consideration, the complicated structure of the minimum co st function GI( a) suggests 

using mixed strategies. The determination of optimal waste disposal rates for changing waste 

disposal prices is then a challenging problem of future research. 
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The reuse of discarded TV tubes in the Netherlands 

ABSTRACT 
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The volume of discarded consumer goods will be enormous in the futura. Various Europaan governments 
are preparing rules to reduce IandfiJI and are m.aking manufacturers responsible for their discarded goods. 
Among consumer goods, TV sets and monitors account for a large part and the disassembly of these 
goods has been started some years to reuse materials. From an analysis it follows that the recovery of 
glass of TV tubes is the most attracting and important material. Glass of TV tubes can be reused in 
different industries, like caramie industry, TV tube industry, glass industry and road construction. For the 
Netherlands, the processing capacity is much larger than the supply of tubes, in case glass is reused in 
these industries. However, if the glass is used at the lowest level, that means for screen and conus glass 
production in the TV tube industry, the capacity has to be inèreased. But, for this application, the demand 
trom the industry wiJl be much larger than de supply, even if the Europaan situation is considered. 
Therefore this is not a real reuse option at this moment. 

1. INTRODUCTION 

The increasing standard of life and consumption have resulted in governmental rules 
with regard to the landfill of discarded products. For instance, the so-called "Eiektronik
schrott Verortnung" has started in Germany last October, regulating the responsibility of 
producers for the environmental sound processing of their discarded goods. Such a 
responsibility can be expected soon in the Netherlands for 'brown' goods (audio and 
video apparatus) and 'white' goods (refrigerators, washing machines). 

In order to reduce the landfill and the usage of nonrenewable sources, reuse of 
discarded goods, complete or components and materials, can be considered. This 
option may be interesting for companies, for instanee because of: 

the legislation with respect to product responsibility, 
a further development of legislation in future, 
an increase of the penalties for landfill and incineration, 
supply with less expensive components and/or materials, 
green image. 

The recovery of discarded goods can be realised by the following processes: 
refurbishing, 
disassembly, 
dismantling, 
shreddering, 
separation. 

Refurbishing is a process where discarded goods are processed such, that. they fulfil 
required specifications and are reused as a complete good. Often this means that the 
goods are partly disassembled, cleaned and checked. Hereaftar components and parts 
are removed and replaced by inspected components and parts, foliowed by an inspee
tion of the eperation of the goods. 
Disassembly is used to reduce goods in parts without darnaging parts. Mostly manual 
disassembly is applied using tools. The advantage of a manual disassembly is the 
creation of very homogeneaus material flows while a recovery percentage of 100% can 
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be obtained. A disadvantage are the high Iabour costs so that manual disassembly is 
very expensive. 
Using dismantling means that destructive techniques are used to reach quickly a part 
that has to be disassembled. Because of the risks for the employees, destructive 
techniques are not applied so often. 
Shreddering is the next step in the recovery process to make accessible the different 
materials. Shreddering can fulfil two goals: 

volume reduction so that transport costs are reduced, 
possibility to separate a mixed flow into different material flows. 

Separation of materia Is has the aim to increase the purity of an outgoing flow. A 100% 
pure material flow can not be obtained by using mechanica! separation techniques. 

The recovery of discarded consumer goods usually concerns material recovery. The 
applied processas are disassembly, dismantling, shreddering and separation. 
As 'brown' consumer goods have a large volume, in the next paragraphs an overview is 
given of the processing of TV tubes from discarded TV apparatus and monitors and the 
possibilities to reuse TV tube glass. Furthermore an estimation is given of the present 
and future processing capacity in the Netherlands and in Europe. 

2. THE CONSTRUCTION OF A TV TUBE 

In genera!, a TV tube consists of three parts: screen, conus and an electron gun, 
consisting of cathode and grids, see figure 1. The screen is the front of the TV tube and 
the conus the back side. The electron gun creates electron beams and accelerates 
them. 

d 00-- --------------

\ 
Fig.1: Cross section of a color TV tube. 

The screen is provided with a graphite grid at the inside to obtain a good picture 
definition. The spaces of the grid are filled with green, red and blue dotsof phosphorus, 
which, influenced by the electron beams, light up intheir color at the screen. Over this 
phosphorous layer is put an aluminium layer to increase the brightness of the picture. 
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In the screen glass metal pins are melted on which a spherical, so-called shadow mask, 
is positioned and welded. This mask takes care that each electron beam only ·hits his 
own color. In the manufacturing phase the mask is used also to position the graphite 
layer and the phosphorous dots. Next, on the pins a metal inside conus is fixed which 
takes care that the earth magnetic field does not influence the electron beams. 
Also the conus glass, which contains the anode, has coatings. At the inside a so-called 
soft flash is moulded. This a suspension to create an electric conduction at the inside of 
the tube. At the outside a graphite layer is sprayed to avoid electric discharging at the 
outside of the TV tube. 
The screen and the conus are glued tagether in an oven by means of lead enamel. At 
the inside a barium getter is fixed to the anode. During operation, the getter vaporises 
because of heating so that barium binds vapour rests. To conneet wires to the tube, a 
glass plate containing connecting pins is smelted in the neck of the conus. Now the 
complete tube is heated and sucked vacuum. 
A double side tape and a steel band (the shrink top) are fixed around the tube to make 
it possible to fix the tube in the TV apparatus or monitor. At last, the deflection coil, 
which deflects the electron beams, is fixed to the outside of the neck. 

3. MATERIAL ANAL YSIS OF A TV TUBE 

Before any recovery option can be considered, an analysis of the good with regard to 
the used materials and the way they are connected has to be carried out. In tigure 2 the 
different mass fractions of a TV tube are given. 

5% 

35% 

Fig.2: Mass fractions of TV tube materials. 

3.1 Glass 

llgtass 
• metals 
0 phosphors 

The glass, divided into conus and screen glass, is clearly the largest part of the used 
materials. The screen glass and the conus glass have different compositions. The 
screen glass contains barium and strontium oxide; the conus glass contains lead oxide. 
The components barium, strontium and lead are additives to the glass to avoid that X
rays, which are created in the tube, can penetrate outside the tube. 
The composition of used TV tube glass depends upon its age and the supplier of the 
glass. The most important suppliers for the European market are Asahi, Corning, NEC, 
Philips and Schott. 

3.2 Metal components 

In and outside TV tubes a number of metalparts can be found. The glass contains pins 
which are melded in the screen and the anode conneetion that is melded in the conus. 
The tube itself contains the inside conus and the mask/diaphragm combination which is 
welded to pins, the electron gun which is melded in the neck of the tube and the getter 
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that fixed to the anode connection. Furthermore, around the tube is the shrink top. 

3.3 Coatings, lutes and other materials on the glass 

At the outside of the tube the following materials can be found: 
graphite coatings which are fixed on the conus by means of drying, 
stickers and other glued plastic parts which have been fixed during the assembly 
of the tube, 
around the anode conneetion a silicone enamel is sprayed, 
double side tape between shrink top and screen. 

At the inside of the conus is a so-called soft flash layer which is moulded in the conus 
during the manufacturing of the tube. At the inside of the screen, the phosphors are in 
a graphite matrix structure. 

3.4 Material costs 

The part in the costs of TV tube materialsis given in figure 3. This figure has been 
determined by taking the relativa mass part of a particular materialand to relate this to 
the raw material prices. Concerning the coatings, only the phosphors are viewed. 

f 
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Fig.3: Relativa costs of TV tube materials. 

The figure shows that glass forms the largest part· of the material costs because of the 
large mass part of glass. Although the phosphors have the highest costs per mass unit, 
the ma ss is smaller than • 1 % of the total mass so that these costs influence hardly the 
total material costs. 
For the material recovery only ferrous materials and glass are interesting. Although the 
recovery of the phosphors is possible technically, it is not yet profitable. 

4. PROCESSING OF TV TUBES 

4.1 The supply of discarded TV apparatus and monitors 

At this moment about 650,000 TV apparatus and monitors are discarded in the 
Netherlands each year. About 50,000 become available to the processing market, 
which gives about 1 ,000 tons of TV tube materials. The other are landfilled, exported 
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or stored. 
Based upon the sales figures and the data about life time, it has been estimated that 
650,000- 800,000 units will be discarded each year in future. lf the colleetien and 
processing of 'brown' goeds will be obliged, a volume of about 450,000 units wiJl be 
available each year for processing. The difference between the volumes of discarded 
goeds and available goeds is caused by the export of discarded goeds and because the 
colleetien structure shows leakages so that goeds can be landtilled illegally. 
In tigure 4 an estimation is given of the volume of discarded TV tubes available for 
processing (lucassen, 1996) for the next 10 years. 
The tigure shows that the present tube processing volume is very smal!. A legislation 
with regard to the product responsibility will increase the volume to 5,500 tons per 
year. The reduction of the total processing volume is caused by an increasing penetra
tien percentage of monitors which have a lower mass per unit. 
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Fig.4: Future expectations of the TV tube volume 
available for processing. 

On the Europaan market the volume of discarded TV tubes can be determined by taking 
the Europaan production capacity of TV tubes and to correct this figure for the import 
and export of tubes and tube glass (Jonker, 1996). lt is expected that at the end 75% 
of the discarded tubes will be available to the processing market (Blonk et al, 1993). 
The total volume of TV tubes on the European processing market, estimated in this way 
has been given in Table 1. 

Not only the total volume of TV tubes is important, but also the quality of the flow. TV · 
tubes which are discarded and become available for recovery processing will not be 
identically. Because tubes from different production years are discarded (the average 
life time is 15 years) and have been produced by various suppliers, the available goeds 
will differ in shape and material composition. This concerns e.g.: 

ditterences in glass composition between glass suppliers, 
the development to color tubes has resulted in changes in the composition of the 
screen coatings, 
more severe safety regulations in the field of radiation and emission so that the 
glass contains more and more radiation reducing materials (lead, barium, 
strontium), 
the development to a matrix screen resulting in the addition of graphite to the 
screen coatings, 
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the development of steel masks to invar masks (minima! thermal expansion), 
variations in the basic layer between shrink top and screen. At this moment 
double side tapes are used while in the older TV tubes a kind of resinous or 
silicone material has been used which can be removed very difficult, 
the presence of cadmium in the fluorescent layer of older tubes and a aJuminurn 
coating at the inside of the conus, 
the increase of monitor volumes so that an increasing number of small tubes 
have to be processed. 

total volume 
(1 ,000 tons/year) 

European production capacity 360 

Import 205 
(glass, TV and monitor tubes) 

Total 565 

Export 65 

Over in Europe 500 

75% colleetien efficiency 375 

conus glass/screen glass (1 :2) 125/250 
Ta bie 1 : Euro ean volume of TV tubes. p 

4.2 The reuse options tor reecvered glass 

4.2.1 TV tube industry 

The highest value application is obtained by using the glass as a raw material in the 
production of new TV tubes. This means that conus glass will be used for the produc
tion of the conus and screen glass tor the screen production. At a lower level, a mix of 
tube glass is used as raw material for the conus production only. 

The quality requirements for secondary raw materials to be used in the tube production 
are severe. Secondary glassis qualified by a number of parameters like: 

grain dimensions, · 
homogeneousness, 
moisture, 
organic pollution. 

In all situations the glassis not permitted to contain any contamination. 

The application of a mix of old conus and screen glass as raw material for the conus 
production has been investigated. lt has been shown that the raw material tor the 
conus production can consistfora maximum of 40% of a mix of old conus and screen 
glass tso-called Ecoram) without having a quality reduction. In this case, the composi
tion of the conus glass has to be adopted in order to obtain the required characteristics. 

Addition of secondary conus glass in the conus production means that a raw material is 
used having almast the same composition as the primary raw material. Any change of 
the dispensing seemsnot to be necessary. In this case also a maximum percentage of 
40-50% secondary raw material is possible. 
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For screen production a glass mix can not be used as the lead containing conus glass is 
not acceptable as a raw material. The application of old screen glass in the screen 
production does not seem to be possible at this moment. Glass from other supplier 
having an other composition gives big problems in the melting process as it results in 
variations of the color of the screen. Possibly a selection of tubes may avoid this 
problem, for instanee by using laser and X-rays techniques to analyze the composition 
of the glass. 

The prices the manufacturers will pay for secondary glass are not yet known. They 
depend upon: 

volume and variety of the input flow, 
risks for oparating with unknown raw materials, 
casts for varying the dispensing, 
necessary investments. 

The primary raw material casts about 550 guilders per ton. Therefore a price of 200 
guilders per ton for secondary raw material may be reasonable. 

A real large scale application of secondary tube glass is not possible for the time being 
as the expected volumescan not fulfil the demand from the tube manufacturing, see 
figure 5. In this figure three types of reuse are given: old conus glass in the conus 
production, old screen glass in the screen production and a mix of old glass in the 
conus production. 

400 

350 

I 300 
g 250 

:c 200 

J 150 
c:D 

i 
~ 

100 

50 

0 

applicatlon 

•supply 

•demand 

Fig.5: Demand and supply of old tube glass. 

4.2.2 Ceramic industry 

The caramie industry is a user of mixed tube glass which is not contaminated. 
In the caramie industry glass replaces feldspar. The price of feldspar varies from 50 to 
500 guilders per ton depending u pon the quality. The prices which are paid at this 
moment for tube glass vary from 50 to 100 guilders per ton. 
Organic contaminations have to be avoided as it influences the product quality. 
Especially the graphite coating of the conus gives variations of the quality. 
The Dutch production capacity of caramie products is about 40,000 tonsper year. 
About 10% of the necessary raw materia Is can come from old tube glass which makes 
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the maximum demand 4,000 tons per year. For Europe this is different; the demand is 
a bout 100,000 to 200,000 tons per year. Half of the world ceramic production capacity 
can be found in ltaly and Spain. 

4.2. 3 G/ass industry 

Screenglasscan be used as an additional material in the glass processing industry. A 
possible application is the production of flat glass plates. The glass may nat contain 
terrous and non-terrous parts nor screen coatings. 

The present price is a bout 80 to 1 00 guilders per ton, which depends upon the purity of 
the old glass. For this application the screen glass has to be oftered clean but nat 
braken. A further reduction of the glass fragments is carried out by the glass processor 
itself. 
As the raw material price tor flat glass production is about 30-50 guilders per ton, this 
price may be paid tor old glass. 

4.2.4 Asphalt/concrete industry 

The lead containing conus glass is nat yet accepted as an additional material tor asphalt 
and concrete in the Netherlands. lt is expected that it is permitted in the near future as 
it is now in Germany. 

4.3 The processing companies of TV tubes in the Netherlands 

In the Netherlands three processing companies of TV tubes are active which have their 
own specific processing techniques. We will call them company A, B, C and D. 

Company A started processing TV tubes at the end of 1994. The input flow of 
discarded goods is coming trom municipalities. At this moment about 8,000 units are 
processed each year. The processing casts are paid by the municipalities and are 20 
guilders tor TV apparatus and 15 guilders tor a monitor. 
The TV tubes are disassembied manually while the deflection coil and the electron gun 
is disassembied automatically. The shrink top is sawed trom the screen and the 
separation of the screen and the conus is done by a heated wire. The terrous parts are 
disassembied manually and the coatings at the inside of the screen are removed 
manually. Conus and screen are braken separately to fragments. · 
The conus glass and screen glass are oftered separately to the glass industry. Here the 
fragments are reduced further so that it can be applied in further processes. The screen 
glass is used in the flat glass industry, while the lead containing conus glass is 
processed into a raw material tor raad construction. 
Company A has to pay 80 to 120 guiders per ton of glass. For conus glass the casts 
are higher than tor screen glass. 
Based upon the data with regard to the volume of discarded TV apparatus per number 
of inhabitants, company A expects a processing of 28,000 tubes per year in the near 
future. 

Company B started the processing of tubes in 1995. lt receives the tubes trom disas
sembly companies which pay a tor the processing. At this moment about 20 tons of 
tubes are processed each month resulting in 15,000 TV tubes. 
For the processing of the tubes, the company has an instanation which removes the 
shrink top and the electron gun by means of sawing. Hereaftar a small notch is sawed 
and a heated wire is put in this notch to separate the screen and the conus. 
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company 
A 

company 
B 

company 
C I com-
pany D 

kind of goods collection tube process cap a city market for costs/income 
(tons/year) glass glass 

monitors and TV municipalities separation by heating 1995: 140 conus glass: costs: 
apparatus a wire max: 600 road construc- 80- 120/ton 

ti on 
screen glass: 
flat glass 

monitor and TV disassembly separation by heating 1995:240 glass costs: 
tubes companies a wire max: 2,000 processing 50- 100/ton 

industry 

monitors and TV municipalities grinding 1995:6,000 ceramic income: 
apparatus and companies max: industry 50.- 1 OOiton 

20,000 

Table 2: Momtors and TV apparatus processrng compames rn the Netherlands. 

The inside conus and the mask/diaphragm combination is removed and the inside 
coatings are removed manually. The screen, the conus and the terrous parts are 
shreddered further. 
The processing installation gives a flow of barium containing screen glass and a 
flow of lead containing conus glass, in fragments or grinded, and a flow of ferro 
metals. 
The glass is sold to the glass industry and the terrous to the metal industry. 
For the ferro metals the costs and revenues are in balance while for the glass a 
compensation of 50 to 1 00 guilders per ton has to be paid by company B. 
At this moment the processing installation has an undercapacity as the total 
capacity of the installation is 120,000 tubes per year.Since about five years 
Company C receives TV apparatus and monitors from various sourees like manu
facturers and municipalities. About 100,000 units are processed each year, the 
largest part are monitors. The company disassembles the goeds, whereafter the 
tubes are transported to company D. Here the tubes are breken and the terrous 
parts are separated by means of a magnet. The glass fragments are then trans
ported to a sword washing installation. On a rotating axis having 42 swords, the 
small glass pieces scrape by each ether and are reduced to granulated glass. 
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Fig.6: The presentand future processing 
capacity and the available volume of 
tubes. 
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This granulate is cleaned by adding water and stored. 
Company D has a capacity of 20,000 ton tubes per year which is about 1 million 
tubes. 
The terrous parts are bought by a metal company. The powder that is separated 
from the granulated glass, consists for the largest part of tube coatings and glass 
remains. This powder is transported to an other company which processes the 
powder further. 
For the processing of the tube, company C pays about 250 guilders per ton to 
company D. This company sells the processed glass to the ceramic industry, for 
50 to 1 00 guilders per ton. 

In Ta bie 2 the most important characteristics of the tube processors are given. 

The results of the estimated tube glass volume and processing capacity for the 
Netherlands are given in tigure 6. This tigure shows that the presentand the future 
processing capacity will be much larger than the volume which has to be pro
cessed. This is caused by the very large capacity of company D. However, 
companies A and B, which separate the conus and the screen, so that a high value 
application will be possible, will not be able to process the future volume. 

5. CONCLUSIONS 

By analysing TV sets and monitors, it can be shown that tube glass forms the 
largest part of the material costs because of the large mass. Therefore this 
material is interesting for recovery from discarded TV sets and monitors. 
From a study of discarded tube supply in the Netherlands it follows that legislation 
concerning product responsibility will increase the volume of tube glass to about 
5,500 tonsper year, while this tigure for Europe will be 375,000 tonsper year. 
Because the processing is influenced strongly by variations in shape and material 
composition of the supply flow, a selection of discarded TV tubes intheinput flow 
will be necessary. 
Although it gives a number of reuse options for reeavered tube glass, the highest 
level is obtained in the manufacturing of TV tubes, but it has been concluded that 
a real large scale application is not possible for the time being as the expected 
volumes can not fulfil the demand. Reuse in the ceramic and glass industry is a 
real option at this moment. 
An overview of the tube processing companies in the Netherlands shows that the 
present and future processing capacity is much larger than the available volume. 
However, if a high level application will be possible in the future, which requires a 
separation of conus and screen glass, the capacity has to be increased further 
because the present capacity depends largely upon the grinding of mixed glass. 
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Abstract 

OespHe many efforts, no salution has yet been found forthe recycling of PVC-waste produced in the 
Netherlands. Only a small part of all PVC-waste can be mechanically recycled. The presence of 
chlorine in mixed waste, originating from PVC among other things, leads to technica! complications 
and high costs in a conventional waste treatment process like incineration. The Outch Ministry of 
Economie Aftairs supports the UniversHy of Technology in Eindhoven to develop a method to recycle 
large amounts of heterogeneaus chlorine rich plastic waste. The purpose of this report is to specity 
the PVC-waste problem and to identify an appropriate method and reactor type. Tomeet 
requirements hydrothermal processing is proposed. Both the chlorine and carbon fraction of PVC are 
reeavered as hydrochloric acid respectively hydrocarbons and fuel gas by gasification wHh steam. 
Several reactor types, commonly used for this kind of processes, are consldered against certain 
criteria. The most appropriate reactor types are a single stationary fluldised bed reactorfora one step 
process or a concept of two reactors for a two step process. Hydrothermal recycling of PVC in a one
step process is a possible and in principle a feasible concept and will be lnvestigated in a steady 
state fluldised bed reactor on Iabaratory scale. 

1 lntroduction. 

Extensive use of synthetic polymers leads to considerable amounts of plastic waste. The 
majority of this waste is either destrucled in a waste incinerator or finds its way to the 
landfill. Only a smal! part is mechanically recycled. Amongst plastics, PVC attracts particular 
attention because it contains chlorine, a souree of technica! complications at the 
incineration of mixed plastic waste. · 
The recent awareness with respect to the environment and the depletion of natura! 

resources not only leads to a politica! debate but also to the development of more 
sophisticated ways of plastic waste management The Dutch Ministry of Economie Aftairs 
supports a number of research programs at universities and research eentres to improve 
the knowledge of recycling of plastic waste. One of these research programs is concemed 
with the development of a method to process heterogeneous, chlorine rich plastic waste in 
a technica!, economical and ecological justified manner. · 
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This paper deals with the selection of an appropriate recycling method and reador type, 
starting from background information about the quality and quantity of PVC-waste. 

1.1 Quality of PVC-Waste. 

Polyvinylchloride is a thermoplastic material consisting of a chlorine atoms (56.8 wto/o) 
substituted on an organic backbone of carbon and hydrogen (43.2 wto/o). PVC is 
polyvinylchloride material blended with a range of additives. These additives have serious 
impact on the properties of the material and the trestment of PVC-waste. 

The first step in the PVC production process is the production of vinyl chloride monomer 
(VCM) by the chlorination of ethylene to ethylene dichloride (EDC) and subsequent 
"cracking" to VCM and hydrogen chloride [1]. VCM is transporled and processed as a 
liquid under pressure. In the most frequently used polymerisation processas a suspension 
or emulsion of VCM and water is made where water acts as a moderator for the 
polymerisation readion and is also an efficient heat transfer medium. The hot air dried PVC 
is a solid, white coloured powder having a degree of polymerisation of 100 - 2500 and a 
cristallinity of ca. 10% [2]. 

Polyvinylchloride is blended with a wide range of additives to make processing easier and 
to provide for the properties needed in the finished product. The blending or mixing takes 
place in two main steps. First polyvinylchloride powder and the additives are stirred 
logether in a high speed mixer, foliowed by processing in an extruder-compounder [1,3]. 
Here the dry-biend powder is converled to a stiff melt which is extruded and chopped into 
pellets and granules. PVC formulations can be designed to be rigid or flexible, brittie or 
tough, stiff or stretchy, transparentor opaque and coloured. Insome cases additives 
account for only a tiny part of the formulation, while in others they may account for 50o/o of 
the total product. The components generally used in PVC formulations are summarised 
briefly in table 1.1. 

Table 1.1 Addilives used in PVC-formulations [1/. 

Additive 
Filler 
Plasticizer 
Heat stabiliser 
Impact modifier 
Processing aids 
Lubricant 
Flame and smoke retardant 
Blowing agent, foam stabiliser 
Biostabiliser 
Antistatic agent 
Viscosity modifier 
Colorant 

% range in the product 
5-50 
10-50 
0.5-3.0 
2-10 
1 
0.5 -1.0 
2-5 
0.5 -1.0 
0.5-1.0 
0.2-2.0 
0.5-2.0 
0.1-2.0 

Polyvinylchloride itself is an amorphous, rigid material. For some applications (e.g. 
packaging), PVC is made flexible by addition of p/asticizers or soflening agents. A wide 
variety of matenals is used to soften PVC, but one plasticizer, di-2-ethyl-hexyl phthala~e 
(DEHP) predominales with over 50% of all plasticizer usage. 

Pure polyvinylchloride polymer would decompose rapidly at temperatures necessary for 
moulding and extrusion. The addition of heat stabi/isers like lead sulphate (in flexible cable 
insulation), a blend of lead sulphate and lead phosphite (in rigid PVC window frames), 
calcium and zinc stearates (flexible medica! tubing) or dioctyl tin maleate (bottles) 
decelerates decomposition. Lubricants prevent the PVC melt to stick to the metal surfaces 
in the processing machinery and are chosen from the organic waxes, aliphatic acids or the 
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(heavy) metal salts of these acids. Other polymers are added to PVC as processing aids 
and impact modifiers. Finely ground minerals are used as fillers to reduce the cost of a PVC 
formulation, influence its properties or colour or improve its fire resistance. Customary 
used fillers in PVC are chalk and dolomite. A wide range of organic and inorganic 
compounds has been used as co/orants. Many pigments traditionally used but less 
acceptable now, contain heavy metals such as lead and chromium. Although flamability 
and ignitability of polyvinylchloride are low compared to ether polymers, these properties 
can be improved by the incorporation of certain metal oxides like antimony oxide and 
molybdenum oxide. 

Thus PVC waste obviously is not just polyvinylchloride but consists of a wide range of 
different PVC-grades and thus can contain 
about the entire periodic table of the 
elements. The presence of additives 
improves the quality of PVC-products and 
broadens its application area but the same 
presence of additives leads to 
heterogeneity of PVC-waste, thus being a 
major souree of contamination and 
reducing the possibilities for machanical 
recycling to homogeneaus PVC-streams. 

1.2 Quantity of PVC-waste 

Although in theory most plastics, 
especially PVC, have a long life span 

HOPE 13,9% 

pp 10,7% 

PVC 11,3% 

because they are only affected slowly by Figure 1• 1 Plastic waste in Western Europe 1991{4/. 
the environment, many plastic products 
have a short useful life, resulting in considerable amounts of plastic waste. 

Figure 1.1 shows a survey of the quantities of plastic waste in Western Europe in 1991 
[4]. The total amount of plastic waste in Western-Europe was about 15 million tons in 1991 
[4] and is still growing every year. The market for PVC also has grown steadily for a number 
of years and is still growing 4 to 5% every year [5]. The demand for PVC in Western 
Europe is about 25% of the total world demand, viz. 5.4 million tons in 1994 (Figure 1.2 
[6,7]). 

1994 

Figure 1. 2 Total consumption of PVC in Western-Europe since 1970 {6, 7}. 
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Tahle 1.2 The service life of some PVC-produels in Western Europe (1/. 

Shortterm 
( < 2 years) 
Packaging 
Medica! 
Office supplies 
Botties 

Mediumterm 
(2 - 10 years) 
Coating 
Flooring 
Footwear 
Tóys & records 
Clothing 

Long term 
(1 0 - 20 years) 
Films & sheets 
Flooring 
Wire& cable 
Fumiture 
Automotive parts 

Table 1.2 and Figure 1.3 show the service life of PVC produels in 
Westem-Europe [1,6]. The service life of PVC produels in the category 
'Extra long term' may be 50 years or more. Long term produels like 
window frames, profiles and pipes produced in past decades will be 
waste in the decades to come. The use of PVC in short term 
applications like packaging has diminished in the Netherlands. In long 
term applications PVC remains in high demand as a result of its special 
properties and low price. The service life of PVC produels in 
combination with an overview of the application field of PVC and the 
quantities of the produels (table 1.3) can give an impression of the 
constitution of the PVC waste stream. 

Tahle 1.3 PVC use in varlous apelicatlons in Western Europe (1991) [6/. 

rigid PVC applications 
Tubes and fittings 
Profiles 
Films and sheets 
Botties 
Others 

Total 

% 
28.0 
16.5 
11.0 
8.0 
2.5 

66.0 

Soft PVC applications 
Films and sheets 
Coatings 
Flooring 
Hoses and profiles 
Wiring 
Others 
Total 

Extra lóng term 
( > 20 years) 
Films & sheets 
Pi ping 
Tubes 
Profiles 
Cables 

Figure 1. 3 Service life of PJI 
produels in Western Europe 1. 
[1,6]. 

% 
7.5 
4.0 
5.0 
4.0 
8.5 
5.0 

34.0 

The amount of accurate data conceming PVC- wasté quantities in Westem-Europe and 
in the Netherlands in particular, is very limited. In the Netherlands the total amount of PVC 
in household waste was about 40 thousand tonsin 1990 [8]. Next to.household waste 
PVC can be found in for example shredder waste from car wrecks (375 ton/a PVC [24]) and 
construction waste. 

Data on what part of this PVC waste stream is aelually accessible and obtainable for 
recycling processes are scarce, scattered and dependent on local situations. At this 
moment PVC-pipes are mechanically recyded by WA VIN and a part of European PVC and 
PE waste is exported to Third-World countries, where numerous small companies recycle it 

. to pipes and plastic bags [9]. 
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A wide variety of techniques can be used in the final step in plastic waste recycling. 
Figure 2.1 illustrates in a schematical survey the different principles of plastic recycling. 
lncineration of PVC, with or without energy recovery, leads to the formation of hydrochloric 
acid and highly toxic chlorinated hydrocai'bons, causing technica! complications and leading 
to high costs. Two different ways of material recycling can be distinguished e.g. mechanica! 
and feedstock recycling. Mechanica/ recycling demands for a strict and constant purity of 
thermoplastic raw material. This restnets the application for PVC-waste to the processing of 
highly homogeneaus waste like industrial plastic waste or separately collected parts (e.g. 
bottles, pipes, window frames, flooring). Mechanica! recycling of PVC-waste after 
separation from dornestic waste is very limited due to the difficulties at separation (only 
large foils and botties can be separated) and the specifications of the obtained products. 

Feedstock recycling still is in its initia!· phase but seems to be a possible process for the 
treatment of heterogeneaus and polluted PVC-waste, satisfying economical, ecological and 
technica! demands. Feedstock recycling processas are based on therrnal and chemica/ 
conversion reactions at high temperatures. Oetermined by process conditions, plastics can 
be cracked toa mixture of gas, oil, and cokes (char). Feedstock recycling of mixed plastic 
waste MPW yields relatively low concentrations of hydrochloric acid. Technica! · 
complications and high costs are involved with separation of hydrochloric acid. This can be 
tumed into a benefit by using feedstock recycling for chlorine rich plastic waste consisting 
mainly of PVC. High concentrations of hydrogen chloride can be reecvered and reused in 
for instanee the oxychlorination process, thus closing a part of the chlorine cycle. 

2.2 Thermal recycling. 

Thermal recycling makes it possible to recycle heterogeneaus PVC-waste and regain 
both the carbon and the chlorine fraction as hydrocarbons and syngas respectively 
hydrochloric acid. . 

Pyro/ysis of PVC is the thermal cracking of this polymer in an inert atmosphere. Thermal 
decomposition is endethermie and involves the eliminatien of hydrochloric acid, foliowed by 
polyene decomposition rendering gas, oil and char. Whenever a reactive agent like oxygen, 
steam, hydragen or mixtures of these is added to the reactor, the term gasification is 
correct. Habitually the word gasification or hydrotherrnal treatment is used when coal or 
hydrocarbons are converted into syngas by steam and oxygen. At the gasification of PVC 
the char fraction is converled to syngas, illustrated by the overall reaction mechanism (11]: 

---+ p + 
---+ RC + 
---+ co + 

where P represents dehydrochlorinated PVC with polyene sequences, RC represents a 
residuous carbon or char fraction and G aliphatic and aromatic hydrocarbons .. 
The use of steam as a gasification medium has three important advantages.: 

steam prevents accumulation of char in the reactor, thus making the use of a 
stationary fluidised bed reactor feasible. 
the steam atmosphere has a hydrolysing attitude, thus extracting chlorinated 
substances of their chlorine. 
the presence of steam lewers the coneentration of chlórine gas (Oeacon
equilibrium) and thus suppresses the subsequent formation of chlorinated 
hydrocarbons in the off-gas. 
condensation of steam facilitates the recovery of hydrochloric acid. 
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2 Evaluation of recycling techniques. 

This paragraph gives a short survey of the options for polymer waste treatment. Selading 
the appropriate technique is not only a question of technology. Economical and politica! 
fadors play a dominant role. In 1979 the 'Ladder of Lansink' was formulated, stating the 
Outch politica! priority in waste treatment. In declining order of desirability, the options are: 
1. Prevention of unnecessary material utilisation 
2. Reuse 
3. Machanical recycling 
4. Feedstock recycling 
5. lncineration 
6. Landfill 
This priority list is considered to be a rule of thumb for desirability, not a straight selection 
criterion. 

2.1 Possibilities and limitations of existing methods. 

A wide range of recycling techniques exists for (mixed) plastic waste. In case of PVC
waste only a small homogeneaus part of the total amount of PVC-waste can be 
mechanically recycled at this moment. A back to feedstock process for the trestment of the 
heterogeneaus part of PVC waste is not yet available. 

The procedure of recycling plastic waste can roughly be divided into tour sequentia I steps: 
1. Colledion and logistics · 
2. Separation 
3. Preliminary trestment 
4. Final trestment 

Colledion, sepáration and preliminary trestment are often the economical bottleneck in 
plastic waste recycling. Plastic waste can be co/lected either separated or integrated with 
for instanee dornestic waste. In case of separate collection, response and purity of the 
colleded plastic delermine the economie success. Whether collection is integrated or 
separated, after colleding, the plastic waste has to be transported toa central waste 
processing plant. The extent of separation and the subsequent preliminary treatment 
depend heavily on both the purity of the plastic waste and the specifications for the final 
method of processing. Modem separation technologies are based on ditterences in for 
instanee physical properties (specific gravity, eledrical conductivity), optical properties (IR
analysis), thermal properties (linear thermal expansion, thermal conductivity) or solubility of 
polymers. Techniques for preliminary trestment like washing, drying, shredding, grinding, 
pressingor the production of pellets prepare the plastic for final treatment [10). 

Figure 2.1 Schematical survey of plastic waste management 
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3 Selection of an appropriate reactor type. 

The thermal treatment of PVC has to be performed in a reactor. The choice of the reactor 
type is leading for the frame of the project and has to be made at an initial stage. Since the 
labscala reactor acts as a model for the industrial one, it should include its main features. 

3.1 Commonly used reactor types and their characteristics 

Reactor types, commonly used for pyrolysis or gasification, are rotating drum reactors, 
circulating fluidised bed reactors and steady state fluidised bed reactors. The rotating drum 
reactor is a rotating cylindrical vessel placed horizontally. lt is characterised by a 
temperature gradient throughout the reactor. A rotating drum reactor is difficult to seal and 
rotating parts can cause problems at high temperatures. 

A steady state fluidised bed reactor {SFB) is a vertical cylindrical vessel, partially filled with 
a bed of fine, solid particles. The particles are floated but not carried out by the gas, which 
is introduced at the bottorn of the reactor through a distributor plate. Under this condition 
the bed of particles behaves like a boiling liquid. SFB reactors are frequently applied for 
solid-gas reactions where a large specific solid-surface area in addition to isothermity of the 
reaction mixture is important. The bubbles however provide a means for reacting gases to 
avoid solid contact. The Jack of moving parts in the hot zone provides for simple design and 
oparating at elevated temperatures, and makes the reactor vessel easy to seal. However 
scale-up of a SFB reactor is rather difficult. 

A circulating fluidised bed (CFB) is operated in the fast fluidisation regime, where particles 
are entrained from the bed by a high gas velocity. Before feeding the particles back into the 
fluidised bed, they are regenerated, deaned or heated in a second reactor. A CFB is often 
used when particles like catalysts get degeneraled or polluted. A characteristic of the CFB 

·is the short residence time making extremely high temperatures up to 1600 oe necessary 
for gasification reactions. 

3.2 Selection of the reactor type. 

The hydrothermal conversion process of PVC can be divided into two steps viz. a 
dehydrochlorination step and subsequently pyrolysis of the polyene chains and gasification 
of the carboneous residue. A logica! interenee from this fact is to perform the conversion in 
a two reactor concept. Hitachi [12, 13] developed a two step process where hydrochloric 
acid is eliminated at a temperature of about 350 °C in an inclined fluidised bed. The partly 
converled dehydrochlorinated product is fed into the bottorn of the second fluidised bed 
reactor and converled with steam to syngas at a temperature of 700 - 800 °C. This two 
reactor concept has thus been proven to be successful in.the conversion of chlorine rich 
plastic on a bench scale. · 

However, it would be advantageous to perform this recycling process in one reactor, thus 
saving investments and facilitating process control and operation. The rotary drum reactor 
is used as a pyrolysis reactor for biomass and dornestic waste (14] and might be suitable 
for dehydrochlorination, the first step in a two reactor concept. In case of external heating, 
deposition on the reactor surface has to be accounted for and a seraping mechanism might 
be necessary. Problems can be expected with sealing and rotating parts at high 
temperatures. This type of reactor is not a good option for one step hydrothermal recycling, 
but is likely to perform well for dehydrochlorination, the first step in a two reactor concept. 
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A steady state fluidised bed is an excellent reactor for pyrolysis or gasification of polymers 
in the tempersture range of 500 to 900 °C. Pyrolysis of plastic waste (ABS [8], Kaminski 
[15-17], BP [8], Balcerec [18], Menzei [19], Hagenbucher [20], Scott [21] etc.} and 
gasification of coal (Winkler [22]) are examples of successful applications. Complications 
arise at the feed of plastic into the bed. The size of the plastic waste has to be adjusted by 
shredding and the high tempersture inside the bed can lead to cbstructien of the feed 
system. The use of a SFB reactor eliminatas the necessity of two reactors, since complete 
conversion of PVC is possible inside the SFB. Additives will be blown out of the reactor and 
should be collected separately. 

Although frequently used for the gasification of biomass (Lurgi [22], Oy Bicflow AB [22], 
TPS [22]} and the pyrolysis of polymers {Battelle [8,23]}, an entrained bed or clrculating 
fluidised bed reactor is not likely to be a suitable reactor for the gasification of polymers. A 
desired high conversion in combination with an extremely high gas velocity inside the 
reactor will make an extraordinary length of the reactor necessary to meet the required · 
residence time. 

Conclusion. 

The presence of chlorine leads to technica! complications and high costs in incineration and 
back to feedstock recycling of mixed plastic waste. Therefore a process has to be 
developed to treat the heterogeneaus bulk of chlorine rich plastic waste, primarily 
consisting of PVC, separately. Since only a small homogeneaus part of the PVC-waste can 
be mechanically recycled, back to reedstock recycling seems to be the best option. TUE 
investigates hydrothermal treatment, where PVC is converted at high temperatures to 
hydrochloric acid, a mixture of hydrocarbons and syngas with the aid ofsteam as a reactive 
agent. Hydrochloric acid can subsequently be reecvered and reused for instanee in the 
oxychlorination process. The hydrocarbons can be used as feedstock in petrochemical 
industry or tor energy recovery. Hydrothermal treatment already has been proven to be 
successful by Hitachi in a two-step concept. The same process must be possible in a ene
step concept for which a stationary fluidised bed is the best choice. We investigate the ene
step process for the hydrothermal conversion of PVC-waste in a steady state fluidised bed 
reactor on Iaberatory scale. 
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ABSTRACT 

Today's development of technical products that are fit for the market is characterized by the 
necessity to take the complete life cycle of a product into consideration at an early stage in 
decision-making processes. This information on the product life cycle and corresponding 
support mechanisms must be supplied accompanying the developmental stage but also for 
planning disassembly/recycle processes. This contribution presents a computer-aided tool 
RECON (REcycling oriented CONstruction tooi) for product development with disassembly 
and recycle adequacy, with an emphasis on the life cycle oriented assessment of product 
altematives. The descriped software tooi will support the recycling oriented information 
management from the product development up to the disposal of technical products. 

1. INTRODUCTION 

Life cycle engineering symbolizes the desire to prevent. even at an early stage of product 
development. the product life i.e. its flow of material from having an open end and instead to 
close it in cycles thus following natore's example. The task is to design the life path of 
productsin a responsible way. The extended, ecological view of LCE makes developers and 
designers realize and substantiate environmental targets into product developments [1]. This 
assignment requires access to information on all life phases of a product. A joint data base 
contains a uniform presentation of joining and disassembly structures is required both for the 
comprehensive assessment of the produels and for the disassembly planning (s. fig. 1). This 
approach constitutes an important basis for the development of a future information 
technology conneetion between product design and disassembly I recycle processes [2]. 
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2. DESIGN ASSESSMENT METHODOLOGY 

The assessment methodology developed at the Institute for Machine Tools and Production 
Science is devided into to paths (s. fig. 2): The assessment procedure of the Eco-Portfolio 
Method aims at a qualitative appraisal of life cycle oriented environmental effects of technica! 
products. This is made possihle hy retracing environmental effects to so-called environmental 
drivers [3]. Environmental drivers- stand for characteristics descrihing the product which 
have a direct influence on ecological effects within the separate life phases. On the other hand 
a disassemhly and recycling calculation integrates the quantitative criteria and allows to find 
the most economical disassemhly depth. 
In the foreground of the assessment, the life phase of disposal and thus the appraisal of the 
disassembly suitability of the product and of the recycle suitability of the chosen materials is 
placed. Product alternatives are assessed within the frameworkof the "Eco"-Portfolio Metbod 
hy contrasting the calculated index numbers. 

2.1 Index numbers of the assessment metbod ECO-Portfolio 
The index numhers of the assessment metbod are divided into two different assessment areas 
and are summarized into one index of intensity each: 
Design force: Product characteristics (environmental drivers) directly influenceahle hy 

product planning with an effect on the disassemhly and recycle suitahility 
of the products to be developed. 

Ecological force: Ecological effects indirectly influenceahle hy product planning throughout 
the complete product life cycle of the products to he developed 

The index value design force assesses those product characteristics which are influenceahle hy 
the developer and which at the sametime contain the cost-producing life phases of product 
disassemhly and material recycling, such as selection of material, joining elements used. In 
addition the index value ecological force assesses the ecological effects of the complete life 
cycle from production and use to disposal. The methodical calculation path of the two index 
values is shown in fig. 3. The data descrihing the product which is already contained in the 
CAD-model such as the product structure, joining elements etc. is used in the assessment 
procedure. 

2.2 De8ign force index value 
The index value of design force assesses the disassemhly suitahility or the material selection 
with regard to their recycle requirements. For disassemhly assessment, the product setup and 
the joining structure are considered (fig. 1). Assessment of the material selection is made 
according to the rule on monomaterial. 

Disassembly coefticient 
Within the framework of the disassemhly analysis the disassemhly graph is ohtained hased on 
the CAD data model (s. fig. 5). In this graph the priorities or hierarcbies of the components 
and the sequence of the disassemhly processes can be deducted (s. fig. 6). Components, i.e. 
assemhly groups and individual parts of the product are arranged on the different disassemhly 
levels. Disassemhly of parts situated on the same disassemhly level may he executed 
simultaneously. Disassemhly of a component may be carried out only after directly connected 
disassemhly operations of the level above have been completed. With the help of the degree of 
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verticality or horizontality of a disassembly graph an expenditure assessment of the 
disassembly processes may be carried out. In the disassembly coefficient, the two index 
magnitudes of structural depthand disassembly path lengthare combined toa coefficient by 
averaging the number of parts. The structural depth describes how many subsequent 
disassembly levels are required for complete disassembly of the structure. The disassembly 
path length describes the number of disassembly operations necessary for disassembling the 
relevant part. 

Complexlty eoemeient 
Within the framework of the structural analysis the network or the complexity of the product 
structure is represented in the so-called diagramme of joining structure. The structural analysis 
serves to examine exactly the adjacency and incidence relations at issue, i.e. the conneetion of 
the components into a structure and the relations of the parts to the conneetloos themselves. In 
the complexity coefficient the degree of conneetion is averaged using the number of parts. The 
degrees of complexity {degrees of conneetion) of the structural types of the planar graphs and 
those of the trees include the range of possible complexity for all technica! structures {s. fig. 
4). The degree of complexity is standardized to this value range. 

eoemeient of joining structure 
The adjacency and incidence relations provide an additional classification of the conneetloos 
as to joining contact or physical contact and as to joining criteria relevant for function. In the 
coefficient of joining structure the conneetloos are assessed according to their contribution to 
the realization of function. Here, the incidence relations of a functional or supportive 
conneetion or a separable/non-separable conneetion are taken into account. The lowest 
possible number of conneetloos will then be the lowest possible structural complexity when 
the structure consists solely of function-relevant and disassemblable conneetions. 

Monostructure eoemeient 
An important demand of designing with recycle adequacy is adhering to the rule on 
monomaterial, i.e. reducing the variety of materials within the design. The monostructure 
coefficient results from the average number of parts per material. Here, standardization to a 
boundary function is done which results from a material variety regarded as optimum for 
products with different numbers of parts. This leads to a high independenee from the number 
of parts of product alternatives. 

Prioritizing of eoemeients 
The design force {DF) is the prioritized average of the index numbers of the coefficients of 
complexity, of disassembly, of joining structure and of monostructure according to the 
following prioritizing procedure {TJi = coefficients, Gi = relative priorities) [6]. 

DF = l',(Gi ·Th) =(Go ·11o +Gv ·11v +GK ·11K +GM ·11M) 

L ( Gi '11i,ideal) L Gi 
{1) 
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2.3 Index value of ecological force 
The index value of ecological force serves to assess product alternatives or design varations 
with regard to their environmental effects. The ecological force consists of the three elements 
of eco-points, resource correction factor and period of utilization. The metbod of eco-points 
is a procedure which has already been used on a practical scale to assess the environmental 
impact of technica! products comprehensively, from the production of raw materials to the 
disposal in the form of ecological balance-sheet analysis. The assessment is given as one 
figure of so-called eco-points. 
The resource correction factor {RCF) is an assessment factor which assesses the decrease of 
world-wide resources with the help of the statistica! lifetime. For regenerative raw materials, 
such as natural rubber for elastomers or recyclates the resource correction factor is not taken 
into account. For materials consisring of different raw materials the RCF is obtained from the 
total of the single RCFs through the mass ratios, the same as for mixed materials with a share 
of recyclates. Basis of determining the RCF is the statisticallifetime of the raw materials. 
The period of utilization {PU) qualifies the environmental effects in relation to the product 
use. The period of utilization comprises initia! utilization as well as the additional lifetime 
obtained by maintenance and reconditioningltreatment. The ecological force {EF) consists of 
the eco-points, the resource correction factor and the period of utilization as follows. 

EF _ [:Lecopoints1 • :LRCFj] -1
• EF. 

- PU Norm {2) 

The standardization of the index value is carried out using a solution regarded as "ideal". 
Thus, the ecological force is an auxiliary force which allows the product planner to assess 
different product alternatives I design suggestions and the appropriate material selection 
comprehensively, i.e. environmental effects may be compared in relation to the period of 
utilization in a qualified way. 

3. SOFTWARETOOLRECON 

To support the design process, it is necessary to link the developed software tooi with CAD
systems .. The above described assessment methodology is part of such an software system 
named RECON {REcycling oriented CONstruction tooi) connected with Auto-Cad {s. fig. 5) 
[4]. Additionally interactive implementation modules e.g. to generale the disassembly graph 
are integrated {fig. 6). Within the framework of a development project for the new design of a 
storage water heater, the old appliance, the three new designs and a oomperitor were assessed 
and optimized as to their "ecological" suitability. The assessment results in the "Eco"
Portfolio are shown in fig. 7. The storage water heater of the competitor is characterized by 
very beneficia! disassembly options, however, due to the ecologically more critical selection 
of plastics a less favourable value in ecological force was achieved. Additionally fig. 8 shows 
the result of the recycling calculation for the different parts of the product. The designer is 
also supported in optimization the product design by using sensitivity analysis (s. fig. 9) or 
monitoring functions to find the ecological drivers (product parameters) with high influence 
on the environmental assessment values. 
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4. CONCLUSION AND FURTHER DEVELOPMENTS 

The computer-aided assessment methodology presenled bere facilitate a comprehensive 
infonnation management between product development and product disassembly (fig.10) [5], 
[6]. 
The target of the developments of the design software tool (RECON) is the expansion of the 
presented assessment methods by consultalion modules and infonnation systems for recycling 
technologies. With regard to supporting the developers, constructional expert knowledge is to 
be integrated for example in the fonn of a matrix on material compatibility. Furthennore a 
computer-aided partly autornaled generation of the disassembly graph is planned based on 
existing CAD data. 
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Fig. 1: Intermation integration between product development and 
disassembly planning 

DESIGN DISASSEMBLY 

Fig. 2: Design assessment methodology 
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Fig. 3: EGO-Portfolio Methad 
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Fig. 5: RECON link to CAD-System 

Fig. 6: lmplementation of disassembly graph 
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Fig. 7: Assessment values EGO-Portfolio 

Fig. 8: Monitoring recycling material profit 
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Fig. 9: Sensitivity analysis of assessment values 
Sensitivität der Bewertungskriterienpunlcte bzgl. Fralctionsgewicht 

•c.-5: ...... 

• n: ...... 

• Sla..: cZ,Ip 

• R (/CH.e9): <1.1 p 

Fig. 10: Software tools RECON and DEPLUS 

286 

product stNclur 
jolnlng elementa 



Abstract 

A Co-operation Model of 
Product Development and Recycling 

Prof. Dr.-Ing. G. Warnecke 
Dipl.-lng. M. Düll 

lnstitut of Manufacturing and Production Engineering 

Univarsity of Kaiserslautern 

The requirement tor environments/ conscious products and tor conservation of our natura/ 

resources are forcing us toto take a "Total Oriented "look at product development processes. This 
means that the product development wilt have to support the requirements of future recycling pro
cesses. Future recycling processas have to be planned and integrated in product development 

processas through preventive measures. This can only be rea/ized in close collaboration between 

manufacturers and recyc/ers. 

In order to guarantee this close collaboration a "Dynamic Co-operation Model" between product 

development and recycling was developed. Structure, elements, and functions of this model are 

described and fina/ experiences trom actual use in certain deve/opment projects with manufactur
ers are presented. 

1 Total Oriented Product and Process Design 

In order to get a •Total Oriented" product design one has to look at all phases of the product's life 

cycle. This includes the production and usage phases but above all the after use phase [1]. 

The •Total OrientedN product development means that the needs of the customer or market as well 
as that of the environment have to be integrated. 

Until recently requirements such as function, usage and production took center stage in the 
design process. Through pressure trom law makers and a folk that is becoming increasingly more 

aware of environmental conscious products and production we are now using the requirements 

set by the life cycle of the product as an integral part of a product development process. 

Because of this scientific efforts has taken on the challenge of developing new products and pro
cessas by using new methods, models, and concepts. This will have to be done with an innovative 

regard for technologies of matenals and production, recycling and resource saving supports in or
der to give it the right push. 
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2 Analysis and Development of Recycling 

The field of recycling is devided in two parts: product recycling and material recycling. Product 
recycling means the reuse of old products ortheir parts tor the same or similar purpose. Material 
recycling means the recylcing of a product through the processing and reuse of its basic materi

als. 

The goal is the manufacture of environmental conscious products and in particular those that have 

the ability to be reused. lf the reusage of a product is not possibfe because of certain constructive 
properties such as non changeable parts, or because of wear, corrosion or aging, the product has 

to be recycled for its materials. The product that can neither be reused nor recycled should be 

ecologically disposed of (fig. 1 ). 

A..--
< disposal 100 
-r---

Fig. 1: Three-step model of recycling 

Two typical trends can be observed by the reuse of old components. Products that rely on style 
and those that are subject to rapid technological revolution tend to have to be recycled within a 
short time frame (ex. A2 in fig. 1). Products, however, with a long totallife expectancy but with a 

short technicallife expectancy which fuiflil the requirements of acquiring new technology have the 

added possibility of proionging life through reuse (ex. A1 in fig. 1). 

In addition to the old products running through the material recycling, the reused products will be 

recycled tor its materials too. That's the reason why the portion of products end up being recycled 

for its materials will increase. To realize a high-quality recycling the depreciation of recycled mate

rials has to be minimized so that a larger portion can be turned around and the need for more raw 

materials can be minimized. 
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A large portion of the old products today is being disposed of. This means either being burnt or 
buried. Because of consumption of natura! resources through garbage dumps and continued use 
of natura! resources through primary production we are being toreed to look for middle and long 

term solutions to reduce the amount of a product that is being disposed of drastically. This can be 
done by increasing the amount of the product that is either reusable or recyclable for its materials. 

3 Prevenlive Product Development 

Long periods of time are between a product's development and its recycling. This causes high 
demands on the design of a product and its original and habit documentation. The constant 

changing of recycling technology, an ecological oriented production process and the changes that 
occur in a product throughout and during its use have to become integral part of the product de

sign. New recycling processes can beseen as today's vision or future scenarios and should be 
supported through preventative measures (fig. 2). This kind of preventative measures relies on 
the choice of matenels and there combination. An important aspect is the possibility of dismantling 

the product but also oorrosion protection. 

time 

Fig. 2: Prevention in product development 

4 Inlegration through Co-operation 

T echnological alliances and interdisciplinary co-operation between development teams and recy

clers facilitate and secure the required "know-how-transfer". 

289 



In close collaboration with the following firms 

Wolf-Geräte GmbH, Betzdorf 

(manufactor of lawnmowers, verticutters, gras trimmers and garden tools) 

David + Baader GmbH, Kandel 

(manufactor of heating elements, household appliances and oven systems.) 

ERGO-FIT GmbH & Co. KG, Pirmasens 

(manufactor of fitness machines such as hand or bicycle ergometers) 

Reichart Dienstleistungen und Elektronik-Recycling GmbH, Pulheim-Brauweiler 

(offers dismantling, transportation, shredding and recycling of electronic junk and also 

offers consultatien in recycling law and product design.) 

the lnstitute of Manufacturing and Production engineering of the Univarsity of Kaiserslautern has 

developed a dynamic co-operation model between product development and recycling. This 

project is being sponsored by the German Federal Foundation for the Environment. Consid

erations and development of future recycling strategies and the development of recycling technol

ogy influence the design process substantially through the help of this dynamic co-operation 

model (fig. 3). 

experiem.:e 

co-operation 
e branch specific 
e product spedfisch 
e product recycling spezift 
e material recycling specific 

F1g 3: Co-operation between manufacturers and recyclers 

This dynamic co-operation model can be described through the following characteristics: 

• The use of the experience and technica! knowledge of the recycler during the product design 

process will help to design the product more recycling oriented. 

• By giving informations about the product to the recycler the planning of economical and eco

logical conscious recycling processas will be possible. 

• The basic recycling conditions are constantly changing. These new changes in development 

and recycling technology, the trends for secondary products or even new laws can flow into the 
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co-operation model. 

4.1 Elements of the Dynamic Co-operation Model 

The dynamic co-operation model touches the following points (fig. 4): 

• recycling strategy 

Through the establishment of a recycling strategy, one can decide what has to happentoa 
product after its use [2]. This results in a number of different possibilities: 

- A product wiJl be reused. Parts are renovated or upgraded in order to bring that product 
into a like new condition. 

- Parts wiJl be used trom a product but the rest of the product will be thrown away or recy

cled. 

- A product or a part will be recycled for its materials and the rest of the product will be 

thrown away. 

- The complete product will be thrown away. 

The consideration of the habit of a product after its use gives us an idea of the way the product 

has to be processed. Products or parts that will be reused are to be overhauled. The rest has 

to be prepared for material recycling. 

The handling processas can be divided into the following outline: 

Overhaul: - dismantling 

- cleaning 

- testing I sorting 

• final preparation (milling, grinding, .. ) 

- reinstallation 

Preparation: • dividing into separate matenals 

• crushing I grinding 

- cleaning 

- handling (granulating, chemica! handling, •• ) 

• recycling requirements 

Requirements for recycling are product requirements. Their goals are both, ecological as well 
as economical recycling. 

By the drawing up of recycling requirements there is in particular one point that should be con

sidered: the time lag between the product's development and its recycling. Such long time pe
riods can have adverse effects on a product through corrosion or material aging. Recycling is 
also coupled with changes in and new uses of technology, and is therefore always in flux. 

During the product's development the recycling requirements orient themselves on a product 

whose form continoues to crystallize. Product rharacteristics, such as structure, which have an 
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immense influence on the recyclability of a product are determined very early in the develop· 

ment phase. 

• recycling know-how 

The recycler is at the center of the co-operation model. His know-how of actual technologies 

and processas within the recycling field and also of future trends make lt possible for him to 

develope recycling strategies or recycling requirements that are oriented on the future. 

• controling-instrument 

A controling-instrument, such as the review-technique, checks the contents of the recycling 

strategy and its coupled realization of requirements. 

detennlnation of: · 
- way of recycling 
- recycling processes 

prod uctd e veI op men tp rocess 

- ploduet speclflc 
- company speclf're . 
-branch speclfiê ... 

Ftg 4: Elements of the dynamic co-operation model 

4.2 The Dynamic Co-operation Model 

Product development processas are branch, company, and product specific [3]. The development 

of garden tools such as lawn mowers or electric garden-shears is strongly influenced through long 

test phases. The development of consumer goods such as baby bottie warmers or oofternakers 

tends to focus more on the design. 
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Fig. 5: Model of co-operation between rnanufactor and recycler 

As we see, represented in fig. 5, the separate product development processas are linked back to 
the four general proeess phases: 

• The product development process begins with the product idea which orientates on a rafer
enee model. This model sets a framework for further product design. In the automobile ln
dustry the compact car can be seen as a raferenee model. In lts further development one 

sets up the requirements for the new product. This results in a structure model which con
tains the structure of the product's functlons and their relationships. 

• The idea development phase closes itself onto the concept phase. The work model is de
veloped upon the structure model. The work model contains different salution principals for 
singular or group product functions and therefore it offers possible alternative solutions. 

• The concept phase is foliowed by the design phase. The result of this phase is a design 
model. This model contains the physical properties of the product, to include its parts and 

their assembly. 

• The following detail phase ends with the documentation. This contains information about 

product related activities following the product development process such as flnishing, 
mounting, or recycling. "fhis information can be found in the form of user's manuals and work 
drawings. 
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The laying of the recycling strategy 

The recycling strategy lays the whereabouts within the recycling scheme of a productafterits use 

and the process that will handle it. This information is the basis of the determination of the recy

Fig. 6: Delerminstion of the recycling strategy 

cling requirements on the 

product (fig. 6). Should a 

product or its parts be re

used after its initial use 

phase one should take into 

account such important re

quirements as longevity 

and destruction tree dis

mantling.ln the case that a 

product has to be recycled 

for its matenals aspects 

such as easy removal of 

toxic material and simple 

separation and sorting of 

the raw matenals are im

portant. These recycling 

requirements have to be 

included into the product 

design. Because of this 

one sees that it is neces

sary to lay a recycling strat

egy within the product 

development process as 

soon as possible. The 

analysis of previous prod-

ucts can be used along with information trom customers or with directions of the handling of saftey 

relevant parts to lay a basis for a decision which recycling strategy is the best. 

The following criteria play an important role in recycling strategies: 

• the probability of recycling, 

• the recyclability, 

• the economy, 

• complying with the law, 

• employment capability, 

the probability that the old products will be reused 

or recycled for its materials 

the technica! possibility of recycling a product 

the estimation of the recycling cost in comparison 

to capital gains 

the planned handling process have to comply with 

the laws tor certain old products 

there have to be a future market tor the secondary 

products and recycled materials 
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• acceptsnee of the secondary products and raw materials by 

the customers 

For most of the products observed in this study, we have seen that the reuse of the products or 

their parts was unacceptable and material recycling is the only practical solution. The following 

are some of the raasons that are responsible for this conclusion: 

• the product is heavily stressed 

- through its use (especially by rnaving parts) 

- through environmental factors such as hot or wet elirnatas 

• absent knowledge of capacity extreme 

Since it is not known how high or long a machine was running on a capacity borderline the 

companys have to run exhaustive test series. This is especially important when certain 

product characteristics are to be guarantied during the second use. 

• integrated construction 

High demands on production cost goals have led to a unified methad of construction that 

reduces the tooling and assembly casts. 

• designer dependent parts 

Parts that depend on there design style can beoome quickly undesirable. 

• leaps in technology 

New technologies arenotcompatible with old products. 

Only in a small number of cases it is possible to reuàe the parts and components. Important to be 

mentioned along with the aforementioned criteria are the following ones: 

• modularly built products 

• tree of or special efforts made to divert wear and tear 

• resistance trom outside influences 

• separation of parts that are dependent on tunetion trom those of style 

• products that are mostly made trom mature technologies 

The following products or their parts observed in this study have been found suitable for reuse: 

transmissions or brakas in ergometers, electrical parts such as transfarmers or power supplys. 

These parts may have to be constructively adapted for the recycling process. 

Constructing the recycling requirements 

The construction of recycling requirements occurs as detailed in fig. 7: 

• in response to the recycling know-how and the practical knowledge of recyclers. 

Many aspects can be directed into the recycling requirements. These are a recyclers actual 
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insight or knowledge, his thoughts on future developments in technology or recycling or 

changes in the law. 

One can also cernpare the recycling requirements to the technology and processas of the 

recyclers. This is most important in the areas of product dismantling. 

• in accordance with a break down analysis of actual products and their particular design fea

tures that can causa recycling problems. These problems can coma in the form of layered 

matenals or material combinations that can be avoided in the futura. 

• in response to •the state of the arr one can find solutions trom similar problem situations. 

Through their inlegration one can possibly find the answer to his recycling problem. 

F'lfJ. 7: Determination and structuring of recycling requirements 

The documentation of the defined recycling requirements must fulfill particular requirements: 

• Availability 

lt is important to have easy access to the developed raferenee requirements in order to help 

the product designers. Therefore the requirements have to be arranged with regard to the 

whereabouts of the old products and the growing crystalization of the product in the product 

development process. 

• Applicability 

The "Requirement Catalogue" has to be changed if there are new or foreseeable require-

296 



ments on a product through changes in the law or new developments and use of technology. 
In order to keep this process as simple as possible one should structure the recycling re

quirements according to raferenee objects. These raferenee objects could be a product's 
structure and materials. 

The use of cross raferences can help to locate tangent recycling requirements. 

lntegration of the recycling requlrements wlth the product development process 

The recycling requirements that are needed to realize a determined recycling strategy are taken 

from the raferenee requirements catalogue. These recycling requirements are attached to activi
ties of the singular phases of the product development process. (fig. 8). To support the altachment 

we separate the activities into [4]: 

• creative activities, 

• routine activities, 

these are activities that have a "one-time" characteristics such as 
design sketches or the development of parts. 

these activities are as a whole or in a similar fashion aften repeated. 
Such activities are the drafting of the workdrawings or the writing of 
the specifications and can be seen as highly routinized. 

attachment of the requirements, according 10 
the rçcycling strategte and the P.bases of the 
develo~nt process, 10 the activities of the 
product deveropment process 

Fig. 8: Inlegration of the recycling requirements with the product development process 

The realization of the recycling requirements depends heavily on the "creative activities". Th is 

seperation makes the attachment of the requirements much easier and taster. 

I 
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The recycler ends up with the task along with the product designer to determine the specific re

quirements fora particular application and to assist by its realization. These newly realized prod

uct requirement gives the recycler a basis that can be used for the planning of the recycling 

process. 

Earlyin the course of a product development process, a way is being set that wilt have strong 

implications on the later recycling of the product. The decision over the products structure, such 

as focusing on a certain spectrum of materials or the use of parts out of previous/other product 

lines, happens very early in the products design and is the basis for all following decisions. 

Th is means that strong demands set upon the recycler. In this process he not only has to fuiflil his 

previous requirements but he also has to become an integral part of the design process. In addi

tion to the activities he is accustomed to, he has to provide support to the product designer in us

ing special methods of the product development process. The analysis and cooperation on 

constructive drawings is in the same way part of the work of the recycler as the implementation 

of a FMEA. 

lt should also be said that the product development process is not a strictly governed process. 

Changes and new ideas require constant repetition of certain steps within the process. This eaus

es a highly flexible working relationship between the product developer and the recycler. There is 

always the possibility that delivery dates will be pushed back, or rapid construction changes have 

to be made or the estimated costs have to be run through again. Thafs the reason why both part

ners have to stand open to and have to trust in one another as the basis for a long term working 

relationship. 

5 Conclusion and Expectations, Possibilities 

A look in the raarview mirror shows us that we have seen more or less large springs of inno

vation in areas such as technique, business and quality orientated specifications. In response 

worldwide markets have been developed, whose constant growth owes its thanks to the influ

ence of the development of production technology. Because of this rapid growth in industrial 

production we now have a global problem with overuse of the environment and its natura! 

resources. Some basic changes have to be madestarting with product design and with the pro

posal for new product life cycles especially in the direction of winning back the resources 

through recycling programs. 

The requirement for environmental conscious products and conservalion of our natura! resources 

is forcing us to to take a "Total Oriented • look at product development processes. The develop

ment process have to be considered as a part of the product's life cycle. In order to guarantee 

a high-quality recycling standard it is important to take preventive measures during the product 

development process. This should be supported by the inlegration of a recycler. This is the 

basis for the development of a co-operation model for development processas with assigned 

activities and responsibilities. 

The early recognition of the law and business framework is necessary to give to the manufac

turers the possibility to develope and plan their products in relativa security. lt's necessary to 
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do this because the planning of recycling relies on long term strategies that take into account 

process, technology and information processing. 
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.. 

ROCKY#OOI: Benelux · 

andthe 

Environment 

Charles Wijshoff 
Pub/ie Affairs 

ROCKWOOE Lapinus B.V. · 

• llaCXWDOI: ·International Group 

• llaCXWDOI: Roermond: biggest worldwide 

• Stonewool for: 
- thermal insuiatien 
- acoustic iosulation 
- horticulture, floriculture, agriculture 
- slab material 
- car-industry, safe asbestos replacing 

utilization 

I. 
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ROCKWOOL 

.. 
· Environmental control 

MEL T process . 

Problem Solution fnvestment 
mil/ion NLG 

SmeU H2S After bumers 

Dust Filters 
}34 

Acid Rain Briquets 27 

Acid Rain Sulptiuric 15 
Acid Plant 
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Environmental control 
Bakelite 

Problem Solution 

Smell Filters 
High chimneys 

experimental 

lnvestment 
mil/ion NLG 

10 

Bakelite 
by-produds 
Ammonia 

study 34 (estimate) 

• Turnover 450 

• Profit average 20 

• After tax profit 13 

• Environmental investment 120 (in 5 years) 

• Depreciations average 12 (1 0 years) 
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AFVAL RECYCLING DOOR BRIKET PRODUKTIE 
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WsiiiABr Q6.1GO.ppt 

~OI: recycling 

Collecting systems 

• LARGE-SCALE 
20 - 40 m3 containers 

• SMALL-SCALE 
5 m3 containers 
1 m3 big bag 06-8444, BFI-RW 
0,2 m3 PE-bag ROCKWOOI:, 

at least 50 pieces 
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Return system for building- and 
demolition remnants 

Big bag 200 litre bag 

Container 

200 litre bags 
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Big bag 

Container 
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Conditions 

• ROCXWOot stonewool (chemica! 
composition) 

• · Clean (no building refuse, coffee ctips etc.) 

• Dry (waterproof starage) 

• Price NLG 451m3 uncompressed, excluding 
container rent own territory 

• Big bag 06-8444: NLG 90/ big bag transport 

• Retail bag price: approximately NLG 12 

I Raw Materials 
1 + Energy 

~ . 

I i . I . . 
~ Stocks 

I EOVironment 
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Emissions 
~+Waste 

' 

' 
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Results 

• Building recycling price 1994 

• Stonewool recycling system: 
- 35 % raw material replaced by 

recyded material (briquette) 
- 70.000 ton less transport Sauerland

Roermond 
- 30.000 ton less waste to waste deposit 

(> 60 km average) 

• Pallet return system: positive reactions 

Green Image profiling as 
environmental company 

• 7 4 % prefers insuiatien manufacturer with 
recyding 

• No difference for 26 % 

• 48 % is familiar with the RockWaal recyding 
system 

• · 44 % is familiar with the recycling ~ystem but 
did not go into that subject! 
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Green image relevant 
e~vironmental aspects 

• insuiatien performance 
• durability material. 

. ~ product safety . . 
. • energy consumption on production 
• reuse recycled material as material 

of equal value 
• fire behaviour 
• pay-back time of the casts on 

insuiatien material 
• waste prevention 
• production emissions 
• easy handling 

50% 
49% 
30% 

. 28% 

21% 
18% 

13% 
13% 
11% 
9% 

Green Image profiling as 
environmental company 

ROCXWOot scores well on the following 
items: 
- communicationlinformation 

on environmental items 
- availability of recycling system 
- good products: 

. natural produels 

. quality produels 

. easy handling 
: du.rability 
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13% 
9% . 
3%' 

66% 
44% 
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