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Abstract: Current wood waste recycling processes need to be improved to prioritize ma-
terial recovery over energy recovery by cascading the use of wood waste and limiting as
much as possible non-recyclable batches that may contain even partially highly contam-
inated grade C wood and/or Medium Density Fiberboard. In the presented research, a
life cycle assessment has been carried out for a new product recovered from bulky waste.
The Environmental Footprint 3.1 (adapted) method has been used to assess the potential
environmental impact. The results may support a quality assessment of new products
undertaken from the perspective of the circular economy and environmental management
in the waste sector. The study aimed at the identification of environmental hotspots in the
life cycle of the secondary wooden blocks (from cradle to market analysis). Bulky waste
was subjected to recovery and recycling processes (a laboratory scale), and by adding starch
and water a new product was obtained. The study has demonstrated that the production
of blocks has the greatest impact on the life cycle in the following categories: Resource use,
fossils (24%), Climate change (23.9%), Eutrophication, freshwater (13.3%), and Resource
use, minerals and metals (11.8%). This is due to the high electricity consumption of electric-
ity by equipment and machinery used for the processing of waste and the fabrication of
the blocks.

Keywords: environmental impact; life cycle; management; recycling; wood waste

1. Introduction
A circular economy is a system that aims to eliminate waste and pollution through

the efficient use of resources. The reuse and recycling of products slow down the use of
natural resources, reduce the destruction of landscapes and habitats, and help to limit
the loss of biodiversity. Solutions should be promoted that support the natural landscape
and environmental protection in a holistic sense for the entire environmental components:
water, air, and soil [1]. Recycling aims at creating new products, which makes the treatment
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of waste and the substitution of primary resources possible. However, as recycling states
a set of technological processes, it is not environmentally neutral. For this reason, new
recycling technologies should be evaluated not only from a technological but also from
an environmental point of view. Both perspectives will be presented in the paper in
relation to the recovery of wood from waste. A rise in wood consumption drives the
development of wood recovery technologies. The increased demand can be observed,
e.g., for the production of furniture or in new applications such as energy production,
building materials, chemicals, etc. In their work, Höglmeier et al. demonstrated that wood
production may be insufficient to meet demand in Europe [2]. Worldwide, the furniture
manufacturing sector has been experiencing relatively steady growth. Several traditionally
important EU producer countries have experienced temporary declines, while Poland, for
example, has experienced a sharp rise in domestic production. Altogether, EU countries
account for around a quarter of global furniture production [3]. Among the major furniture
manufacturing countries in the world, Poland—ahead of Canada and Italy—produces
the highest value of sold furniture per million inhabitants [4]. In 2021, Polish furniture
manufacturers maintained their leading position in international markets in Europe and
second place in the world in terms of the value of exported furniture [5]. Wood is still the
most important raw material for the furniture sector and plays a significant role in furniture
production. It is estimated that wooden furniture accounts for more than 50% of the total
value of furniture production, and wood accounts for approximately 30% of the materials
used in furniture production [3]. The rise in wood consumption is accompanied by an
increase in the generation of wood waste from used wood-based products. A large amount
of wood waste is left unused. Waste wood is considered a valuable material with potential
for both recycling and energy recovery; hence, there are two main avenues for waste wood
recycling, i.e., for chipboard and thermal use [6].

The paper focuses on the recovery of wood from the specific waste stream—bulky
waste. In the waste management sector, household furniture and some household appli-
ances are classified as bulky waste [7]. This type of waste includes, among other things,
furniture, mattresses, and carpets. Such wastes constitute a small percentage of the total
mass of municipal waste. Although they account for a small percentage of up to 15% of
the total mass of municipal waste, due to their dimensions—large mass and volume—they
occupy a significant area in the landfills where they are usually deposited, and therefore
there is a need to reduce their volume [8]. Furniture is mainly made of various types of
wooden boards (predominantly melamine-faced and veneered chipboards) combined with
glass and metals. Recent estimates suggest that around 10 million tons of furniture are
thrown away in Europe every year. A lot of furniture items have too short a lifespan, and
only 10% is recycled. Low-quality materials and poor-quality designs are the main obsta-
cles to applying a circular economy in the furniture industry [9]. Introducing the circular
economy concept to the furniture industry could help the industry reduce its waste and
environmental impact by recovering the residual value of products at the end of their life
cycle. The furniture industry is currently still focused on linear solutions [10,11]. One of the
reasons for this is that furniture is generally large and heavy, and hence is difficult to handle;
it also has a relatively low remaining value, making the industry difficult to transform.
In addition, the nature of the furniture makes it difficult to process and transport [12–15].
Bulky waste management is a serious problem for European countries [7,16,17]. Furni-
ture waste causes significant economic losses, and it is also ecologically harmful due to
the chemicals it contains [18,19]. Due to consumer “vanity”, furniture in good condition
is dumped without taking into account any ecological or economic issues. It is usually
deposited in solid waste landfills along with other household waste, and it reduces the
capacity of such landfill sites [20–22].
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In terms of energy recovery, the use of bulky furniture waste for the production of
refuse-derived fuel (RDF) is very problematic. Frequently, cement plants that use RDF
do not want to accept aggressive, caustic, or corrosion-triggering chemical elements, e.g.,
Cl2, S, which are abundant in upholstery. Water-soluble acrylic resin coatings (WSARC)
are widely used on wooden furniture surfaces [23–25]. When presenting the findings of
preliminary studies obtained from the analysis of ash generated by the combustion of
various types of waste used in household furnaces, Poluszyńska indicates that the highest
concentrations of zinc were found in samples of bulky waste, rubber ash, and textiles,
and the highest concentrations of copper, lead, cobalt, and chromium were found in the
samples of rubber and bulky waste containing e.g., lacquered furniture boards [26–28].
With reference to the above issues, bulky furniture waste is highly troublesome and poses
difficulties when examining plans to close its circulation. The taxonomy introduced by the
EU regulations [29] requires the use of investment principles in a sustainable way, so as
to increase the recyclability of products by implementing a closed circle economy, e.g., by
replacing or limiting the use of products and materials that are not suitable for recycling,
especially in the design and production processes.

Wood waste can be a subject of material recovery. An effective process for homogeniz-
ing wood waste includes pulping. The fibers thus obtained are suitable for the development
of new avenues for recycling as they are raw materials for the manufacture of many prod-
ucts, such as paper and MDF boards [30,31]. Three-layer MDF panels have been produced
from hammer-milled surface-laminated MDF boards. The authors demonstrated that their
replacement with >20% content of recycled fibers yielded panels with better properties in
terms of formaldehyde emission and increased thickness due to swelling [32]. The study
uses value stream mapping as a tool for lean manufacturing analysis in order to identify
waste in furniture companies [33]. Valizadeh et al. conducted a study on the air gasifica-
tion of furniture waste over Ni-loaded ultra-stable Y-type zeolites (Ni-USY) to produce
biohydrogen [34]. Maier [35] analyzed the possibility of reusing wood waste in conjunction
with magnesium oxychloride cement in order to produce a composite building material.
Azambuja et al. [36] suggest the incorporation of construction and demolition wood waste
into the inner layer of medium-density fiberboard. Other studies concern the cascade use of
wood waste, and they involve the production of wood-plastic composites [37]. The impact
of wood waste on the mechanical and biological properties of silicone-based composites
was investigated using wood waste from oak, hornbeam, beech, and spruce [38]. Expanded
polystyrene, mainly recovered from packaging and wood waste, was used to develop a
composite material [39].

Besides technological aspects, the environmental consequences of wood waste treat-
ment are also the subject of discussion in the literature [40–45]. Two research groups—de
Souza Pinho and Calmon and den Auwelant et al. [40,41]—made a systematic review of
work related to a life cycle assessment and circular practices in the wood sector. They
analyzed dozens of studies. Most of the studies related to wood waste generated by the
building and construction industry. Another example is a comprehensive assessment made
by the Nordic Council of Ministers (NCM) [45] where various applications of wasted wood
were environmentally examined and compared. The applications included particle board,
wood-plastic composite board, insulation, bioethanol, biochar, and textile fiber. In the NCM
report, the environmental impact of wood-waste-based products was calculated and, addi-
tionally, compared with the impact of primary substitutes. The results showed that there is
no simple answer to what is the environmentally better option [45]. The environmental
score differed depending on the impact category and the type of product. For example, for
climate change (fossil), most of the waste-based products obtained worse results than their
substitutes, while in the case of acidification, they scored better. In all wood-waste-based
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products, the energy demand was a key driver. Samson-Bręk et al. carried out an environ-
mental analysis of the technology for shredding the non-wood fraction of bulky waste with
a stream of water, which is used by the Ecofrag company. The analysis showed that the
reuse of foams and mattresses contributes to avoiding their target production, which is
associated with a reduction of greenhouse gas emissions and a reduction of fossil resource
consumption [7].

Even though many studies have been identified, no environmental assessment for a
technology aimed at wood recovery from bulky waste has been found. To fill the gap, the
paper presents an environmental assessment of a new recycling technology developed to
create a new product—a wooden block. The study is designed to answer the following
research questions:

• What are the environmental hotspots in the (from cradle to market) life cycle of the
secondary wooden blocks? (Q1);

• Are the results sensitive to a choice of allocation procedure? (Q2);
• Are the secondary wooden blocks an environmentally better or worse option in

comparison to similar products? (Q3).

2. Materials and Methods
Answering the research questions required performing relevant analyses. Two meth-

ods have been used: the Material Flow Analysis (MFA) and the Life Cycle Assessment
(LCA). MFA supported evaluation of the efficiency of the analyzed recycling processes and
it provided data on morphological composition and mass balance of waste. With the LCA,
a quantitative assessment of potential environmental consequences was performed.

2.1. Material Flow Analysis

Material Flow Analysis (MFA) is a systematic assessment of flows and deliveries of
materials in a system that is defined in space and time [46]. MFA is an aid to the assessment
of the sustainability of companies, cities, regions, and countries, thus forming the basis
for decision-making towards long-term environmental policy, including the realization of
environmental goals. Various technologies, e.g., in waste management, can be evaluated
and optimized by calculating their balances. MFA can be carried out at two levels: substance
level and product level. If it is at the substance level, then it is referred to as substance flow
analysis (SFA), and MFA governs the level of products or materials. Over the last decade,
MFA has received a lot of attention, and it is a typical analytical tool that is based on the
material balance [47]. The results of MFA provide data on morphological composition and
mass balance, which are often linked to determine the performance of the systems under
study on the basis of quantitative or qualitative indicators [48]. The quantitative indicators
refer to the amount of valuable products produced in the sorting installation, or to recycling
facilities and to the amount of material recovered [49,50]. The qualitative indicators relate
to the composition and to the technical potential for recycling and acting as substitutes for
primary materials, which is essential in the transition to a circular economy [50]. In our
case study, MFA was used to model the processes and generate data on morphological
composition and mass balance. The Sankey diagram has been developed with MFA to
reflect the unit processes needed for bulky waste processing. The diagram is presented in
Figure 1.
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2.2. Life Cycle Assessment (LCA)

Life Cycle Assessment is one of several environmental management techniques that
is used e.g., in the study of environmental aspects and potential impacts throughout the
life of a product or process, i.e., “from the cradle to the grave”. The LCA technique
permits the assessment of various stages of the product’s life, including: -the extraction and
processing of mineral resources, -manufacturing (the production process), -distribution,
-transport, -use, -reuse, -recycling, -final disposal of waste. The International Organization
for Standardization (ISO) defines LCA as compilation and evaluation of the inputs, outputs,
and the potential environmental impacts of a product system throughout its life cycle [51,52].
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LCA is a technique that illustrates complex interactions that occur between the product and
the environment. Owing to the results obtained on the basis of LCA analyses, it is possible
to determine the most environmentally friendly system for manufacturing a product [53,54].
The perspective offered by LCA on the environmental performance of products has made
it a central concept both in industrial environmental management and in the development
of environmental policy in a government or public administration [55,56]. LCA is used
in many fields to evaluate technologies, systems, or processes for MSW management [57]
as well as to compare waste collection systems, the environmental effects of landfills,
incineration, and other waste management scenarios [58–61]. LCA consists of four phases:
a goal and scope definition, a life cycle inventory (LCI), a life cycle impact assessment
(LCIA), and an interpretation. Assumptions and decisions made in two first phases will
be presented in Sections 2.2.1 and 2.2.2 while the LCIA results with interpretation will be
provided in Sections 3 and 4.

2.2.1. Goal and Scope Definition

The goal of the study is to assess the potential environmental impact of the production
of secondary wooden blocks. The blocks are fabricated from wood waste, previously
separated from bulky waste. The recycling process has been developed on a laboratory
scale, which states the most important limitation of the LCA study in terms of data quality
and comparability. With the developed process wooden blocks are generated with a
potential application in the furniture industry as a possible alternative for wood and wood-
based products like fiberboards (low, medium, and high density), plywood, particleboards,
or sawnwood boards. Ten samples of such blocks have been prepared—varying in starch
content, water content, and density. The average recycled content of the blocks is R1 = 0.85
and the average density is 958 kg/m3 (Recycled content—the proportion of material in the
input to the production that has been recycled from a previous system [62].

The stability and durability of the material depend on the starch and water content.
The more starch added to the material, the more water is required to bind the material.
Time testing does not affect the durability of the samples. The resulting material had a low
mechanical resistance of 4 to 8 MPa and therefore cannot be compared to chipboard. It
can be used as a cost-effective filler for other furniture production. Due to the presence of
various harmful additives in the received wood blocks, such as adhesives and varnishes
derived from furniture boards, which are a barrier to further widespread use, it is a good
solution to keep the produced wood blocks in circulation in the furniture industry.

The function of the product system analyzed is to fabricate and distribute secondary
wooden blocks with potential applications in the furniture industry. The functional unit has
been defined as a production of 1 m3 of secondary wooden blocks. The following processes
have been included in the analysis:

• Transport of bulky waste (transport to the processing site, 50 km),
• Recovery—processing of bulky waste and separation of the wooden fraction with

shredding, magnetic separation, ballistic separation, cutting, stirring, pressing,
• Recycling—fabrication of secondary wooden blocks with shredding, homogenization

of the structure of the materials, stirring and pressing together with additives,
• Distribution of secondary wooden blocks (transport to the market, 100 km).

The recovery and recycling need to be modeled taking into account the multifunctional
character of the processes. As the inherent properties (e.g., a density, a hardness) of
the recycled material are not the same as properties of the virgin material, the open-
loop recycling has been assumed. Different allocation procedures are usually used in
LCA case studies. The following approaches dedicated to the open-loop recycling can be
distinguished: a simple cut-off (100:0), a market price-based allocation, and the Circular
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Footprint Formula [63–65]. The system boundaries are strongly determined by the approach
to allocation selected for the analysis. In our case study, the LCA analysis is made to cover
recovery and recycling treated together as a production process, so they appear at the
beginning of the life cycle of the wooden blocks. The blocks are manufactured from post-
consumer wood scrap which is separated from the bulky waste stream. From the allocation
point of view, two stages of the life cycle are common to the previous system (life cycle of
products) and the subsequent system (life cycle of secondary wooden blocks): (1) Forestry
and primary wood generation and (2) End of life of bulky waste (recovery and recycling)—
transport of bulky waste, processing of bulky waste and fabrication of the recycled wooden
blocks.

The system boundaries for all three approaches to allocation are presented in Figure 1.
The cut-off (100:0) procedure has been assumed as a baseline scenario. Depending on the
approach to allocation adopted, both life cycle stages are divided between the previous and
subsequent product systems in a different way:

• 100:0 (cut-off), baseline—0% of the burdens for forestry and 100% of the burdens from
recovery and recycling are allocated to the secondary wooden blocks;

• The market price-based allocation—the virgin material production (forestry) needs
to be partitioned between the product where the virgin material is used and the
product where the material is lost [64]. The allocation factor A is defined as the ratio
between the market value of scrap or recycled material to the market value of virgin
material [64]. In our case study, prices representative of Polish market have been used.
Based on yearly reports of the Central Statistical Office [66–70], an average 5-year price
for primary wood has been calculated (58 euro/m3). Because of lack of market data on
waste wood, a price of wood waste for 2024 year [71] has been used (6 euro/m3). The
allocation factor A is 0.1 (6/58), which means that 10% of the burdens from forestry
and 100% of the burdens from recovery and recycling are allocated to the recycled
wooden blocks;

• The Circular Footprint Formula—as our case study has been scoped from the cradle
to the market, only a part of the CFF formula (for Material) has been applied. The
formula has been sourced from the Commission Recommendation (EU) 2021/2279 [62]
and presented in an Equation (1):

Material(1 − R1)Ev + R1 × (AErecycled + (1 − A)Ev ×
Qsin
Qp

) (1)

R1 means the proportion of material in the input to the production that has been
recycled from a previous system. In our case study R1 = 1, as 100% of secondary wood is
used to fabricate the secondary wooden blocks, no primary wood is used. Other ingredi-
ents like maize and water have been excluded from calculation of R1. Ev means specific
emissions and resources consumed arising from the acquisition and pre-processing of
virgin material. Erecycled means specific emissions and resources consumed arising from
the recycling process of the recycled (reused) material [62]. Factor A allocates burdens and
credits from recycling and virgin material production between two life cycles and it aims to
reflect market realities [69]. As a material-specific A value is not available for wooden scrap
from bulky waste, an A value of 0.5 has been used. QSin means a quality of the ongoing
secondary material and Qp relates to the quality of the primary material [69]. In our case
study, the QSin/Qp has been calculated based on the prices and assumed as 0.1 (6/58).
Finally, 5% of the burdens from forestry (1 − A)Ev × Qsin

Qp
= (1 − 0.5) × 0.1 = 0.05) and

50% of the burdens of recovery and recycling (A = 0.5) have been allocated to the recycled
blocks.
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2.2.2. Life Cycle Inventory (LCI)

The study examines the findings relating to the quality and quantity of the fractions
into which bulky waste is sorted. Using a bulky waste processing model verified by
the entrepreneur, flows of bulky waste fractions were simulated from the input phase,
understood as waste entering the plant, to the output phase, understood as waste leaving
the individual processing stages, and also from the amount and composition of waste
fractions that are processed. The challenges towards waste recycling and substitutability of
primary materials emphasize the importance of improving current processing procedures
to improve quality and to enable more market applications of the waste recovered. The
purpose of using material flow analysis in the processing of bulky waste was to determine
the recycling potential of the waste. The most interesting material fractions in terms
of quantity and recyclability include wood, fibers, metals, and plastic fractions. The
optimization of sorting processes makes it possible to separate the fraction of wood waste
from the stream of bulky waste in order to direct this waste to recycling. The analysis of
the flow of materials in the bulky waste sorting installation, based on their morphological
composition, is presented in a Sankey Diagram (Figure 2). The potential amounts and types
of waste directed to recycling were determined based on the processing of 25,000 Mg [mega
grams] of bulky waste using a system of modernized installations. These were selected
on the basis of the literature on morphological composition, using transfer coefficients
calculated experimentally, and based on a literature review [72]. The efficiency of wood
recycling as a result of the processing of a bulky waste stream was calculated to be 39.42%
by relating the amount of waste directed to recycling to the stream of waste directed to
processing.

On the basis of the Material Flow Analysis and the development of the recycling
process, the inventory results have been collected and recalculated per functional unit—the
production of 1 m3 of secondary wooden blocks. In order to receive 1 m3 of final wooden
blocks, 817 kg of wood waste needs to be separated from 2072.3 kg of bulky waste. The
final blocks have an average density of 958 kg/m3. Table 1 presents the names of datasets
and activity data used for the baseline scenario where the cut-off (100:0) approach has been
applied. This means that 0% of the burdens for forestry and 100% of the burdens from
recycling have been allocated to the product system of secondary wooden blocks. The
ecoinvent database (3.9.1) has been used to model the background processes.

Table 1. Inventory results per 1 m3 of secondary wooden blocks—the baseline scenario.

TRANSPORT OF BULKY WASTE

Transport, freight, lorry 3.5–7.5 metric tons 103.6 (2.07 Mg × 50 km) tkm

RECOVERY—PROCESSING OF BULKY WASTE AND SEPARATION OF THE WOOD FRACTION
(shredding, magnetic separation, ballistic separation, cutting, stirring, pressing)

Electricity, low voltage (electricity mix for Europe) 2455.5 kWh

RECYCLING—FABRICATION OF SECONDARY WOODEN BLOCKS
(shredding, homogenization of the structure of the material, stirring and pressing together with additives)

Secondary wood, separated from bulky waste (burden free) 817.0 kg

Maize starch 44.9 kg

Tap water 95.6 kg

Electricity, low voltage (electricity mix for Europe) 2663.3 kWh

DISTRIBUTION OF SECONDARY WOODEN BLOCKS

Transport, freight, lorry 7.5–16 metric tons 95.8 (0.958 Mg × 100 km) tkm
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3. Results—Life Cycle Impact Assessment (LCIA)
The LCA calculations were made with SimaPro 9.5.0.1 software and the ecoinvent

database (3.9.1). The Environmental Footprint 3.1 (adapted) V1.00/EF 3.1 normalization
and weighting set method has been used to assess the potential environmental impact.
The method includes 16 impact categories. The LCIA results can be obtained on various
levels: weighting, normalization, and characterization. Regardless of the level, the higher
the score of the indicator, the greater the negative environmental impact. The results will
be presented below by reference to the goal of the study.

3.1. What Are the Environmental Hotspots in the Life Cycle of Secondary Wooden Blocks?

For the baseline scenario, the total potential environmental impact (single score) for
the life cycle (from cradle to market) of the recycled wooden blocks is 229 mPt (Figure 3).
The main drivers of the impact are two processes: recycling (52.2%) and recovery (45%).
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Figure 3. Recycled wooden blocks—cumulative environmental impact from cradle to market and the
individual stages for the baseline scenario (cut off) [mPt/m3 of wooden blocks].

Five of the most relevant impact categories identified: Resource use, fossils (24%), Climate
change (23.9%), Eutrophication, freshwater (13.3%), Resource use, minerals and metals (11.8%),
and Ionizing radiation (6.0%). The same relevant impact categories have been identified
for the recovery and recycling processes (Table 2). Among the transport-related processes,
Resource use, fossils, and Climate change are also the most important, but Particulate matter
and Acidification are significant as well (Table 2).

Table 2. Secondary wooden blocks (baseline)—a list of the most relevant impact categories.

Life Cycle of the Secondary
Wooden Blocks

–Baseline Scenario
(Cut Off)

(% Vertically)

The Most Relevant
Impact Categories

Life Cycle Stages (% Horizontally)

Transport of
Bulky Waste

Recovery—
Processing of
Bulky Waste

Recycling—
Fabrication of

Wooden Blocks

Distribution of
Wooden Blocks

24.0% Resource use, fossils 22.6% 24.6% 23.6% 22.6%

23.9% Climate change 35.1% 23.7% 23.5% 35.0%

13.3% Eutrophication,
freshwater 1.9% 13.9% 13.3% 1.5%

11.8% Resource use,
minerals, and metals 6.5% 12.1% 11.9% 4.7%

6.0% Ionizing radiation 0.4% 6.4% 6.0% 0.3%

5.4% Acidification 4.3% 5.4% 5.5% 4.4%

3.1% Particulate matter 11.0% 2.7% 3.1% 12.9%
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Recovery and recycling are the two main drivers of the environmental impact. The
main reason for the impact is the high electricity consumption involved in both processes
which totaled 5119 kWh per 1 m3 of wooden block. The share of the particular processes in
the results of the most relevant impact categories is presented in Figure 4. It is evident that
the impact generated in the supply chain of electricity is the most obvious environmental hot
spot. The electricity consumption has been modeled with an electricity mix representative
of Europe.
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3.2. Are the Results Sensitive to the Choice of Allocation Procedure?

In the baseline scenario, the cut-off (100:0) approach has been used to model the multi-
functionality resulting from the recovery and recycling. However, different approaches to
allocation are available in the LCA methodology. The goal of this section is to answer the
following question: are the baseline results sensitive to a choice of allocation procedure? In order
to find the answer, we recalculated the inventory data (to allocate LCI results between the
previous and subsequent product systems according to the allocation system) and, as a next
step, we made the LCIA calculations. The LCIA results (as a single score) are presented in
Figure 5. This shows that the results are sensitive to a change in the allocation procedure.
If the CFF approach is applied, the single score is 116 mPt (a reduction of 49%). For the
price-based approach, the results have changed negligibly (an increase of 0.5%). This is due
to the fact that with the parameters assumed for the market price-based approach (A = 0.1),
both approaches (the cut-off and the market price-based) allocate impacts in a very similar
way. The inclusion of 10% of burdens from forestry makes a difference only by 1 mPt (from
229 mPt to 230 mPt).
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3.3. Are the Secondary Wooden Blocks an Environmentally Better or Worse Option in Comparison
to the Market Alternatives?

In order to make a comparison, potential alternative products with recognized applica-
tions in the furniture industry were identified. We selected six wood or wood-based boards
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to be compared with the secondary wooden blocks: Fiberboard, hard (HDF), Fiberboard,
medium (MDF), Tabular particleboard/Low-density fiberboard (LDF), Sawn wood board,
hardwood, and Sawn wood board, softwood. Additionally, in the case of the secondary
wooden blocks, the electricity consumption during recovery and recycling has been mod-
eled as renewable energy generated from wind. The secondary inventory data (from cradle
to market) have been taken from the Ecoinvent 3.9.1 database. Figure 6 presents the LCIA
results for all alternatives per functional unit (1 m3 of product).
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4. Discussion
The taxonomy introduced by the EU regulations [28] requires the introduction of

principles of sustainable investment in order to increase the recyclability of products by
implementing a closed-circle economy. Therefore, it is important to introduce the recycling
of waste, especially recycling involving problematic wastes, on a progressively larger scale.
These indisputably include bulky wastes that are difficult to recycle due to their structure
and content of harmful substances. Attempts to recycle bulky waste are made by defibering
and the fabrication of new boards [30–32]. The production of composites using wood waste
is also popular [38,39]. A logical and effective way to achieve a high recycling rate seems to
be the cascading use of bulky waste and wood waste [37,73]. Works on the LCA of bulky
wastes indicate that their reuse contributes to avoiding a new target production, which is
associated with the reduction of greenhouse gas emissions and the consumption of fossil
resources [7].

The research carried out in this work shows that the use of the bonding method
for processing shredded bulky waste together with the use of a binder (starch combined
with water) works well as a method of obtaining a new product. The environmental hot
spots in the method have been identified (Q1). In terms of impact categories, the LCA
has demonstrated that the production of blocks has the greatest impact in the following
categories: Resource use, fossils (24%), Climate change (23.9%), Eutrophication, freshwater
(13.3%), Resource use, minerals and metals (11.8%) and Ionizing radiation (6.0%). From the
perspective of inventory, electricity consumption has been recognized as the most relevant
issue. This is due to the high electricity consumption of electricity by equipment and
machinery used for the processing of waste and the fabrication of the blocks. The direct
usage is 5119 kWh/m3 for the baseline (cut off) and for the market price-based scenarios,
2560 kWh/m3 for the CFF approach with factor A = 0.5. The variation in energy demand
is the main driver of differences in LCA results between various approaches to allocation
(Figure 6).

The results are sensitive to a change in the allocation procedure (Q2). The potential
impact for the baseline scenario is 229 Pt (cut-off). If the CFF approach is applied, the
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single score is 116 mPt which means a reduction of 49%. For the price-based approach, the
results have changed negligibly. This is due to the fact that with the parameters assumed
for the market price-based approach (A = 0.1), both approaches (the cut-off and the market
price-based) allocate impacts in a very similar way.

The energy demand also impacts the results when compared with alternative products
(Q3). Although their production requires a lot of components (resins, organic chemicals,
paraffin, aluminum sulfate), the electricity consumption is visibly lower than for wooden
blocks. For example, in the case of HDF, the electricity demand is 503 kWh/m3 and 220
kWh/m3 for MDF. If no renewable energy is used, the secondary wooden blocks are the
worst scenario. The use of renewable (wind, onshore, 1–3 MW, PL) electricity for recovery
and recycling makes the results lower and ranks the wooden blocks at the beginning of the
ranking (best options). It should be noted that the demand for electricity was calculated on
a laboratory scale. Reducing electricity consumption and using renewable electricity are
probable to be achieved with an increase in the production scale. After these improvements,
this method makes it possible to use furniture waste in its entirety, which is in compliance
with the new EU standards. In addition, the use of bulky waste for recycling affects the
reduction of waste storage at landfills and the consumption of primary raw materials.

The hot spots identified in our case study are similar to those indicated by Jungmeier
et al. [44]. They recognized the quality of recycled material (product), material efficiency,
energy consumption (amount and type), water demand, and sludge generation (quality
and treatment) as the most relevant issues. As no LCA study has been found for wood
recovered from bulky waste, we compared our results with other studies. The comparison
with the assessment made by the Nordic Council of Ministers [45] was feasible because
similar system boundaries and the same EF method have been used in both cases. We
compared the characterized results for our secondary wooden blocks with the results
obtained by the Nordic Council of Ministers for wood-waste-based particle boards and
composite boards [45]. In both case studies, energy proved to be a main driver of the
environmental impact. In all scenarios where the use of electricity mix for Europe was
assumed, our secondary wooden blocks were a few times worse than the results obtained
for the particle board and the composite. However, the change in the wind electricity in
the production of the secondary wooden blocks impacted the ranking substantially. In this
situation, the blocks could be recognized as better environmental alternatives in terms of
acidification, climate change, freshwater eutrophication (particle board and composite),
and fossil abiotic resources and water use (particle board).

5. Conclusions
The taxonomy on the basis of the results obtained, the following conclusions can be

formulated:

• The objective of the article was to propose and attempt to evaluate, using LCA, a
management system for bulky waste, in particular wood and wood-based wastes
coming from the selective collection of municipal waste.

• The largest impact is exerted by the electricity used. Yet, it should be noted that
the demand for electricity was calculated on a laboratory scale. Reducing electricity
consumption and using renewable electricity are the most evident recommendations
for further improving the process.

• A choice of electricity type impacted the results strongly. If the European electricity mix
was assumed, the results for secondary blocks were very high. If renewable sources
are used (in our calculations wind power has been assumed), the environmental score
for secondary wooden blocks decreases to a level similar to or even lower than for
other alternatives. Reduction of electricity consumption (as a result of switching from
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laboratory to commercial scale) through the use of renewable energy sources will allow
the development of a technology for the production of new material with a limited
impact on the environment in relation to the current solution. The use of the LCA
method ensures that the result of the environmental impact assessment is measurable
and objective.

• The results are highly sensitive to the choice of allocation procedure. It should be
noted that the secondary blocks have been ranked differently depending on the type
of approach used to model multifunctionality. In this context, agreeing on a single
common approach to model multifunctionality would be desirable. The Circular
Footprint Formula [69] is a good example of looking for this kind of consensus.

• The proposed methodology may serve as an element of quality assessment of new
products in the circular economy and in environmental management in the waste
management sector.
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