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Abstract 

Carbon-based materials have distinct characteristics compared to other materials, such as 
metals, requiring that they be considered differently with respect to their end-of-life phase. To 
identify both the potential for and limitations to recycling carbon-based materials, wood and 
plastics are used as examples in this chapter. Whereas the situation for wood is only briefly 
discussed, plastics resource management is examined in more detail using two case studies: 
one on the total plastic flows in the Austrian economy and the other on plastic packaging flows 
in the Austrian waste management system. From these considerations it can be concluded that 
to develop environmentally optimal recycling schemes for carbon-based materials, a thorough 
understanding of the end-of-life material flow quantities and qualities available (currently and 
in the future) and the corresponding utilization pathways is required. It is therefore 
recommended that data availability be facilitated with regard to the mass flows, material 
types (e.g. polymers in the case of plastics) and substance contents (e.g. additives) of carbon-
based end-of-life materials. Furthermore, if future recycling targets, such as those proposed 
for various packaging materials including plastics, are to be reached, research aimed at 
improving collection and sorting must be promoted. 

 

Introduction 

Carbon-based materials possess characteristics that make them distinct from any other 
material. As they are based on carbon chains, they can be synthesized biologically and/or 
synthetically using basic building blocks. Conversely, they can be destroyed through 
incineration and generally have high energy contents. From a waste management perspective, 
this results in a competition between recycling and energetic valorization of end-of-life carbon 
based materials. A further challenge for recycling is the chain breaking during the recycling 
process, which limits the number of successive cycles during which the material can be 
utilized. Therefore, the (theoretically) infinite recycling that is possible for metals, for example, 
is not feasible for carbon chain-based materials.  

One of the most important carbon-based materials currently in use is plastics. These have 
seen stronger growth rates over the past few decades than any other engineering material 
(Allwood et al. 2011) and reached an annual production of 322 million tonnes worldwide in 
2015 (PlasticsEurope 2016). In general, they are lightweight, strong, and very durable, and 
their properties can be readily modified by combining various polymers with numerous 
additives. This causes plastics to be very versatile and to be used in a vast range of products 
and applications, subsequently generating a very complex waste stream. These in turn can 
cause many environmental problems due to accumulation in ecosystems when disposed of 
improperly. Furthermore, the vast majority of plastics are synthetized from fossil resources, 
which are non-renewable. For this reason, the proper management of plastic wastes can 
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contribute to reductions in both resource consumption and detrimental environmental 
impacts. 

In contrast to plastics, wood is a renewable resource with currently growing natural resource 
potential in the European Union (FAO 2010) and Austria (BMLFUW 2015). Despite the 
availability of primary wood, the cascading use is a key aspect of sustainable wood resource 
management, which aims at recycling wood waste into high value products and, finally (after 
multiple use cycles), using the heating value of wood in highly efficient incineration processes 
(cf. Höglmeier et al. 2015). In order to enable several wood material cycles, a central aspect 
of wood waste management is to avoid contamination of recycling wood by means of separate 
collection, sorting and treatment of wood waste. However, developing wood resource 
management strategies which optimally exploit available primary wood materials and 
efficiently utilize end-of-life wood flows is a complex task. The wood resource system is 
characterized by a high degree of interaction between individual wood flows (e.g. by-products 
from one process are subsequently used in another process), limited regeneration rates of 
natural wood resources, various linkages to other resource systems (e.g. product and energy 
substitution) as well as relatively scarce knowledge about the availability and quality of end-
of-life wood for recycling. In particular, the latter needs to be improved as a basis for 
developing environmentally optimal wood waste management schemes. Hence, although 
wood is a renewable resource, similar challenges exist for wood and plastics in terms of waste 
management.  

To understand what potential for recycling is available, detailed knowledge on the current 
flows and stocks of carbon-based materials such as plastics and wood is needed. In contrast 
to the case of metals in particular (see e.g. Chen and Graedel 2012), such information is much 
less available for carbon-based materials, as for plastics for example, the information from 
government and industry on the mass and composition of plastic products is much sparser 
than for metals. To fill this gap, plastic flows in Austria generally as well as the flows of plastic 
packaging in detail are subsequently presented as a case study for the purpose of investigating 
the waste management of carbon-based materials.  

 

Plastic flows in the Austrian economy 

This section describes all plastics flows through the Austrian economy, from primary 
production, through to consumption, right up to waste management. All plastics are taken 
into account, including rubbers, as well as the additives added to the material. The system 
boundaries are the geographical borders of Austria, and the reference year is 2010. For more 
details on the methods used and data collection, the reader is referred to Van Eygen et al. 
(2017a). 

A summary of the results is shown in Figure 1. The domestic production of primary polymers 
amounted to about 1,100 kt (kilotonnes), which were mainly (about 80%) polyolefins. Large 
flows of about 1,500 kt polymers were both imported and exported. After the manufacturing 
stage and trade of semi-finished and final products, about 1,300 kt of plastic products were 
put on the Austrian consumption market. There, eleven consumption sectors were 
considered: packaging, building & construction, transport, electronics, furniture, agriculture, 
medicine, household, textiles, others, and non-plastic applications. The shares of the different 
sectors with respect to consumption, stock increase, and waste production are presented in 
Figure 2. 

The most important consumption sector from a mass perspective was the packaging sector, 
followed by building & construction, non-plastics, transport and others. Together, these five 
sectors represented about 80% of total plastics consumption. The non-plastics sector was not 
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considered beyond the consumption stage as it is not relevant for waste management 
because of the dissipative use of the respective products (such as lacquers and adhesives). 
The total change of the in-use stock amounted to +435 kt, which means that the net increase 
of the total size of the stocks was equal to about one third of the incoming amount of 
consumer goods. The stocks increased in all sectors, but large differences between the sectors 
exist, as is evident from Figure 2. Sectors with products with short lifetimes, such as packaging 
and medicine, contributed little to the increase, whereas the largest buildup in stock took 
place in the building & construction sector (44% of the total stock increase). 

Two sectors had important exports of used products, namely transport and electronics. This 
means that these end-of-life flows became or will become waste outside of Austria and are 
not handled by the Austrian waste management system, thus constituting a loss of potentially 
valuable materials. Of the total post-consumer waste, which amounted to 560 kt (70 kg/cap), 
about half was caused by the packaging sector (see Figure 2). The total waste stream which 
needed to be treated, after inclusion of production wastes and net imported streams, was 760 
kt, or about 91 kg/cap. This amount was mainly incinerated with energy recovery: 46% in 
waste incineration plants and 21% in the cement industry. About 21% was recycled 
mechanically into new re-granulates, whereas 10% was directed to the steel industry. The 
latter is considered to be feedstock or chemical recycling as waste plastics act as a reducing 
agent in the blast furnace and thus replace the use of cokes (Al-Salem et al. 2009; Trinkel et 
al. 2015). Finally, minor amounts were reused (1%) and landfilled (2%). All in all, 98% of the 
wastes were utilized, be it via recycling or thermal utilization, which is much higher than the 
European average, where about 50% of waste plastics are still landfilled (EC 2015a). 

To summarize, the variety of the challenges posed by plastics from the different sectors can 
be exemplified by the two extreme and, from a mass perspective, the two most important 
sectors: packaging and building & construction. In the case of packaging, the very short 
lifetimes directly cause large waste streams which need to be dealt with. Furthermore, 
changes in design (e.g. increasing considerations of eco-design) have immediate repercussions 
on the composition of the waste stream generated. Therefore, effective cooperation along 
the value chain from producers to waste management can ensure sustainable management 
of this waste stream. In contrast, the products that are used in the building & construction 
sector can remain in use for over a century, and the application of plastics in this sector has 
seen a strong increase over the past few decades (Kleemann et al. 2016). Furthermore, many 
potentially harmful additives (e.g. brominated flame retardants such as polybrominated 
diphenyl ethers PBDEs and hexabromocyclododecane HBCDD) were used in building products 

Figure 1: Plastic flows in Austria, 2010. 
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before being regulated (e.g. by the Stockholm Convention) and are still present in the current 
building stock (Nie et al. 2015; Vyzinkarova and Brunner 2013). Therefore, it is important to 
gain knowledge of the size and composition of the stocks that are currently being built up as 
well as of those from the past in order to appropriately deal with waste stream challenges 
arising in the future. 

From this study, conclusions about data availability across the various stages and sectors of 
the plastics economy could be drawn as well. In general, data was more easily available for 
the production of plastics and the flows to the waste management treatment processes. The 
additives that are used in plastics production were an exception, however, as here almost no 
information is publically available. Such data are often sensitive for companies due to the large 
influence of these additives on the properties of the plastics and are therefore not disclosed 
to the public. However, such information is crucial for recycling operators to ensure the good 
quality of the recycling product, as well as for authorities to prevent harmful additives from 
causing health and environmental problems. The most challenging flows to quantify were the 
waste production flows from the consumption sectors. The exceptions were sectors with well-
established and strong waste regulation, such as packaging, transport and electronics, where 
more information was available due to extensive reporting requirements put in place by the 
authorities. 

 

Packaging plastics in the Austrian waste management system 

As mentioned in Section 0, the packaging sector is responsible for about half of all post-
consumer plastic wastes in Austria. The waste flows and waste management system of this 
sector were therefore investigated in more detail for 2013, and the results of this effort are 
summarized in this section. The analysis was done on the level of seven product types: PET 
bottles, hollow bodies small (<5 L) and large (≥5 L), films small (<1.5 m²) and large (≥1.5 m²), 
EPS large, and others. Furthermore, the flows of the eight most important polymers were 
quantified as well: LDPE, LLDPE, HDPE, PP, PS, EPS, PET, and PVC. These polymers account for 

Figure 2: Shares of the eleven consumption sectors in terms of consumption, stock increase, 
and waste production of plastics in Austria. 
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99% of all plastics used in packaging in Europe according to PlasticsEurope (2015). Only 
products fully composed of plastics were taken into account, so material composites were 
excluded. More details about the data sources and calculations are reported in Van Eygen et 
al. (2017b). 

The flows of packaging plastics in the Austrian waste management system are shown in Figure 
3, subdivided both by product type and polymer. The total incoming waste stream amounted 
to 295 kt, composed primarily of large and small films (28% and 19% respectively), followed 
by small hollow bodies (18%), PET bottles (16%), others (13%), large hollow bodies (6%), and 
large EPS (1%). From a polymer perspective, the composition of the incoming waste stream 
was as follows: LDPE (46%), PET (19%), PP (14%), HDPE (11%), LLDPE (5%), PS (3%), EPS (2%), 
and PVC (<1%). 

To describe the performance of the collection, sorting and recycling processes, three rates are 
subsequently used: the Collection Rate (the amount collected divided by the total waste 
amount), the Sorting Rate (the amount sorted and sent to the mechanical recycling processes 
divided by the total waste amount, as defined by the EU for the recycling targets, see below), 
and the Recycling Rate (the amount of re-granulate produced at the mechanical recycling 
plant divided by the total waste amount). These three rates are presented in Figure 4 for each 
of the product categories. It has to be noted that this definition of the “recycling rate” differs 
from the way this term is usually defined as it is generally used to refer to the amount in the 

Figure 3: Flows of plastic packaging in Austria, subdivided by (a) product category and (b) polymer. 
The values are given by the mean (2 significant digits) and the relative standard deviation. 
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input of the recycling plant (i.e. the Sorting Rate in this document) rather than in the output 
as defined here. However, we feel that this approach is more accurate in describing what 
these three rates actually represent. 

Of the total waste stream, 58% was collected separately, whereas 30% was discarded into the 
MSW and 12% into BCW. Especially films, EPS large and PET bottles were largely collected 
separately (64-77%). In the sorting process, two groups of product categories can be 
distinguished regarding the sorting efficiencies (i.e. the output of the storing plant sent for 
mechanical recycling divided by the input into the sorting plant). On the one hand, PET bottles 
and the categories of large products were sorted more efficiently (efficiencies ranging from 
73% to 88%), whereas the sorting processes in place were not able to sort out small hollow 
bodies (47%), small films (34%) and others (12%) to the same extent. Combining these 
efficiencies with the Collection Rate results in the fact that the highest Sorting Rates were 
achieved for the EPS large, PET bottles and films large categories. 

Plastics that were not collected separately were disposed of in either municipal solid waste 
(MSW) or bulky and commercial waste (BCW). The former was largely treated directly in grate 
waste-to-energy (WtE) plants (84%), whereas for bulky and commercial waste (BCW) this was 
only the case for about 51% of the waste stream. The remaining shares of both waste streams 
were first pretreated mechanically, after which the outputs of this process were mainly sent 
to fluidized bed incineration (67%), next to the cement industry (28%) and landfill (5%). 

Figure 5 displays the shares of each of the product groups in terms of the final treatment 
processes. Overall, 26% of the generated waste amount was reprocessed into re-granulates, 
whereas 40% was treated in WtE plants and the remaining 33% in the cement industry (see 
Figure 5). Minor amounts coming from residues from mechanical pretreatment (as plastics) 
and WtE (as ashes) were landfilled (1%). Although plastics are used for chemical recycling in 
the steel industry in Austria, in 2013 no waste plastics packaging generated in Austria was 
used. The re-granulate produced was used for 12% in food-grade applications (from PET 
bottles only), 87% in other single-polymer products, and 1% for products with mixed-polymer 
re-granulate. For PET bottles specifically, 46% of the re-granulate was used for food-grade and 
54% for non-food-grade applications, which represents 21% and 24% of the PET bottles waste 

Figure 4: Comparison of the Collection, Sorting and Recycling rates, taking the incoming waste mass 
for each of the product categories into account. The respective results for the total waste stream are 
shown by the horizontal lines. 
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stream, respectively. However, this distribution depends heavily on the market situation. At 
the food-grade recycling plant only a part of the waste stream is processed for food-grade 
applications, as another part is sold directly for the production of PET fibers, depending on the 
current demand. 

The results for the seven polymers largely correspond to those for the product categories in 
which they are mainly used. Therefore, PET had the highest Recycling Rate (38%), followed by 
EPS and LLDPE (30%), LDPE (26%), HDPE (23%), PP (15%), and PS (11%). The rest was 
incinerated at similar shares in WtE plants and the cement industry for PET, EPS, LLDPE and 
LDPE, whereas substantially more was treated thermally in WtE plants compared to the 
cement industry for HDPE, PP and PS. 

To promote the collection and recovery of plastic packaging, the EU has imposed recycling 
targets which currently require 22.5% of this waste stream to be sent for recycling (equivalent 
to the Sorting Rate as defined above) (EPC 2004). However, a proposal has been made by the 
Commission to increase these targets by 2025 towards 55% (EC 2015b). To be able to reach 
the high efficiencies in collection and sorting, major improvements in both the collection 
system and sorting technologies will be necessary to achieve this proposed target. This is 
especially the case since over the past decade, the reported performance of the Austrian 
waste management system for plastic packaging has stagnated: in 2003, 31% of the waste 
stream was already sent for recycling (Eurostat 2017), compared to the 34% calculated from 
this study. 

Three product categories currently have a Sorting Rate around or above the required future 
target of 55%: EPS large (68%), films large (55%) and PET bottles (54%). However, the other 
categories are far away from the target, with required increases of 24 to 51 percentage points. 
Potential for improving the current situation can be identified from Figure 4 by taking into 
account the amounts lost during collection, sorting and reprocessing (on the vertical axis) as 
well as the incoming mass of a certain product group (on the horizontal axis). It is clear that 
for collection, efforts should be focused on the hollow bodies (except PET bottles) and others. 
Moreover, improving sorting of especially films small, as well as hollow bodies small and 
others, has a large potential to increase the mass of plastic packaging sent to the recycling 

Figure 5: Final treatment processes, taking the incoming waste mass for each of the product 
categories into account. The respective results for the total waste stream are shown by the horizontal 
lines. 
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process. A further potential measure to increase collection of specifically PET drinking bottles 
could be the introduction of a deposit system, which has shown to be able to reach collection 
rates of around 90% in Germany and the Nordic countries (Hennlock et al. 2014; Welle 2011). 

 

Conclusions 

► Developing environmentally optimal recycling schemes for carbon-based materials 
builds on a thorough understanding of available (currently and in the future) end-of-life 
material flow quantities and qualities and the corresponding utilization pathways.   

► Related to plastics management in Austria: 

o The Austrian plastics industry is highly international with large import and export 
flows. 

o Plastics stocks continue to grow substantially, especially in the building & 
construction sector. 

o In Austria, 98% of waste plastics are reused (1%), recycled (21% mechanically, 10% 
chemically) or treated thermally (WtE 46%, industrial incineration 21%). However, 
on average in the EU, 50% of waste plastics are still landfilled. 

o Packaging plastics are collected and recycled to a greater extent than the overall 
plastics stream, but large improvement potential still remains and will need to be 
achieved to reach the proposed future EU targets. 

Recommendations 

► Facilitate data availability on the mass flows, technical material quality (e.g. polymers 
for plastics or solid vs. fiber-based for wood), and substance contents (e.g. additives) of 
carbon-based end-of-life materials. 

► Promote research towards improving collection and sorting if future recycling targets 
are to be reached. 
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