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Abstract. Nowadays, the aim is to minimize the impact of a product or service on the
environment in all phases of its life cycle. In particular, this applies to those in which the
impact is greatest. One of the techniques that allow comprehensive assessment of the
environmental impact of manufactured products is Life Cycle Assessment (LCA). With this
method, an environmental declaration is made for the products obtained. WPC composites can
be made in a sustainable way, without wasting any material and without altering. WPC
composites can be made in a sustainable way, without wasting any material and without
altering. Composites with wood fillers may be competitive to materials with inorganic fillers.
Wood-polymer composites can be produced from original natural raw materials. They can also
be obtained as a result of recycling, where either wood or polymers come from the recyclate. It
is also possible to use both components from recovery. Another way is to use WPC as a future
raw material. Research on the utilization of waste from such materials is also conducted in a
number of research centres, taking material recycling as the basic direction, and technical
products are manufactured from the obtained recyclate.

1. Introduction

The products or goods that are manufactured as well as the services rendered all have an impact on the
environment. The magnitude of this impact depends on many factors, such as the length of use of the
products, the means of production (e.g. energy or water) or the materials used (raw materials).
Nowadays, the aim is to minimise the impact of a product or service on the environment in the all
phases of its ‘life cycle’. This is particularly true of those where the impact is greatest. At every stage
of the product development process, parameters such as technical, ergonomic, economic, health and
environmental properties are essential for the development of the final product [1,2]. Such an approach
generates environmental benefits and may lead to a reduction in the costs of manufacturing, use and
disposal of the products. These actions might improve the competitiveness of a company or a product.
One of the techniques allowing for a comprehensive assessment of the environmental impact of
manufactured products is the LCA (Life Cycle Assessment). It has its advantages and disadvantages.
The advantages include flexibility, interdisciplinary and comprehensiveness. The disadvantages on the
other hand include the fact that they are time-consuming and costly, the lack of time and space
differentiation and the complexity of the analyses [3]. Life cycle assessment can be treated as a
decision support tool which helps to choose the most advantageous way to design new products or
technologies, as well as to develop the existing ones [4]. Despite the disadvantages, the use of the
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LCA to evaluate products and manufacturing processes is of great importance. The LCA analysis
should be a part of the development of the concept of 'extended manufacturer responsibility' [3]. The
LCA analysis is an important tool that helps ensure proper sustainable development by assessing the
environmental burdens associated with the product development [5]. This method allows for the
selection of ‘clean’ production processes, avoidance of hazardous and toxic materials, maximisation of
energy efficiency with regard to the production itself and the utilisation of the product, as well as the
waste management design and, most importantly, material recycling [6]. Thanks to this method, an
environmental declaration is made for the products obtained. Table 1 shows some of the
environmental parameters assessed in accordance with the LCA for two different wood-based
composites. The first of the composites consists of fibres of coniferous wood, PE (HD) and PP. The
second product contains sawdust and HDPE. The total lifespan includes all stages from the production
to the end of life.

Table 1. Environmental factors from LCA analysis for sample composites [7].

Total whole life cycle
Composite | ife time CO2 Air Water E;! Enr2 Waste
references [kg] pollution pollution [MJ] [MJ] disposal
[years]| [m’] [m’] [kg]

composite

boards h.34mm 20 635 5170 326 192 1250 2.4
composite

wood cladding 40 45.1 4960 232 211 1080 2.01
h.30 mm

! Total use of renewable primary energy resources. 2 Total use of non-renewable primary energy resources

The life cycle of polymer-wood composites has been shown in Figure 1. Their life cycle starts with
wood cultivation or, in the recycling variant, with the recovery of wood or wood-based materials.
Natural fibre polymer composites (73 MJ total energy) consume 45% less energy compared with ABS
copolymer (132 MJ total energy). As a result, it causes lower emissions [8]. At the same time, the
second component is produced from monomers or can be recovered by recycling. WPC composites
can be produced in a sustainable manner, without wasting any material and without any alterations by
means of a twin-screw extruder or injection moulding. Once the composite has ceased to serve its
purpose, WPC can be re-extruded or the components can be separately collected and recycled. It has
been shown [9] that wood-polymer composites made of newsprint paper can be recycled many times
without visible loss of mechanical properties. For example, the author [10] found that the
reinforcement of polypropylene with wood fibre recycled from hardwood and softwood pallets
provides better flexural and tensile strength as compared with the use of wood flour. This is in line
with the Cradle and Cradle® concept, i.e. ‘from cradle to cradle’ [11], which is sometimes referred to
as a ‘closed-circuit economy’. The product life cycle is based on the use of the waste in the next
production process. The used raw materials are always in circulation, which reduces the use of natural
resources and thus the amount of waste. C2C goes beyond the basic principles of sustainable
development. Products are designed in such manner as to be treated a resource at the end of their life
cycle and not just waste.
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Figure 1. Life cycle of WPC composites (virgin and recycled)

2. Wood — polymer composite

A composite is a material consisting of at least two components that form separate phases and do not
mix with each other. One of the components is the matrix and the other is the reinforcement. The
matrix (warp) integrates the reinforcement and gives the products the right shape. Its task is also to
provide the physical and chemical properties. The reinforcement, on the other hand, additionally
improves selected properties of the material. The resultant composite obtains better or new properties
in relation to the properties of the initial components.

Polymer-wood composites are known in the Polish and world literature under the following names:
wood polymer composites and wood plastic composites, abbreviated to WPC. They are also referred to
as wood materials or wood-polymer materials. In addition to the names mentioned above, the literature
also mentions the name ‘artificial wood’[12].

Composites with wood fillers can be competitive with inorganic filler materials. Wood is a
renewable raw material and ‘environmentally friendly’ in comparison with other materials [13,14].
Wood is a much less energy-intensive material than most of its alternatives, such as steel, aluminium,
cement or bricks.

In such composites, wood or wood-based additives may be present as:

e the reinforcement;
o the filling.

The reinforcement can only be made of wood, e.g. in the form of fibres or grains, i.e. wood flour
[15,16]. Usually small fibres are used, which are characterized by a high shape factor. The small
dimensions allow for an even distribution of the fibres in the matrix and also provide a larger specific
surface area and better adhesion [17]. Then they act as the reinforcement. On the other hand,
lignocellulosic plastics in the form of particles act as the filling when their dimensions are
approximately equal in all directions, and they can also have any shape [18]. In both of the cases
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described, the morphology of the wood components is not constant. It is susceptible to changes due to
shear forces and high temperatures occurring during WPC processing [19]. Wood fibres provide a
reinforcement characterised by high mechanical strength and a favourable shape factor. However, they
pose some difficulties in processing with thermoplastics. Wood fibres are also considerably more
expensive than wood flour which is therefore more frequently used. The use of wood flour as the
reinforcement in WPC implies difficulties in obtaining repeatability of the composites. This is related
to the lack of standardisation in the production of this filler, which causes its variable purity and
composition.

Wood filler [20] is a reinforcement characterized by availability which determines the low price of
this material. This filler is environmentally friendly due to the absence of toxic substances and its
recyclability and biological degradation. Owing to its renewability, this product can compete with
inorganic fillers. Wood fillers are lightweight materials, which means that the composites obtained
with them are characterised by a lower density than that of corresponding composites with inorganic
fibres. They are also robust and abrasion resistant. The main disadvantages of wood fillers include
their flammability and the anisotropy of its mechanical properties. These are also materials that are not
resistant to moisture. They are also characterised by varying quality depending on the source of origin.

Depending on the type of polymer used for wood bonding, WPC may or may not be desirable for
the environment. Thermosetting polymers are not widely used in WPC, which, in combination with its
recyclability, makes the thermoplastic material more environmentally promising, especially that the
second phase, which is wood, is also recyclable [21]. However, a certain amount of duroplastics is
used. Mixing wood with thermoplastic material required application of heat to ensure that the wood is
thermally wetted with plastic to increase adhesion. The thermal mixing process has criteria that are
strongly recommended, the melting or softening point of the plastic used must not exceed the
degradation temperature of wood. The following polymers are used as the matrix for wood-polymer
composites:

o thermoplastics, i.e. polyolefins or PVC (polyvinyl chloride); less frequently PS

(polystyrene), ABS (acrylonitrile butadiene styrene terpolymer);

o biodegradable polymers.
The other polymers cannot be used for the preparation of WPC composites due to their melting point
exceeding 190-200°C. The temperature is determined by the decomposition of some wood
components, e.g. lignin or hemicellulose [22].
Mineral fillers such as glass fibres, talcum powder and carbon fibres are also used for polymer
composites. Mineral fillers can improve many properties of polymer-wood composites, such as
moisture resistance, fire resistance or mechanical properties [23]. In order to obtain appropriate
properties of polymer-wood composites, various auxiliary and modifying agents have to be used.
These include antioxidants, lubricants, dyes, flame retardants and compatibilisers (adhesives) [20, 24].
The use of antioxidants and stabilizers in the production of WPC serves to increase their resistance to
aging and prevent degradation of polymers, e.g. under the influence of UV. Lubricants have a positive
effect on the reduction of internal friction of polymers, which makes it easier to form finished products
from them. Additives in the form of pigments and dyes allow to obtain polymer-wood composites with
specific visual and aesthetic features. Compatibilisers, on the other hand, contribute to the increase of
interfacial adhesion, which has a significant influence on the increase in the degree of homogenisation
of composite components [25]. The use of a proper adhesive (compatibiliser) results in a combination
of hydrophilic wood reinforcement with hydrophobic polymer matrix. Modification of fibres by
acetylation, alkalisation, esterification and application of pro-adhesive agents is effective. However,
not all of these methods are cost-effective [26].
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3. Wood-polymer composite - components from recycling

Wood-polymer composites can be obtained from new raw materials. For such materials total life cycle
is determined. The parameters that are determined include those presented in Table 1. However, it is
also worthwhile to give consideration to production of such composites from secondary raw materials
including recycled materials available in the market. Either a recycled matrix or a reinforcement/fill
can be used [15]. Another option is that both components used are recycled. The recyclability of
polymer, wood, wood-based plastics and polymer composites is shown in Figure 2.
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Figure 2. Methods for recovering polymer and wood materials as well as polymer composites

Mechanical recycling implies mechanical shredding of used waste in the form of quality raw
material (recyclate) ready for further processing [27]. This method is used when the recovered waste is
clean and homogeneous. Before the waste is reprocessed, it needs to be pre-identified, sorted and
separated. These are important steps leading towards recycling. Polymer, wood and other mixtures of
different compositions have unfavourable physical properties and limited usability. Therefore, it is
necessary to select from solid waste fractions of materials with strictly defined properties [28,29]. Raw
material recovery, i.e. chemical or thermal recycling, involves decomposition of waste, either
temperature-induced or resulting from a chemical reaction, to the basic components from which the
material was made. Raw material recycling uses many methods and technologies based on, inter alia,
pyrolysis, gasification, depolymerisation or reduction melting in metallurgical furnaces or in other
melting processes [30]. It does not require preliminary segregation of waste, washing or removing
other organic substances. Energy recovery means burning waste and generating energy at the same
time. It is particularly suitable for mixed and/or contaminated waste fractions. This is a response for
fast developing countries concerning the problem of storage and the lack of waste management
methods [31]. Secondary solid fuels obtained from waste are a new type of fuel for the production of
which solid waste is used can be a valuable component in obtaining alternative fuels due to their high
calorific value. These fuels are becoming more and more commonly used in the industry [30].

Recyclate can be obtained during the production of plastic parts or after they have been used up. It
can be characterised by slightly worse properties than pure polymers, which is greatly affected by the
fact that it is a more or less complex mixture of these chemicals. The lack of homogeneity in recyclate
composition significantly contributes to the difficulties with quality control of the composite produced
[32]. Therefore, pure polymer matrices are used to produce WPC of significant importance or intended
for research.

At the end of the first life cycle or after repeated use, products made of plastics can be recycled to
obtain new materials or polymer products. As recycled plastics can be obtained from different sources
because they were subjected to different storage and reprocessing conditions, they can therefore
exhibit different properties depending on their degree of degradation. Post-consumer plastic waste can
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contain many grades, colours and contaminants, leading to different results when these plastics are
combined with wood flour / fillers. Plastic degradation is a problem that often occurs when a polymer
is subjected to a process or service. The properties of waste plastics are different with regard to some
important factors which are important for the production of WPC because the properties of WPC are a
function of the plastic properties [33].

The woodworking industry and the waste generated as a result of its operation can be managed
thanks to the dynamic development of production of energy from renewable sources. In fact, wood is a
useful biomass for energy purposes — thanks to it, many wood processing plants have the possibility to
use it effectively for energy purposes using thermal methods of burning scrap wood [34]. Wood
products can be easily recycled and contribute to lower greenhouse gas emissions than non-renewable
steel and concrete.

Due to the excessive amount of waste being produced, many wood industry plants apply practices
related to the process of energy recovery, i.e. they use the resulting waste to obtain useful material,
substances or energy. Basic recovery processes include thermal treatment of waste where heat plays an
important role in the physical or chemical transformation of the waste [35]. The growing amount of
wood waste is implies the necessity to find ways of managing it. This management should take into
account the environmental aspects and, consequently, the principles and hierarchy of sustainable waste
management. Unfortunately, a significant proportion of them, especially of post-use and wood-based
origin, are sent to landfill sites. It seems necessary to find ways of using the waste being produced.
One of them is to use it as reinforcement in polymer-wood composites.

In the production of wood-based composites it is possible to use wood fuel (biomass) as
combustion energy [2]. Such fuel normally consists of wood residues (wood and bark) from the
production of wood. In the production of OSB sheets 82% of the required heat energy is generated on
site by burning wood fuel (biomass). And this energy represents approx. 38% of the total energy from
the cradle to the end of the OSB sheet [36]. For coniferous plywood, this energy accounts for about
59% or 56% of the total energy from cradle to cradle [36, 37]. The use of wood as a fuel and energy
source plays an important role and has a beneficial effect on the environment. Emissions of biogenic
CO; due to wood combustion are often referred to as creating a neutral effect on global warming [38].
However, the use of petroleum-based adhesives (amino resins) for the production of wood-based
composites is considered to be the main source of environmental impact [39].

Pure wood waste can be utilised in one way or another. The biggest problem is wood-based plastics
which in addition to wood also contain adhesives or other chemical additives. In their case, it is not
possible to thermally transform waste and obtain wood fuel as combustion will generate pollution.
Therefore, these materials should be used for the production of polymer-wood composites.

The paper [15] investigates the cost-effectiveness of replacing glass fibres with wood fillers. For
this purpose, the authors carried out a life-cycle analysis of car door panels. The panels were made
from a polypropylene matrix and a filler with a mass share of 40%. The use of organic filler reduced
the adverse impact of the component on the environment. At the same time, the wood filler was
characterized by a lower cost, higher availability and lower density than glass fibres. An additional
advantage of wood fibre composites was their easy recycling and smaller amount of waste products
left after combustion.

Mineral fillers are usually primary, i.e. new, materials. Some recycled materials are suitable for use
as mineral fillers in polymer-wood composites, for example recycled mineral wool [40]. Mineral wool
is commonly used as a building insulation material accounting for about 60% of the total market of
insulation products [41]. It is therefore a material fraction commonly found in the waste stream and is
often considered difficult to recycle and therefore mainly sent to landfill.

Polymer-wood composites can first of all replace solid wood products, i.e. exterior and interior
wall cladding in the construction industry. Secondly, pure plastic products, i.e. decorative linings in
the automotive sector. The common view is that [42] WPC cannot compete with solid wood in terms
of low environmental impact. It provides, however, an environmentally friendly alternative to pure
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plastics. It is possible [43] that WPC is an intermediate step in the cascade use of biomass before
recovering energy from biomass.

The environmental assessment of products and services is carried out based on quantitative data in
accordance with the Life Cycle Assessment (LCA) methodology. The history of the use of WPC from
secondary or cascade resources dates back to the early 1990s according to, inter alia, [44, 45, 46]. The
studies mentioned above present the views of the best experts in the field who state that there is a lack
an ecological analysis based on quantitative data. There are studies on WPC [47,48] produced from
virgin raw materials on a laboratory scale where LCA was performed ex ante. They focus on different
alternative materials [49] or on the integration of WPC sustainability issues into the LCA [50].

In another publication, the authors [51] concluded that recycled plastic WPC is better for the
environment than virgin plastic WPC but worse than solid wood planks.

Another publication compares the properties of a wood-polymer composite produced from new raw
materials and recycled [52,53]. The data are presented in Table 2.

Table 2. Changes in the properties of polymer-wood composites depending on the applied 256
reinforcement (virgin, recycled).

Materials 30% wood share 60% wood share
Virgin Recycling Virgin Recycling
Waste wood (category A II) - 29% - 58%
HDPE - 68% - 39%
Norway spruce 29% - 58% -
HDPE 68% - 39% -
MAPE (compatibilizers) 3% 3% 3% 3%
Physical properties
Density [g/cm3 1.05 1.05 1.17 1.16
Stiffness
Flexural E [GPa] 1.55 1.58 2.77 2.62
Tensile MoE [GPa] 1.74 1.65 2,87 2.74
Strength
Flexural strength [MPa] 33.6 31.4 42.3 31.6
Tensile strength [MPa] 18.5 15.7 21.6 16.0

4. Wood-polymer composite - components from recycling
These composites are manufactured from recycled intermediates. They are used for products for the
automotive, construction and road industries, e.g. outdoor deck floors, railings, fences, landscaping
timbers, cladding and siding, park benches, moulding and trim, window and door frames, and indoor
furniture as well as for agriculture or the packaging industry [54]. They are used both in indoor and
outdoor applications. Wood-polymer composites are sold as recyclable products. Unfortunately, there
is currently no detailed classification of waste legislation for WPC. Landfills are facing increasing
amounts of WPC which cannot be assigned to a specific area.
Recycling is divided into two variants:
e internal recycling — production residues (relatively undamaged material) are reused during
the production process;
e end-of-life recycling — objects are materially or energetically recycled after a certain period
of use.
In practice, many WPC manufacturers already carry out ‘internal recycling” where the cost is one of
the reasons [55]. Methods of recovering polymer composites have been presented in Figure 3.
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Figure 3. Methods for recovery of polymer composites based on thermoplastics and thermoset
polymers.

Polymer-wood composites are probably the last step in the cascade chain of primary and secondary
materials. The wood that would be used as the first to produce new materials from solid or modified
wood is enriched with plastics and additives in the WPC product. In the final stage of its lifetime,
WPC must be treated as bulky or hazardous waste. Therefore, is should be incinerated. This leads to
environmental problems and the loss of precious materials. Recycling of composite materials would be
an environmentally preferred route but the recovered WPC content is a sensitive issue. Composite
incineration is the dominant end-of-life route due to the recycling directives and the lack of secondary
markets for the WPC material [52]. Although production volumes are increasing, recycling rates are
relatively low because of reduced material properties due to macromolecular decomposition during
use.

There are several studies described in the literature in which the authors determined the
environmental impact of various composite panels made of natural fibres using life cycle analysis
[56,57,58,59]. The conclusion form this literature study is that composite panels made of polymers
based on natural reinforcements show favourable results in terms of environmental impact and energy
consumption compared to petroleum-based panels. However, epoxy resins were used for both types of
composite panels. Their presence was the main contribution to the environmental impact (over 85%)
[57]. However, the use of wood fibres as the reinforcement in composite panels shows an ecological
advantage in comparison with polypropylene fibres [60]. Chemical recycling, i.e. raw material
recycling [61,62], is also attempted. Non-catalytic and catalytic WPC pyrolysis has been studied by
many researchers, also with the use of zeolites.

Until now, WPC recycling has not been sufficiently researched and only a few publications are
available. One limitation of WPC recycling is the wood component, which begins to degrade and emit
volatile substances during repeated processing at temperatures of about 220 °C [63]. Another
limitation is the degradation of the polymer. Recycling causes thermal and oxidative degradation, i.e.
chain fission and molecular weight reduction [64, 65]. The resulting change in viscosity may require
modification of further production processes. After two stages of recycling of polymer-wood
composites, such as with 50% of Radiata pine kraft fibres, the strength increased, but after two
successive decreases in strength. In general, parameters such as tensile and bending strength and
modulus, fibre length and alloy temperature may change. However, strain at break, hardness,
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interfacial bond density, crystallinity and thermal stability may increase. It depends on how many
recycling cycles the composite data has been recycled [63]. In addition to the parameters mentioned
above, equilibrium humidity, diffusion coefficient and swelling of thickness may also decrease [66].
Moze by¢ i tak, ze nawet po siedmiokrotnym przetworzeniu wihasciwosci mechaniczne pozostang
kompozytu wzglednie niezmienione. Pozwala to na pewne sformutowanie, ze recykling wewnetrzny
WPC jest szansg dla tych materiatu [65]. Przez jaki$ czas odciagnie si¢ w czasie koniec ich zycia.

The problem with the quality of recyclates can be solved if the recovery process is treated as a
process of creating a new material [67].

Research on the disposal of waste from such materials is also conducted in a number of research
centres, taking material recycling as the basic line of development, and technical products are
manufactured from the recyclate obtained.

5. Results

The increasing quantity of both wood and polymer waste is associated with the need to find ways of
managing it. The environmental aspects should be taken into account as well as the principles and
hierarchy of sustainable waste management. However, a significant portion, mainly of post-use and
wood-based origin, is sent to landfill sites. Wood is seen as one of the foundations of sustainable
economic growth, while the use of thermoplastics from fossil hydrocarbon sources and WPC additives
has the potential to have a significant environmental impact throughout the life cycle. A good way is
to use the resulting waste, in particular wood-based waste, for the production of polymer-wood
composites. In many cases they are renewable, relatively cheap, fully or partially recyclable and
biodegradable.

A potential solution to the problem of resource scarcity is the cascade use of biomass and more
efficient use of by-products in the sector of wood-based and polymer products. Products should be
designed so as to be treated as a resource at the end of their life cycle, not just as waste..

The cascading principle is to some extent reflected in the national legislation of the European
Member States in the implementation of the European Waste Framework Directive 2008/98/EC [68].
It prioritises alternative methods of decommissioning (EoL), calling for a so-called waste management
hierarchy. This includes:

e (1) prevention;

e (2) preparation for re-use;

(3) recycling (without any incineration);

(4) other recovery (energy recovery);

(5) safe disposal.

In addition to cascading, various other strategies and concepts have been developed, such as a closed-
loop economy at the European level [59,69] and ProgRess at the German level, recycling and
resource-efficient material circulation [52].

The construction industry faces a challenge to meet the sustainability goals set by the UN for energy,
climate change and the depletion of natural resources. Buildings account for about 40% of energy
consumption and 36% of CO; emissions in the EU [70]. Energy efficiency in buildings is necessary to
achieve a higher level of sustainability in this sector. One way to reduce the energy consumption of
buildings is to develop lightweight materials with low thermal conductivity. They will help to reduce
energy loss inside buildings. In this context, it can be noted that wood-polymer composites are
compatible with the C2C concept and are a potential material for sustainable development. "Green:
composite, material", sustainable composite shows several elements. Demonstrates the possibility of
biodegradation and the use of recyclable materials as a raw material, e.g. wood and plastic waste. It
also offers the possibility of recycling the finished composite. WPC for recycling can come from post-
consumer sources or from own waste generated during production. On-site recycling helps save
resources and reduces production costs. Therefore, it seems that such material may belong to the group
of sustainable building materials.



WMCAUS 2020 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 960 (2020) 022053 doi:10.1088/1757-899X/960/2/022053

References

[1]

(2]

(3]

[3]

(6]

[7]
[8]
[9]
[10]
[11]

[12]
[13]

[14]
[15]
[16]
[17]

[18]

Nielsen, P.H.; Wenzel, H. Integration of environmental aspects in product development: A
stepwise procedure based on qualitative life cycle assessment. Journal of Cleaner
Production 2002, Volume 10, 10, 247-257

Segovia, F; Blanchet, P.; Amor, B.; Barbuta, C.; Beauregard, R.L. Life Cycle Assessment
Contribution in the Product Development Process: Case Study of Wood Aluminum-
Laminated Panel. Sustainability 2019, Volume 11, 2258

Lesiuk, A.; Oleszczuk, P.; Kusmierz, M. Zastosowanie techniki LCA w ekologicznej ocenie
produktéw, technologii i gospodarce odpadami. In Adsorbenty i katalizatory. Wybrane
technologie a srodowisko, 1st Ed., Editor: Ryczkowski, J., Publisher: Uniwersytet
Rzeszowski, Rzeszow, Poland, 2012, 453-466

Lewandowska, A. Srodowiskowa Ocena Cyklu Zycia Produktu na przykladzie wybranych
typow pomp przemystowych, Publisher: Wydawnictwo Akademii Ekonomicznej, Poznan,
Poland, 2006, 281-288

Bovea, M.D.; Vidal, R. Increasing product value by integrating environmental impacts, costs
and customer valuation. Journal Resources and Conservation and. Recycling 2004, Volume
41,133-145

La Rosa, A.; Cicala, G. LCA of fibre-reinforced composites. In Handbook of Life Cycle
Assessment (LCA) of Textiles and Clothing; Woodhead Publishing Series in Textiles:
Catania, Italy, 2015; Volume 172, 377

www.inies.fr, (data 18.11.2019)

Joshi, S.; Drzal, L.T.; Mohansty, A.; Arora, S. Are natural fiber composites environmentally
superior to glass fiber reinforced composites?. Composites Part A Applied Science and
Manufacturing 2004, Volume 35, 371-376

Youngquist, J.A.; Myers, G.E.; Harten, T.M. Lignocellulosic—plastic composites from recycled
materials. ACS Symposium Series 1992, Volume 476, 42-56

Stark, N.M. Wood fiber derived from scrap pallets used in polypropylene composites. Forest
Products Journal 1999, Volume 49, 39-46

McDonougha, W.; Braungarta, M. Cradle to Cradle: Remaking the Way We MakeThings. 1st
ed.; Publisher: Farrar, Straus and Giroux, Nowy Jork, Stany Zjednoczone, 2002; 1-193

Niska, K.O., Sain, M. Wood-polymers composites. CRC Press Boca Raton, 2008; 1-384

Lippke, B.; Wilson, J.; Garcia, J.P.; Bowyer, J.; Meil, J. CORRIM: life-cycle environmental
building materials. Forest Products Journal 2004, Volume 54, 8-19

Puettmann, M.E.; Wilson, J.B. Life-cycle analysis of wood products: cradle-to-gate LCI of
residential wood building materials. Wood and Fiber Science 2005, Volume 37, 18-29

Zajchowski, S.; Ryszkowska, J. Polymer-wood composites - general characteristics and their
preparation from waste materials. Polymers 2009, Volume 54, 674-682. (In Polish)

Wolcott, M.P.; Englund K. A technology review of wood-plastic composites. Washington State
University 1999

Ashori, A. Wood-plastic composites as promising green-composites for automotive industries.
Bioresource Technology 2008, Volume 99, 4661-4667

Biitiin, F.Y.; Sauerbier, P.; Militz, H.; Mai, C. The effect of fibreboard (MDF) disintegration
technique on wood polymer composites (WPC) produced with recovered wood particles.
Composites Part A Applied Science and Manufacturing 2019, Volume 118,312-316

Teuber, L.; Militz, H.; Krause, A. Dynamic particle analysis for the evaluation of particle
degradation during compounding of wood plastic composites. Composites Part A Applied
Science and Manufacturing 2016, Volume 84, 464-471

Cyga, R.; Czaja, K. Polymer composites with vegetable filler, Publisher: University of Opole
Publisher, Opole, Poland, 2008, pp

Javier, C.; Sergio, A.; Roberto, Z.; Jorge, D. Optimization of the Tensile and Flexural Strength
of a Wood-PET Composite. Ingenieria, Investigacion y Tecnologia 2015, Volume 16, 105-

10



WMCAUS 2020 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 960 (2020) 022053 doi:10.1088/1757-899X/960/2/022053

[31]
[32]
[33]
[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

112

Zajchowski, S.; Tomaszewska, J. Polymer-wood composites - a new material for construction
and others. In Modern polymer materials and their processing Part 1; Publisher: Lublin
University of Technology Publisher, 2014

Nikolaeva, M.; Kérki, T. Influence of mineral fillers on the fire retardant properties of wood—
polypropylene composites. Fire and Materials 2013, Volume 37, 612-620

Venkatesh, G.S.; Deb, A.; Karmarkar, A.; Gurumoorthy, B. Eco-Friendly Wood Polymer
Composites for Sustainable Design Applications, In CIRP Design; Chakrabarti, A.;
Publisher: Springer, London, 2012

Boczkowska, A.; Kapuscinski, J.; Lidemann, Z.; Witemberg — Perzyk, D.; Wojciechowski, S.
Composites. Publisher: Warsaw University of Technology Publishing House, Warsaw, 2003

Kuciel, S., Liber-Kne¢, A. Chemists, vol. 3, pp. 27, 2007

Tomporowski, A.; Piasecka, I.; Ziotkowska, A.; Lisiecki, K.; Kasner, R. Analiza wptywu na
srodowisko wybranych mozliwosci zagospodarowania pouzytkowego lopat sitowni
wiatrowych, czes$¢ I: podstawy teoretyczne. Logistyka 2015, Volume 4, 2119-2126

Flizikowski, J.; Bielinski, K. Projektowanie $rodowiskowych procesorow energii. Publisher:
Wydawnictwa Uczelniane ATR, Bydgoszcz, 2000

Mikut, J.; Kuciel, S. Gospodarka odpadami i recykling tworzyw sztucznych, Publisher:
Wydawnictwo Politechniki Krakowskiej, Krakow, 2013

Kijenski, J.; Polaczek, J. Recykling tworzyw sztucznych wedlug koncepcji zielonej chemii.
Polimery 2004, Volume 49, 669-676

Rejewski, P.; Kijenski, J. Zuzyte polimery — dostgpne i perspektywistyczne zrddta dla procesow
recyklingu. Polimery 2010, Volume 55, 711 —717

Yang, Y.; Boom, R.; Irion, B.; van Heerden, D.; Kuiper, P.; Wit, H. Recycling of composite
materials. Chemical Engineering and Processing 2012, Volume 51, 53-68

Najafi, S.K. Use of recycled plastics in wood plastic composites — A review. Waste
Management 2013, Volume 33, 1898-1905

Ratajczyk, E. Sustainable management of wood resources in Poland. Consumption and
Development 2014, Volume 2, 15-27

Nadziakiewicz, A.; Waclawiak, K.; Stelmach, S. Thermal processes of waste utilization.
Publisher: Silesian University of Technology Publisher, Gliwice, Polska, 2017

Puettmann, M.; Oneil, E.; Kline, E.; Johnson, L. Cradle to Gate Life Cycle Assessment of
Oriented Strandboard. Production from the Southeast; Publisher: University of Washington,
Seattle, WA, USA, 2013; pp.35

Puettmann, M.; Oneil, E.; Wilson, J.; Johnson, L. Cradle to Gate Life Cycle Assessment of
Softwood Plywood Production from the Pacific Northwest; Publisher: University of
Washington: Seattle, WA, USA, 2013; pp.34

Ohrel, S. EPA. Framework for Assessing Biogenic CO2 Emissions from Stationary Sources. In
U.S. Environmental Protection Agency, Washington, 2014

Dos Santos, M.F.N.; Battistelle, R.A.G.; Bezerra, B.S.; Varum, H.S. Comparative study of the
life cycle assessment of particleboards made of residues from sugarcane bagasse (Saccharum
spp.) and pine wood shavings (Pinus elliottii). Journal of Cleaner Production 2014, Volume
64, 345-355

Vintsi, O., Kérki, T. Utilization of recycled mineral wool as filler in wood—polypropylene
composites. Construction and Building Materials 2014, Volume 55, 220-226

Vintsi, O.; Kédrki, T. Environmental assessment of recycled mineral wool and polypropylene
utilized in wood polymer composites. Resources, Conservation and Recycling 2015, Volume
104, Part A, 38-48.

Geldermann, J.; Kolbe, L.M.; Krause, A.; Mai, C.; Militz, H.; Osburg, V.-S.; Schébel, A.;
Schumann, M.; Toporowki, W.; Westphal, S. Improved resource efficiency and cascading
utilisation of renewable materials, Journal of Cleaner Production 2016, Volume 110, 1-8

11



WMCAUS 2020 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 960 (2020) 022053 doi:10.1088/1757-899X/960/2/022053

[43]

[44]

[45]

[46]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Teuber, L.; Osburg, V.-S.; Toporowski, W.; Militz, H.; Krause, A. Wood polymer composites
and their contribution to cascading utilization. Journal of Cleaner Production 2016., Volume
110, 9-15.

Yam, K.L.; Gogoi, B.K.; Lai, C.C.; Selke, S.E. Composites from compounding wood fibers
with recycled high density polyethylene. Polymer Engineering and Science 1990, Volume
30, 693-699.

Ashori, A. Municipal solid waste as a source of lignocellulosic fiber and plastic for composite
industries. Polymer- Plastics Technology Engineering 2008, Volume 47, 741-744

Sommerhuber, P.F.; Wang, T.; Krause, A. Wood-plastic composites as potential applications of
recycled plastics of electronic waste and recycled particleboard. Journal of Cleaner
Production 2016, Volume 121, 176-185.

Qiang, T.;Yu, D.; Gao, H. Wood flour/polylactide biocomposites toughened with
polyhydroxyalkanoates. Journal of Applied Polymer Science 2012, Volume 124, 1831-1839.

Hesser, F. Environmental advantage by choice: ex-ante LCA for a new kraft pulp fibre
reinforced polypropylene composite in comparison to reference materials. Composite Part B:
Engineering 2015, Volume 79, 197-203

Vintsi, O.; Kédrki, T. Environmental assessment of recycled mineral wool and polypropylene
utilized in wood polymer composites. Resources, Conservation and Recycling 2015, Volume
104, 38-48.

Miller, S.A.; Srubar, W.V.; Billington, S.L.; Lepech, M.D. Integrating durability-based service-
life predictions with environmental impact assessments of natural fiber-reinforced composite
materials. Resources, Conservation and Recycling 2015, Volume 99, 72-83.

Bergman, R.; Sup-Han, H.; Oneil, E.; Eastin, L. Life-cycle assessment of redwood decking in the
United States with a comparison to three other decking materials. Final Report. Publisher:
CORRIM The Consortium for Research on Renewable Industrial Materials; Seattle,
Madison, Washington, 2013

Sommerhuber, P.F.; Wenker, J.L.; Riiter, S.; Krause, A. Life cycle assessment of wood-plastic
composites: Analysing alternative materials and identifying an environmental sound end-of-
life option. Resources, Conservation and Recycling 2017, Volume 117, Part B, 235-248

Sommerhuber, P.F.; Welling, J.; Krause, A. Substitution potentials of recycled HDPE and wood
particles from post-consumer packaging waste in Wood-Plastic Composites. Waste
Management 2015, Volume 46, 76-85.

Kalali, E.N.; Zhang, L.; Shabestari, M.E.; Croyal, J.; Wang, D.-Y. Flame-retardant wood
polymer composites (WPCs) as potential fire safe bio-based materials for building products:
Preparation, flammability and mechanical properties. Fire Safety Journal 2019, Volume 107,
210-216

www.wki.fraunhofer.de/en/departments/hnt/profile/research-projects/wpc-recycling.html
(23.11.2019)

Batouli, S.; Zhua, Y.; Narb, M.; D’Souza, N. Environmental performance of kenaf-fiber
reinforced polyurethane: A life cycle assessment approach. Journal of Cleaner Production
2014, Volume 66, 164—173.

La Rosa, A.; Reccab, G.; Summerscalesc, J.; Latteria, A.; Cozzoa, G.; Cicalaa, G. Bio-based
versus traditional polymer composites. A life cycle assessment perspective. Journal of
Cleaner Production 2014, Volume 74, 135-144

Umair, S. Environmental Impacts of Fiber Composite Materials. Study on Life Cycle
Assessment of Materials used for Ship Superstructure. Master’s Thesis, Royal Institute of
Technology, Stockholm, Sweden, 2006; 63.

Liu, G.; Muller, D. Addressing sustainability in the aluminum industry: A critical review of life
cycle assessments. Journal of Cleaner Production 2012, Volume 35, 108—117.

Xun, X.; Jayaramana, K.; Morin, C.; Pecqueux, N. Life cycle assessment of wood-fibre-
reinforced polypropylene composites. Journal of Materials Processing Technology 2008,

12



WMCAUS 2020 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 960 (2020) 022053 doi:10.1088/1757-899X/960/2/022053

Volume 198, 168177

Kim, Y.-M.; Jeong, J.; Ryu, S.; Lee, H.W.; Jung, S.J.; Siddiqui, M.Z.; Jung, S.-Ch.; Jeon, J.-K_;
Jae, J.; Park, Y.-K. Catalytic pyrolysis of wood polymer composites over hierarchical
mesoporous zeolites. Energy Conversion and Management 2019, Volume 195, 727-737.

Schwarzinger, C.; Leid, M.; Putz, R. Analysis of wood polymer composites by two-stage
pyrolysis—GC/MS. Journal of Analytical and Applied Pyrolysis 2008, Volume 83, 213-219.

Shahi, P.; Behravesh, A.H.; Daryabari, S.Y.; Lotfi, M. Experimental investigation on
reprocessing of extruded wood flour/HDPE composites. Polymer Composites 2012, Volume
33, 753-763

Beg, M.D.H.; Pickering, K.L. Reprocessing of wood fibre reinforced poly-propylene
composites. Part I: effects on physical and mechanical properties. Composites Part A:
Applied Science and Manufacturing 2008, Volume 39, 1091-1100.

Petchwattana, N.; Covavisaruch, S.; Sanetuntikul, J. Recycling of wood-plastic composites
prepared from poly(vinyl chloride) and wood flour. Construction and Building Materials
2012, Volume 28, 557-560.

Beg, M.D.H.; Pickering, K.L. Reprocessing of wood fibre reinforced poly- propylene
composites. Part II: hygrothermal ageing and its effects. Composites Part A: Applied Science
and Manufacturing 2008, Volume 39 1565-1571

Kijenski, J.; Btedzki, A.K., Odzysk i recykling materiatow polimerowych. 1 st. Ed. Publisher:
Wydawnictwo Naukowe PWN; Warszawa, Polska, 2011, 1-316.

EC (European Commission), 2008. Directive 2008/98/EC of the European Parliament and of the
Council of 19 November 2008 on waste and repealing certain Directives. Waste Framework
Directive.

EP (European Parliament), 2015. Report on resource efficiency. Moving towards acircular
economy. Plenary sitting/A8-2015/2015, Brussels.

Novais, R.M.; Senff, L.; Carvalheiras, J.; Seabra, M.P.; Pullar, R.C.; Labrincha, J.A.
Sustainable and efficient cork - inorganic polymer composites: An innovative and eco-
friendly approach to produce ultra-lightweight and low thermal conductivity materials.
Cement and Concrete Composites 2019, Volume 97, 117-117

13


https://www.sciencedirect.com/science/article/pii/S0196890419305874?via%3Dihub#!

