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ABSTRACT
Our planet has limited resources, and due to our increasing demands on a variety of products, we rely on the 
availability of primary and secondary resources. This paper will give an overview on the required information 
received from processing secondary resources. It is possible to assess the quality of the generated material fl ows 
with this information. By describing the material characteristics and the material fl ow uncertainties, a forecast 
of the material’s future potential to replace primary resources may be possible. Future prospects of the quality 
of secondary resources, including their input and output properties may be helpful to assess their potential to 
substitute primary resource for example. It is the contribution of the paper to point out the necessity of know-
ing the whole life cycle of a product to gain the best available end-of-life option. The case study of scrap tire 
recycling gives an example of assessing the material’s properties. Modeling recycling processes offers the 
potential of identifying the processing steps with regard to the main material fl ows and emissions to reduce the 
environmental impact and improve the economics. Material fl ow analysis and life cycle assessment can support 
the determination of the future potential of waste streams entering the recycling process. Some material fl ows 
are appropriate to replace primary resources without loss of quality. But other materials are only useful for 
products with minor quality. Some materials are made to never separate by itself, and therefore pure material 
fl ows are impossible to achieve. A model that considers different material properties of material fl ows helps to 
evaluate the global recycling potential. Therefore, material qualities have to be defi ned to make an assessment 
of sustainable management of secondary resources possible. A concept of developing a model that addresses 
this issue is presented in this paper. The aim of the model is to predict secondary material fl ows that are of equal 
quality of primary material fl ows. These material fl ows are then suitable to substitute primary resources which 
results in global savings in resources, both material and energy.
Keywords: Life cycle assessment, material fl ow analysis, scrap tires, sustainability, uncertainty.

1 INTRODUCTION
Primary raw materials are being exploited and countries, especially Europe, depend on imports from 
other continents. China, for example, produces 95% of all rare earth concentrates which are com-
monly used in ‘high-tech’ products. Motors for hybrid cars cannot be manufactured without rare 
earth dysprosium. Drilling tools with tungsten tips are vital for the production of compact mobile 
phones, and rare earth is commonly used in high-performance permanent magnets. Furthermore, 
China is the top one mining region for other metallic minerals, for example, Antimony (87% of the 
world production), Tungsten (84%), Gallium (83%), and Germanium (79%) [1]. It is necessary to 
always have specifi c raw materials in stock to guarantee a stable production of materials with these 
ingredients. Also some countries develop ‘stockpiling-policies’. If the political situation remains 
unstable in some countries, it is extremely important to provide raw materials, like Congo, for exam-
ple, which is the number one world producer of cobalt (36%). In addition, there are ‘critical raw 
materials’ defi ned which are dependent on the supply of the geological resources and reserves of each 
material. A material is called ‘Critical’ if over 60% of its resources are gained from one country [1]. 
In this case, the stable supply of this material cannot be guaranteed because it relies on the political 
situation of one country. Another example of a critical material is the fact that some geological 
resources last only for a few decades. Therefore, the effort to fi nd solutions to either recycle or sub-
stitute this material is very high. According to Ziemann et al. [2] the metals, such as Antimony, 
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Chrome, Germanium, Gold, and Niobium, can be identifi ed as materials with a high potential to fi nd 
solutions for substitution.

The resource-effi cient and recycling-based industry will strike a balance between dematerializa-
tion and rematerialization to support the availability of secondary resources [3]. These secondary 
resources will enter the common production processes as substitute for primary raw materials. This 
implies that countries with well-managed recycling process will be less dependent on imports [4].

Secondary resources are not derived from mining or chemical processes compared to primary resources. 
They are resources that had been already in use and are processed afterwards. Some secondary resources 
may be waste material in their original application but they might be useful in other applications.

The above-mentioned ‘critical metals’ can be found in various products as laptops and mobile 
phones. Table 1 gives an overview on the potential of recovering materials through recycling. In 
2008, 1,300 Mio units of mobile phones and 300 Mio units of computer and laptops were sold 
worldwide. Each mobile phone contains about 250 mg Silver, 24 mg Gold, 9 mg Palladium, 9 g 
Copper, and 3.8 g Cobalt, whereas the numbers in a computer are many times higher [5]. In addition, 
in 2008, the world consumption of palladium solely for mobile phones and computers were 36 tons. 
Referring to the world mining production, this amount corresponded to 16% of the whole production 
of palladium in 2008. It is evident that the mining industry must be supported through recycling 
procedures to guarantee sustainable resource consumption for consumers needs. Most raw materials 
are not endless and therefore we have to save as many resources as possible for future generations.

The goal of each recycling process should be to generate material streams with a quality that 
ensures further usage in any way. Since it is not possible to achieve this goal for all life cycles, the 
specifi c material properties has to maintain as long as possible. Life cycles of secondary resources 
are often identifi ed as open-loop processes (conversion of material from one product into a new 
application) compared to closed-loop processes (conversion of material into the same application) 
(see Fig. 1). While characterizing the output material stream of the fi rst life cycle,  the input material 
stream of the following life cycle is characterized as well. Secondary resources may be used in the 
same or a new application without being a material with minor qualities. The quality of a secondary 
material fl ow is dependent on the recycled product and the recycling process.

Table 1:  Impact of world sales of computer/laptops and mobile phones on the mining industry for 
2008 [5].

Mobile phones 
(1,300 Mio units / year)
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Ag 250 325 Ag 1,000 300 Ag 21,000 3%
Au 24 31 Au 220 66 Au 2,400 4%
Pd 9 12 Pd 80 24 Pd 220 16%
Cu 9,000 12,000 Cu 500,000 150,000 Cu 16,000,000 < 1%

1,300 Mio Li-Ion Batteries 140 Mio Li-Ion Batteries
Co 3,800 4,900 Co 65,000 9,100 Co 60,000 23%
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The objective of the paper is to add further information to exiting life cycle assessments 
(LCAs) on waste materials. The case study represents scrap tires. During the life time of a car the 
tires are replaced many times and therefore the market for scrap tires is growing with growing 
car market shares. Since tires have different brands and different sizes, the recycling of scrap 
tires has to cope with different problems as manufacturers of new tires. Highest problem is the 
guaranteed rubber quality of crushed tires. In this paper, the properties of scrap tires and their 
output material fl ows from recycling processes are discussed. The research focus lies on the 
development of a model that is able to forecast material fl ows and their quality properties derived 
from recycling processes. By including material fl ow properties into LCA-based models, the 
potential of substituting primary resources through secondary resources should be possible. Pri-
mary resources can only be replaced by secondary resources if the quality of secondary resources 
is of equal quality.

2 MATERIALS AND METHODS

2.1 Software

LCA, which is used to assess the environmental impacts of products from cradle to grave, is increas-
ingly being applied to the evaluation of waste management strategies. It should be noted, however, 
that there is a fundamental difference between the life cycle boundaries of products and wastes. The 
life cycle of a product starts with the extraction of raw materials (through activities such as mining, 
logging, etc.) and ends with the fi nal disposal of a product. The life cycle of waste starts when a 
material is discarded into the waste stream and ends when the waste material is either been converted 
into a resource (such as recycled material or recovered energy) or been fi nally disposed [6].

Figure 1: Open-loop recycling process.
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Since 1992, the Society of Environmental Toxicology and Chemistry (SETAC) is organizing 
workshops focusing exclusively on uncertainties in LCAs [7]. Modeling recycling processes and the 
assessment of uncertainty are fi rmly connected; otherwise, the model provides a lack of reliability 
due to parameter uncertainties. An interest on the credibility of process modeling due to the per-
formed decisions based on the LCA is evident [8].

Tools to build this recycling process model are the LCA software ‘Umberto’ Version 5.0 [9] that 
defi ne the mathematical connections between processing steps as well as the programming language 
‘Matlab’. It is desirable to forecast specifi c material properties for choosing processes with the best 
performance. A rough prediction on material fl ows, costs, and environmental impacts can be assessed 
through combining the methods material fl ow analysis (MFA) and LCA. But these methods lack of 
the description of material properties and their variations and uncertainties, respectively.

2.2 Methods

LCA helps the decision makers in taking into account environmental contribution on the basis of 
material and energy fl ows. MFA is a systematic assessment of the fl ows and stocks of materials 
within a system defi ned in space and time [10]. It connects the sources, the pathways, and the fi nal 
sinks of a material. An MFA delivers a complete and consistent set of information about all stocks 
and fl ows of a particular material in a system. The MFA can be regarded as a method to establish the 
inventory for an LCA.

A short history of MFA and can be found in Binder [11] and is going back to the roots of the 1960s 
to studies on material balances. The publication of Brunner and Rechberger [10] is now established 
as a textbook in the application of MFA.

MFA can be easily applied to recycling processes because it takes into account all entering mate-
rial fl ows and those which are leaving the recycling process (system boarder). Since the input in 
recycling processes is often a mixture of various material streams, the exact composition is never 
known. There is often a lack of information due to unknown parameters in material composition or 
processing steps [12]. In consequence of the high potential of recycling processes contributing to a 
sustainable management of resources (e.g. energy savings and material effi ciency), it is necessary to 
assess the material fl ows with regard to their environmental impact [13, 14]. Assessing the material 
fl ows involves the characterization of materials and their properties. According to secondary (recy-
cling) materials this is only possible with determining a range of properties values (e.g. water content 
lies between 5 and 7%).

In general, the following conditions for assessing sustainable resource management in recycling 
processes have to be achieved:

• Adequate material mass for the recycling process;

• Adequate material mass for further product manufacturing;

• Defi ned material properties; 

• Very little variation of material properties [15].

It is desirable to forecast the above-mentioned conditions for choosing processes that fi t best 
to these conditions and thus achieve a good performance. A rough prediction on material 
fl ows, costs, and environmental impacts can be assessed through combining the MFA and LCA 
methods. While performing an LCA, the evaluation of the environmental impact as carbon foot-
print, water footprint, ecological footprint, and others is possible [16–18]. As mentioned above, 
these methods lack the description of material properties, their variations, and uncertainties, 
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respectively. Material fl ows should rather refl ect a fundamental basis than being reduced to the 
assessment of mass and volume. Future prospects of the quality of secondary resources, including 
their input and output properties, may be helpful in assessing their potential to substitute primary 
resource, for example.

2.3 Material: scrap tires

One scrap tire differs from another scrap tire. There are passenger tires, truck tires, and Off-the-Road 
(OTR) tires. Some tires are broken, some are just worn, and some are full of dirt which leads to a 
varying average scrap tire weight. Within these categories, there are different brands with different 
tire ingredients. Exact tire compositions are not known because each company keeps their composi-
tions secret. As a result, all data are assumptions and an average of all tires. Table 2 shows the 
composition of a typical European tire [19].

Passenger tires tend to contain more synthetic rubber than natural rubber; truck tires consist of 
more natural rubber; and OTR tires, including heavy mining tires as well as agricultural and indus-
trial tires, have nearly no synthetic rubber. The rubber composition may be due to the fact that 
passenger tires have to meet higher quality standards (low rolling resistance, improved skid resist-
ance, and good wear) [20] to succeed in the competitive market. Truck and OTR tires, on the other 
hand, have to cope with heavy loads and longer distances more than high speed. The fi ber content in 
passenger tires can be as much as 5% of the total tire weight, whereas OTR tires tend to have little 
or no fi ber content and contain about 15% steel [21].

The lifespan of an average passenger tire, if properly infl ated and well maintained, differs from 
country to country. For example, the Rubber Association of Canada predicts a lifespan of a well-
maintained steel-belted radial tire of 100,000 km [22]. European tires are estimated to be replaced 
between 3.5 years or 30,000 km and 6 years and 80,000 km depending on the mechanical load. An 
uncertainty in the life time of a tire is the consequence and the exact date when the tire becomes a 
scrap tire is only estimation. Recipes of tires are changing over the time and therefore only mean 
values can be used for a simulation. Furthermore, seasonal tires like summer and winter tires vary in 
their composition as well [12].

Information of material characterization is essential for estimating the material distribution and 
the material fl ow. Processing steps like comminution and the following separation depend on each 
other and are essential for the separation success.

The particle size reduction and the liberation of materials during crushing will both effect the 
recycling of end-of-life products.

Table 2: Estimated tire composition [19].

Composition Passenger tire weight % Truck tire weight %

Natural rubber 22,0 30,0
Synthetic rubber 23,0 15,0
Filling components 28,0 20,0
Rayon 4,0 –
Polyamid (Nylon) 1,0 1,0
Steel 13,0 25,0
Additives 9,0 9,0
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Table 3 gives an example on the degrees in separation and crushing. Due to the design and construc-
tion of many products, it is diffi cult to measure exact grain size of the elements in the product. But grain 
sizes often include the separation of material sizes, and there is a correlation between particle size and 
separation and/or liberation degree. Most components are well combined and are never made to sepa-
rate by itself due to quality assurance. In future more attention would be paid to an environmental 
product design that includes the construction of products to have the potential for easy separation.

According to scrap tires, as case study, there is a strong relation between the liberation of materi-
als and the particle size. Figure 2 shows three different particle sizes of a crushed scrap tire. The 
coarse particle demonstrates that there is no mechanical processing technology to separate the main 
materials fi ber, steel and rubber from each other. The medium particle indicates that fi ber particles 
are still connected to rubber particles, whereas the fi ne fraction shows the liberated rubber particle. 
For further applications, it is necessary to know the ‘liberation grade’ of particles to evaluate the 
material properties. Most recycling processes do not separate material fl ows by 100%. Therefore, the 
impurities in material fl ows are essential to know.

Recycling processes generate material fl ows in various qualities. A complete separation of waste 
material components is not possible but quality standards can be met through defi ning separation 
grades as categories (high, medium, and low). Therefore, modeling is useful to describe the correla-
tion of material properties. It should be noted that the modeling in recycling processes is not related 
to specifi c data (numbers) but rather to data ranges (or quality issues). The modeling can help in 
decision-making processes, if the uncertainty of the model has an acceptable level. The acceptable 
level depends on the aim of the modeler and the model user.

Scrap tire particles may be classifi ed into groups that provide information on the separation level 
of particles. After the crushing process, materials may be separated from each other or not [23]. 
Figures 3 and 4 show the correlation of material separation and particle size.

For the development of new products, most input materials are primary resources. They can be 
described in their properties since nearly all suppliers of resources participate in a quality manage-
ment system and provide all their details on material streams. In most cases, material streams 
generated from recycling processes (secondary resources) cannot compete with primary materials 
because secondary resources are often a mixture of various components. There is a chance that sec-
ondary resources can substitute primary resources, if the information on their properties is complete 
and are provided through an information system [15]. A parameter of high infl uence for the process 
performance is the homogeneity of material streams which is dependent on the sorting and separa-
tion success of recycling plants. According to the case study “scrap tires” it can be shown that at the 
end-of-life of a tire there is no information available on the brand, life time, kind of seasonal tire 
(winter, summer, or all season), passenger or truck tire, and much more. Besides this information it 
is never possible to get to know the exact tire composition (because of company secrets) that repre-
sents the input of a recycling plant.

Table 3: Degree of separation and crushing [12].

Separation degree of materials Separated
Partly separated
Not separated

Crushing degree Fine
Medium
Coarse
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Figure 2: Relation of particle size and liberation grade of scrap tires.
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Figure 3: Separated material and small particle sizes of scrap tire particles.
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Figure 4: Unseparated material and coarse particle sizes of scrap tire particles.
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3 RESULTS AND DISCUSSION
Modeling recycling processes offers the potential of identifying the processing steps with regard to 
the main material fl ows and emissions to reduce the environmental impact and improve the econom-
ics. Simulation has to be made available for further investigations. The major problems are the 
uncertainties on the material composition within the material fl ows, and in the recycled products, 
especially regarding their characteristics like size, material combination, and distribution. Due to 
high dynamic uncertainties, a complete LCA cannot be performed for many recycling processes, but 
life cycle thinking may be applicable. The processes with the main infl uence must be identifi ed and 
evaluated within the model.

Modeling solid waste recycling processes is a challenge because there is uncertain specifi c data 
available. Various materials are fi rmly connected to each other that make an ideal separation success 
nearly impossible. Useful information can be accumulated with data received from particle size 
distribution. Assessing the information of the separation for modeling purposes with the availability 
of data ranges and identifying uncertainties is discussed in the following sections.

3.1 LCA of scrap tires

The management of product life cycle includes the best knowledge of processes and their system 
boundaries. All recycling processes that have in common is the fact that their input material has 
already had a complete life cycle; therefore, it is more diffi cult to fi nd exact input data for the LCA 
of the recycling process. Attention has to be paid to uncertainties in performing LCAs in recycling 
processes. These days life cycles of secondary resources are no longer within the system boundary 
from ‘cradle to grave’; instead, we have to look at a life cycle from ‘cradle to cradle’ [24].

LCA for scrap tires have been already performed in various publications [25–27]. It is not the 
intention of this paper to add another LCA to the list. Instead nearly all authors agree to the fact that 
during the whole life cycle of tires the use phase is the phase with the highest environmental impact 
and that this impact can only be reduced by proper tire handling (properly infl ated) and good quality. 
The end-of-life phase contributes a far lower environmental impact. Beukering and Janssen state that 
‘It is not the mass of the tires in use, but the quality of the tires and their management that are deci-
sive in the reduction of environmental pressure caused by the tire life cycle’ [27]. Nevertheless all 
recycling processes should result in the effect that material can be further used to save raw material. 
A study based on Dutch and German data showed a relation of rubber particle size and the environ-
mental impact of global warming potential. Due to the higher benefi t of smaller particles and their 
possibility to substitute virgin materials, the environmental benefi t is higher [28].

3.2 Process analysis

Information on recycling processes is not available for all process steps and materials, due to diverse 
origins of recycling materials. In this case, we applied a metamodel technique. A metamodel 
describes the structure of a model and mainly uses the information generated from processing steps. 
This results in an abstract combination of the elements of the model and its linkages. Therefore, this 
technique allows the development of the model.

A complete separation of waste material components is not possible but quality standards can be 
met through defi ning separation grades as categories (high, medium, and low). Therefore, the mod-
eling is not related to specifi c data (numbers) but rather to data ranges (or quality issues). The 
modeling can help with the decision-making process if the uncertainty of the model has an accept-
able level. The acceptable level depends on the aim of the modeler and the model user. This case 
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study represented a trial to study if the modeling is possible at all and therefore the acceptable level 
was low.

Models to predict the material fl ows and their properties at the end of the recycling process are 
essential to close the gap between this information in life cycle management. The developed meta-
model describes a theoretical performance of the model on a high level of abstraction to support the 
construction of a prediction model for real processes. Complex processes are divided into smaller 
modules with main effects on the process (modular construction system). Since the functional cor-
relation between modules is often unknown, ‘black-box’ models are in use. These ‘black-box’ 
models have direct or indirect infl uence on the process steps through their input parameters; there-
fore, they are important for all following process steps.

To obtain the correlation between input and output parameter of the ‘black-box’ model, labo-
ratory experiments help to identify the relevant process parameter (Fig. 5). These results can 
then be transferred to an operating plant to confi rm the developed module transfer function. 
Input and output parameters represented the liberation grade of material compounds that could 
be referred directly to quality properties as described in Figs 2–4. This was used as an indirect 
measure for material quality assessment. Coarse material particles could be referred to a mate-
rial compound of various materials, whereas fi ne material particles refer to a single material. 
The threshold of being a compound and a single material cannot be determined as a single value 
but to a value range. The value range is dependent on the material by itself and has to be 
assessed individually.

Figure 5: Model development [12].
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3.3 Involving uncertainties and transferability

Uncertainties play an evident role in developing a model to assess a recycling process or support a 
decision based on environmental impacts of processes. Therefore, uncertainties in the process have 
to be identifi ed and considered as a fact in recycling processes.

Assessment of the information of the processing steps for modeling purposes with the availability 
of data ranges and the focus on uncertainties are further determined. Uncertainty can be understood 
as the variation of a parameter in a model. The variation is not known and is at random. Modeling 
recycling processes and the assessment of uncertainty are fi rmly connected; otherwise, the model 
provides a lack of reliability due to parameter uncertainties. The known and unknown uncertainties 
of the process become important parameters to consider. Due to the fact that waste materials always 
vary in their composition and material fl ows, only data ranges can be used as input parameter [19]. 
A simulation of recycling processes is therefore often diffi cult but a model relies on the quality of 
the process data. For modeling purposes, the acceptable level of uncertainty has to be defi ned through 
stochastic methods. In comparison to product development processes, all recycling processes have 
in common the fact that their input material is not clearly defi ned and a process model has to cope 
with a higher impact of uncertainties due to unknown parameter. Compared to the case study of 
scrap tires, it is never known how many tires of a specifi c brand with a determined composition are 
entering the recycling plant. Established methods in product development processes, as described by 
Pahl and Beitz, [29], are not fully adaptable to recycling processes and have to be further developed.

Possible uncertainty locations are depicted in Fig. 6 and represent only sample locations. Far more 
locations can be found in processes and have to be taken into account while developing a model.

The known and unknown uncertainties become important parameters to consider in recycling 
processes. Uncertainties can have many sources and Heijungs and Huijbregts [30] state that the 
outcome of an LCA is affected by various types of uncertainty, such as parameter, scenario, and 
model uncertainty. The uncertainty by itself has to be addressed at three places: the input side, the 
processing side, and the output side. The variation of parameters is not always known and coinciden-
tal. For example, there is data for which no value is available, data for which an inappropriate value 
is available, and data for which more than one value is available. Due to the fact that residues always 
vary in their composition and material fl ow, only data ranges can be used as input parameter. There-
fore, a simulation of recycling processes is often diffi cult. Notten and Petrie [31] substantiate the 
statement that ‘different sources of uncertainty require different methods for their assessment’. For 
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that reason, the model relies not only on the quality of the process data but also on the uncertainty 
assessment [32].

The material properties are as important as the variation of quality attributes as impurities, for 
example. Excellent material properties cannot be managed if they underlie extreme variations and 
are not reliable and reproducible, respectively. Substance values are reproducible if – when repeating 
the sampling procedure – the new set of one or more substance values is statistically indistinguish-
able from the original one (i.e. the statistics of interest [e.g. means] do not differ signifi cantly). The 
reproducibility must be guaranteed over the whole processing time to obtain a material stream with 
constant properties and therefore ensures the process capability.

As mentioned above, the particle size plays an important role in recycling processes. Scrap tires, 
for example, are fi rst crushed and then further processed in other process steps that are mainly 
dependent on the particle size. In this case, the ‘black-box’ model depicts the modifi cation of particle 
distribution with their correlation between the single particle size fractions. Various statistical meth-
ods have been tested to fi t the best transfer function.

For process modeling, it is necessary to describe the particle distribution. Particle size distribu-
tions often follow a normal or Weibull distribution. In this case, parameter like variation or variance 
of the specifi c distribution can be easily compared by density functions. Figure 7 compares the mean 
values of different particle size distributions of crushed scrap tires. Assumptions according to the 
Shapiro–Wilk test have shown that the distributions follow a normal distribution. The statistical pos-
sibility for the true value is expected to be in one confi dence interval. The size of the interval is 
dependent on various parameters like mean variation or data numbers for mean determination. 
According to this issue, the authors investigated the similarities of the distributions and identifi ed 
that they were able to differentiate the particle size distribution by its mean value ranges. A higher 
content of material B related to smaller particle size.

Comparing the confi dence interval of the mean values (in Fig. 7 it is demonstrated through a dia-
mond and circle icon) complicates the differentiation. Intervals have to be clearly separated for a 

Figure 7: Statistical evaluation of crumb rubber analysis.
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mathematical well-defi ned conclusion; otherwise, there are multiple solutions that are valid. Figure 
7 indicates that all material mixes are separated and the diamonds are not crossing each other. There-
fore, only the mixture of 40% material B and 60% of material B shows no signifi cant differentiation 
due to the overlapping diamonds.

Main advantage of the particle size distribution as a density function is the mathematical defi ni-
tion: It is always the sum of 100%. This is essential for simulation purposes due to the relation 
between input and output streams. Every stream that goes into a system has to leave the system – 
otherwise it causes an error. Therefore, the whole particle size distribution has to alter in all particle 
classes. Referring to density functions, the mean and variation can vary but the complete function 
remains.

4 MODEL APPLICATON TO A TIRE RECYCLING PLANT
The evaluation of the model was performed at an operating tire recycling plant with a capacity of 
30,000 tons scrap tires annually. The input in the plant presented whole scrap passenger and truck 
tires, whereas the highest interest on the output represented crushed rubber crumbs in various parti-
cle sizes. Other material output was identifi ed as steel and fi ber. The focus was on the rubber fl ow, 
since this is the material fl ow of highest interest for the tire recycler. Statistical laboratory experi-
ments on rubber particle sizes were carried out to describe the transfer function of the crushed rubber 
particles. This information is essential for simulation purposes to evaluate the potential of the mate-
rial fl ow for further processing.

In general, the particle size of recycling materials is often connected to the liberation grade, as 
mentioned in section 2.3. This information is needed for further use of material fl ows in following 
applications. The demand on material properties of rubber particles for use in automotive parts differ 
from the one which are used on playgrounds, for example. The model has to cope with information 
like coarse, medium, and fi ne particles and quality issues like contamination of rubber with textile 
particles, steel with rubber particles, and further more. To deliver a reliable result, the model has to 
cope with the variation of material properties. Processing of information and data has a major infl u-
ence on the model output.

A model has been developed using the software Umberto [9] and the process steps with main 
infl uence on the materials like crushing, magnetic separation, and sieving were included in the fl ow 
network. Properties of material fl ows were described with the help of the statistical experiments on 
rubber particles.

The output material can be identifi ed as a result of the information of the preceding stages. Main 
infl uence on the modeling is the crushing process, since this is the process stage of main infl uence 
on the material properties. Through this process, materials are liberated and therefore separable.

Despite the incomplete information on the recycling plant due to company secrets and the missing 
opportunity to vary parameters in the plant operation, the authors were able to simulate own process 
data through Monte Carlo Simulation in Umberto. Monte Carlo simulation, or probability simula-
tion, is a technique used to understand the impact of risk and uncertainty in forecasting models. It is 
necessary to make certain assumptions during the development of a forecasting model. In this case 
study of scrap tires, the authors had to make assumption of the varying distribution of material fl ows. 
By using the assumptions, based on the knowledge of material compounds and the use of separation 
technology, the authors were able to forecast possible material availability. They chose 1,000 repeats 
and applied the Weibull distribution to their own fi ndings on rubber crumb characterization. With 
these fi ndings it might be possible to assess the availability of certain secondary material fl ows that 
are received from recycling processes. These materials can substitute primary resources, if they meet 
certain quality requirements.
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To show comparable results, it is necessary to gather more information on the recycling process 
and its process steps. The transferability of the model on an operating plant is incomplete due to 
missing data. However, fi rst attempts have shown that the metamodel’s functionality is dependent on 
the accessibility of process and material information.

The model is based on Petri nets – as available in Umberto. Petri nets are alternative tools for the 
study of non-deterministic, concurrent, parallel, asynchronous, distributed, or stochastic systems. 
They can model systems in a natural way. Furthermore, the Petri nets approach can be easily com-
bined with other techniques and theories such as object-oriented programming, fuzzy theory, neural 
networks, etc. [33]. Since Petri nets offer advantages to model systems and can interact with other 
techniques easily, this approach is the base for the developed model. The authors suggest a hybrid 
system which combines Petri nets and neural networks with a case-based reasoning approach, 
thereby enabling fi eld uncertainties. They used the advantages of Petri nets in order to overcome the 
neural network defi ciencies concerning their original design and defi nition of their initial weighs. 
The solution solves uncertainty problems of process data defects using neural networks and case-
based systems together. Recovered similar cases have allowed the readjusting the network solutions 
as well as the correction data. Another advantage would be to propose several solutions to experts.

Neural networks are used in different fi elds. Classifi cation is one of problems where they are com-
monly and very often used. The back-propagation algorithm is one of the most widely used method 
for training feed-forward neural networks because of its simplicity and capability to extract useful 
information from the examples and implicitly store it in their weighing connections [34, 35]. This 
algorithm has some limitations in its practical use that are generally approached and accepted by 
researchers. Some of these limitations are that the convergence toward a state of minimum error can 
be extremely slow, mainly if the size of the network is not big enough with regard to the size of the 
problem. Next, it can standby in local minima before fi nishing the learning of all the examples, and 
fi nally, it is almost impossible to select the design of the network before hand [36]. Due to its com-
plexity and slow process, a lot of software was developed to help the designers of these networks in 
the design and implementation of multilayer perceptrons (MLP). New training algorithms are imple-
mented to achieve results similar to the traditional ones, in a very short time. Petri nets are alternative 
tools for the study of non-deterministic, concurrent, parallel, asynchronous, distributed, or stochastic 
systems. They can model systems in an easy and natural way. Furthermore, the Petri nets approach 
can be easily combined with other techniques and theories such as object-oriented programming, 
fuzzy theory, neural networks, etc. These modifi ed Petri nets are widely used in computing, manu-
facturing, robotic, knowledge-based systems, process control, as well as in other kinds of engineering 
applications [33]. Since Petri nets offer advantages to model systems and can interact with other 
techniques easily, it would be advantageous to model neural networks starting from Petri net models, 
which allow not only the design adjustment but also the initialization of the neural network weights. 
Following the algorithm proposed by Xiaoou Li and Wen Yu [36], a neural network can be modeled 
starting from a Petri net with the application of weighty production rules in the algorithm. The learn-
ing algorithm of the neural networks obtained is the same as the back propagation of multilayer 
neural networks. The main idea is that all layer weights can be updated through the back- propagation 
algorithm if certainty factors of all sink places are given [35]. A complex neuronal network can be 
divided into several sub-networks starting from the modular design of an original Petri net. The 
designed sub-networks will correspond to the real application of sub-processes.

5 CONCLUSION
The focus on the management of secondary resources has increased in the last years. Due to limited 
primary resources and the effort to live in a sustainable environment, waste management and the 
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involved recycling technologies will improve. MFA and LCA support the determination of the future 
potential of waste streams entering the recycling process. Some material fl ows are appropriate to 
replace primary resources without loss of quality (up-cycling). But other materials are only useful 
for products with minor quality (down-cycling). Some materials are made to never separate by itself 
and therefore pure material fl ows are impossible to achieve. A metamodel that considers the fact of 
material fl ows of different material properties may help to evaluate the global recycling potential. 
Therefore, material qualities have to be defi ned to make an assessment of sustainable management 
of secondary resources possible.

Information on material properties generated with LCA and MFA can contribute to the product 
design, the production phase, and the recycling performance of a product. Traditional LCA models 
are static and are not suitable for dynamic modeling.

To be able to plan for changes in waste fl ows, decision-makers require future studies of material 
fl ows. A high potential on research work is identifi ed according to the fi eld dynamic modeling to 
forecast material fl ows with regard to LCA.

Uncertainties are often related to recycling processes and therefore it is necessary to take into 
account the consequences of their impact on assessment methods. Neglecting uncertainties should 
be the last option when compared to the establishment of rules and models that are able to cope with 
uncertainties. Research on uncertainties or data defects, like missing data, is of high interest.

Further research is necessary in the fi eld of waste fl ow modeling and the handling of uncertainties. 
Fuzzy methods and neural networks may solve the problem but there are still a lot of open questions.

The modeling of recycling processes would improve if more information on used materials in a 
product is accessible. All recycling processes have in common the fact that they have to undergo a 
‘practical training’ since the input material is never known exactly. It would be more effective for 
plant operators if they have more information on the whole products life cycle. In general, additional 
information on process steps and material properties should be more accessible through databases. 
This is a requirement for the development for a model that delivers reliable results on secondary 
resources through recycling processes. Without the connection with database, every single model is 
just a solution for one single problem.

For a reliable assessment of waste fl ows it is necessary to rely on fundamental data. Therefore, the 
accessibility of material data bases and existing recycling networks is highly benefi cial for materials 
fl ow models. Only by monitoring the highly fl uctuating recycling market a model is of value for 
authorities who may use a model for forecasting material fl ows for the coming years for strategic 
planning. This can only be achieved by making the whole life cycle of products more transparent, 
thus, beginning with the manufacturer.
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