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ABSTRACT - In the quest for climate neutrality, the importance of sustainability and the reuse of wood waste
are becoming crucial. To determine how wood waste is managed by wood and wood-based panel plants, the re-
search aimed to focus particularly on energy recovery contribution. The research was based on quantitative data
analysis obtained through computer-assisted telephone interviews. The results showed that over 57 % of respon-
dents declared that they combusted waste to recover energy, which causes immediate CO, emissions, instead of
enabling long-term storage in wood-based products. Further research analyzed the emissions produced by com-
bustion of the selected products: MDF boards and softwood and hardwood pellets. Laboratory tests showed that
the incineration of MDF boards resulted in the emission of a number of harmful substances, which pose a threat
to health and the environment. In contrast, burning pellets does not generate toxic compounds, but it still leads
to the release of CO,. Research findings indicate the need for further research into the cascading wood utilization
strategy, focusing on the use of wood waste in the material cycle instead of the energy cycle in order to understand
and promote the EU s sustainable development goals throughout the wood industry.

KEYWORDS: wood waste; toxic substances,; medium-density fiberboard; pellet; biomass; supply chain

SAZETAK « U postizanju klimatske neutralnosti kljucnu vaznost ima odrzivost i ponovna uporaba drvnog otpada.
Kako bi se utvrdilo na koji nacin tvornice za proizvodnju drvnih ploca gospodare drvnim otpadom, istrazivanje
je bilo posebno usredotoceno na proizvodnju energije od drvnog otpada te se temeljilo na kvantitativnoj analizi
podataka dobivenih putem racunalno potpomognutih telefonskih intervjua. Rezultati su pokazali da je vise od
57 % ispitanika izjavilo da otpad spaljuju radi proizvodnje energije, posljedica cega su neposredne emisije CO,,
umjesto da ga dugorocno skladiste u drvnim proizvodima. U daljnjim istrazivanjima analizirane su emisije nasta-
le spaljivanjem odabranih proizvoda: MDF ploca te peleta od mekoga i tvrdog drva. Laboratorijska ispitivanja
pokazala su da spaljivanje MDF ploca rezultira emisijom niza Stetnih tvari koje su prijetnja za zdravlje i okolis.
Nasuprot tome, izgaranjem peleta ne nastaju otrovni spojevi, ali se ipak oslobada CO,. Rezultati upucuju na potre-
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bu daljnjeg istrazivanja kaskadne strategije iskoristavanja drva, posebice drvnog otpada u materijalnom umjesto
u energetskom ciklusu kako bi se razumjeli i promovirali ciljevi odrzivog razvoja EU-a u cijeloj drvnoj industriji.

KLJUCNE RIJEC!: drvni otpad, otrovni spojevi; MDF, peleti; biomasa; opskrbni lanac

1 INTRODUCTION
1. UVOD

Wood is one of the most suitable renewable raw
materials. Its key value is recognized from both an eco-
nomic and environmental point of view. Based on FAO
reports, the trend of increasing global timber supply
has been observed (FAO, 2020). Within the past two
decades, the global timber supply increased by over
20 %. This growth is estimated to continue in the fol-
lowing decades of the 21st century. The main factor
that influences the growth in demand for raw wood ma-
terial is the increase in the world’s population. As the
world’s population grows, there is an increase in the
demand for wood in various areas of the timber indus-
try as well as in households.

One of the most popular wood utilizations is fuel-
wood (sometimes firewood). Among the earliest appli-
cations of wood were its uses in building and as a fuel
source (Rhodes, 2018). According to Eurostat (Euro-
stat, 2023), in 2022 approximately 25 % of total wood
production in the European Union was used as fuel-
wood. In some countries fuelwood production is a ma-
jor direction of wood production, i.e. Netherlands —
78.5 %, France — 50.7 % or Lichtenstein — 50 %. This
phenomenon is due to the great heating value of wood.
In general, the heating value depends mainly on wood
species and moisture content, but it is commonly well-
known that burning wood is a good source of heat or
power. In Poland, 21 % of households use wood for
any heating purpose, while 11 % use it as a primary
commodity for dwelling heating (GUS, 2023). Unfor-
tunately, the side effect of energy/heat production from
burning wood is wood smoke, which consists of par-
ticulates and gases that negatively affect human health.
The effect of wood smoke on people and the environ-
ment was widely studied (Heibati et al., 2025; Nacher
et al., 2007, Ward and Lange, 2010). However, this
problem is gradually being minimized by the introduc-
tion of clean air programs in both cities and villages
throughout the World to improve air pollution control
(Wang et al., 2024).

Another argument in the discussion of the legiti-
macy of wood combustion is the question of what
wood should be used for energy production, so as not
to compete with its use in other wood industries. Wood
biomass, such as forest residues, wood processing resi-
dues or construction and municipal waste, can be recy-
cled and reused. The work has proven that forest resi-
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dues from Scots pine (Pinus sylvestris L.), which are
usually burned after shredding, can be used as a raw
material for particleboard manufacturing with in-
creased mechanical strength (Pedzik ef al., 2022).

Pellet production should be based on the use of
wood waste that cannot be reintroduced into the mate-
rial cycle, rather than full-grade wood. The production
of pellets from forest residues from thinning stands of
Mediterranean pine (Pinus halepensis Mill. and Pinus
pinaster Aiton) is uneconomical, and pellets produced
from debarked logs of larger diameter show the highest
quality, while pellets produced from branches have
lower quality (Lerma-Arce et al., 2017). Therefore, the
priority should be to use wood waste that is no longer
suitable for further processing for pellet production.
Such reasonable wood management is called wood
cascading, a concept that allows for maximum use of
wood in material applications, with an indication of en-
ergy use at the end of utilization. This concept becomes
more and more popular both in research and industry
(Jarre et al., 2020). Cascading wood and a reverse sup-
ply chain would allow the long-term use of wood,
which, despite being a renewable resource, has a long
renewal cycle. In addition, it would allow carbon diox-
ide to be sequestered rather than, as in the case of in-
cineration, immediately released into the atmosphere
along with other harmful substances.

In this context, it is worth highlighting the meas-
ures taken by the European Union to reduce carbon
emissions by promoting the alternative, more sustain-
able use of wood. The climate package is based on two
key objectives: reducing greenhouse gas emissions in
the EU by 55 % by 2030 compared to 1990 levels and
achieving climate neutrality for the climate and the en-
vironment by 2050 (European Commission, 2018;
Kohl et al., 2021). One of the priority areas of action
remains the reduction of carbon dioxide emissions, in-
cluding those resulting from the energy use of wood
through combustion (Brodny and Tutak, 2020). One of
the key elements of the European Green Deal is the
promotion of timber construction. The use of wood in
the construction and fitting out of buildings promotes
long-term carbon storage, which contributes to the re-
duction of greenhouse gas emissions (Mazur and Win-
kler, 2025). The strategic implementation of technolo-
gies focused on the use of wood waste in sustainable
production processes is becoming crucial for promot-
ing responsible environmental management (Pelyukh
et al., 2025). Therefore, the effective management of
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wood waste, its recycling and reuse in the construction
sector is a key element in reducing the carbon footprint
and promoting a circular economy (European Com-
mission, 2021). At the same time, this emphasizes the
need for optimized logistics and transportation strate-
gies that enable an efficient management of wood raw
materials at every stage of the supply chain.

In Poland, around 15 % of total round wood pro-
duction is used for fuelwood (Eurostat, 2023). In an era
of growing demand for wood, which is necessary to
produce building materials, wood-based panels and
other industrial products, efficient wood waste man-
agement is becoming a key challenge. Burning full-
value wood solely for its high energy value leads to an
irretrievable loss of raw material that could be used in
further production. Therefore, the purpose of the article
was to determine how wood waste and residues are
managed by wood plants, what part of it goes to recy-
cling and what part is used for energy recovery. In ad-
dition, emissions from the combustion of wood prod-
ucts and pellets were analyzed, which is important for
assessing the environmental impact of the process. The
second aim of this study was to understand what sub-
stances may be emitted when material such as MDF is
ignited, e.g. in the event of a building or furniture fire.

2 MATERIALS AND METHODS
2. MATERIJALI | METODE

The research was carried out based on a multi-
step study on wood biomass supply chain, which con-
sists of literature review with the focus on group inter-
views (Kawa, 2023) and originally published methods
(Dubisz and Kawa, 2023). The study was based on a
dataset provided by a specialized research agency,
which conducted computer-assisted telephone inter-
views based on a questionnaire and interview script pre-
pared by the research team. The main topic of investiga-
tion consisted of wood waste management in the wood
and furniture industries — what types of residues are
generated and how they are processed in practice.

The sample was selected through stratified ran-
dom sampling, with the population limited to compa-
nies involved in processing or transporting wood
waste, producing wooden products, and recycling
wood materials. Out of 12,000 potential participants,
3,800 were contacted, but only 300 companies agreed
to take part in the study, resulting in a success rate of
8 %. The sample is representative of a population of up
to 50,000 entities with a margin of error of 5.64 % (Ra-
osoft, 2025). Participation in the interview was restrict-
ed to respondents with experience in the wood indus-
try, particularly biomass. Two screening questions
were used to ensure this. Respondents were asked
whether the company they worked for dealt with wood

waste, wood materials or post-consumer wood (waste
from used wood products) and whether they had any
knowledge of such waste, including its generation,
processing, collection or transport. Positive answers to
both questions were required for the respondent to
qualify for the study.

Given the survey data obtained, in a further step,
it was decided to test the presence of toxic substances
in two combusted wood wastes — medium-density
fiberboards (MDF) and pellets. MDF boards are com-
monly used in many branches of economy, including
the furniture and building industry. In general, this ma-
terial is commonly known as hard to recycle and burn
due to its structure and presence of toxic substances.
Pellets are made from the sawdust of softwood and
hardwood and are one of the most common ways of
utilization in the wood industry. Measurements using a
cone calorimeter from Fire Testing Technology Ltd.
were conducted in accordance with ISO 5660-1, 2015.
This calorimeter enables accurate measurements of rel-
evant flammability parameters, which are essential for
understanding the fire risks associated with different
materials. Samples were placed horizontally against
the cone heat sink and exposed to a 35 kW/m? heat
flux. At least three measurements were taken for each
material. To investigate the formation of gaseous com-
bustion products, the tube furnace (Purser furnace)
method was employed to simulate fire conditions, fol-
lowing ISO/TS 19700, 2016. Samples of the test mate-
rials were placed in a quartz mold and inserted into a
furnace. The samples were then heated to 350 °C with
an airflow of 2 dm’min (poor ventilation) and to
650 °C with an airflow of 10 dm*min (good ventila-
tion). The test run was considered valid only if the ini-
tial air velocities were correct according to the ISO
standard and the selected steady-state conditions were
maintained for at least 5 minutes during the test. The
sampling procedure for the chromatograph coupled
with a mass spectrometer was described in an earlier
publication (Mizera et al., 2024).

3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

In the context of wood waste management in the
wood and furniture industry, it is crucial to determine
what types of residues are generated in production pro-
cesses and to define their uses. The research carried out
included the following waste groups: wood residues
from agriculture and forestry (e.g., wood chips), post-
production residues (e.g., particles, wood-based panel
residues) and post-consumer wood. Such categoriza-
tion of waste utilization is part of the wood cascading
concept (Besserer et al., 2021; Jarre et al., 2020), espe-
cially in terms of size of the wood waste production in

) DRVNA INDUSTRIJA 76 (4) 391-398 (2025) 393



Pedzik, Mizera, Tomczak, Kawa: Sustainable Management of Wood Residues: Challenges of Recycling, Combustion and ...

300 2000

250
- 1500
200

150 - 1000

HRR, kW
TSR, m*/m?

100

504

T T T T T
0 100 200 300 400 500 600 700 800

Time / vrijeme, s

300 2000

250
I 1500
200 4

150 4 + 1000

HRR, kW
TSR, m*/m?

100 4
500
50 4

0 T T T T T T D
0 200 400 600 800 1000 1200 1400

Time / vrijeme, s

Figure 1 Representative heat release rate (HRR) and total smoke release (7SR) curves of a) pellet and b) medium-density

fiberboard

Slika 1. Reprezentativne krivulje brzine oslobadanja topline (/RR) i ukupnog oslobadanja dima (7SR): a) spaljivanjem

peleta, b) spaljivanjem MDF ploca

Europe (Garcia and Hora, 2017), i.e., Germany pro-
duces around 11 million tons of wood waste (Burnard
et al., 2015; Sommerhuber et al., 2015) and is the big-
gest wood waste producer in the whole Europe, fol-
lowed by France, United Kingdom, Italy and Finland
(Garcia and Hora, 2017). In the first part of the study,
we conducted and analyzed a survey on wood waste
management of wood and furniture industries in volun-
teer companies. In general, the utilization of the wood
waste is a combination of recycling, energy recovery,
and disposal processes (de Souza Pinho et al., 2023;
Hossain and Poon, 2018). An analysis of the answers
regarding waste management methods indicates that
most waste ends in combustion with energy recovery
or is transferred to external companies for energy pro-
duction, which confirms the worldwide trends de-
scribed in the literature (Elginoz et al., 2024; Farjana et
al., 2023). The three most numerous groups participat-
ing in the research, namely sawmills, furniture manu-
facturers and manufacturers of joinery, declare that
52 %, 65 % and 55 %, respectively, combust waste or
transfer it for energy recovery. Although this approach
allows for effective biomass management and a reduc-
tion in landfill waste, from a wood cascading concept
point of view, incineration should be considered a last
resort in the context of environmental strategies. Wood
plays an important role as a carbon (CO,) store, and its
rapid combustion contributes to the accelerated emis-
sion of stored carbon dioxide into the atmosphere. To
further investigate the environmental impact of burn-
ing different wood products, a laboratory study simu-
lating fire conditions was conducted.

Testing the flammability of materials using a
cone calorimeter is a crucial method for assessing their
behavior under combustion conditions. The heat re-
lease rate (HRR) is a key parameter that indicates the
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amount of heat released by a material over a specific
period. A higher heat release rate correlates with an in-
creased risk of fire spreading (Mizera et al., 2023). An-
other significant phenomenon during combustion is the
emission of smoke, which consists of the gaseous
phase of liquid or solid products resulting from incom-
plete combustion. Smoke emission is an extremely im-
portant parameter due to its toxicity and the reduced
visibility it causes (Hu and Wang, 2020). Increased
emissions of toxic substances in the air are harmful on
many levels, both to humans, animals and the environ-
ment as a whole (Lelieveld et al., 2015; Ram Mabhala,
2024). Figure 1 summarizes the representative HRR
and total smoke release (7SR) curves for the tested pel-
let and MDF.

The nature of the HRR curves indicates the pres-
ence of two distinct peaks. During wood combustion
tests, two peaks typically occur: one at the initial stage
of combustion and the second just before the flame ex-
tinguishes. The initial peak is primarily caused by the
formation of a char layer, which reduces heat output
and gas emissions. Following this first peak, the heat
release rate stabilizes. As combustion continues, a sec-
ond increase in the heat release rate occurs due to heat
accumulation within the sample (Xu et al., 2015). The
combustion of the MDF lasted longer than that of the
tested pellet. The maximum peak heat release rate
(pHRR) for the MDF was 244 kW/m?, occurring 85
seconds into the measurement. For the pellet, the pHRR
value was slightly lower at 242 kW/m?, but this peak
appeared later, at 485 seconds into measurement. In
contrast, the TSR values were 1542 m?/m? for the MDF
and 1834 m*m? for the pellet.

Volatile gas-phase products emitted during the
combustion of the test materials were identified using a
Purser furnace in conjunction with a gas chromato-
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Table 1 List of products identified in fire effluents released during ~5 min steady-state periods during different fire stages
Tablica 1. Popis proizvoda identificiranih u otpadnim vodama ispustenim tijekom ~5 minuta stabilnog stanja u razli¢itim

fazama gorenja

Detected products (products exceeding 1 %) Amounts / Kolicina, %
Utvrdeni spojevi (spojevi kojih je vise od 1 %) CAS No. Pellet MDF

350 °C 650 °C 350 °C 650 °C
COx. NOx. H,0 - 5.11 100.00 7.02 66.29
Oxalic acid 64-19-7 2.84 2.25
Glycolaldehyde 141-46-8 1.16
Acetic acid 64-19-7 2.84 2.25
Benzene 71-43-2 1.18
Furfural 98-01-1 2.55 1.75
2-Furanmethanol 98-00-0 2.56 2.57
2(5H)-Furanone 497-23-4 1.26 2.40
2-Hydroxy-2-Cyclopenten-1-one 10493-98-8 1.52
5-Methyl-2-Furancarboxaldehyde 620-02-0 2.09
3-Methoxy-Pyridine 7295-76-3 1.13
Benzoniltrile 100-47-0 1.88
Phenol 108-95-2 1.11 3.00
Hexanoic acid 142-62-1 1.19
3-Methyl-1.2-Cyclopentanedione 765-70-8 1.25 3.13
2.5-Furandicarboxaldehyde 823-82-5 1.21
2-Methoxy-Phenol 90-05-1 6.64 10.79
Maltol 118-71-8 1.19
Naphthalene 91-20-3 10.87
Creosol 93-51-6 9.66 9.36
5-Hydroxymethylfurfural 67-47-0 1.21
4-Ethyl-2-methoxy-Phenol 2785-89-9 3.80 6.21
2-Methoxy-4-vinylphenol 7786-61-0 343 3.47
2-Methoxy-4-propyl-Phenol 2785-87-7 1.34
Biphenyl 92-52-4 1.08
Acenaphthylene 208-96-8 5.18
Dibenzofuran 132-64-9 1.74
1-Isocyan-naphthalene 1984-04-9 1.12
(2H)-Acenaphthylene 2235-15-6 1.44

graph coupled with a mass spectrometer. Table 1 sum-
marizes the products obtained during the combustion
and thermal decomposition of both pellet and MDF.

The pyrolysis and combustion of the studied ma-
terials produce products similar to those from wood
decomposition. At 350 °C, the main substances in the
emitted gases and vapors included creosol, 2-methoxy-
phenol, 4-ethyl-2-methoxyphenol, and 2-methoxy-
4-vinylphenol. Creosol, a phenolic aromatic compound
found in wood creosote, is known to irritate the eyes
and skin. Other compounds present in smaller amounts
were oxalic acid, acetic acid, furfural, 2-furanometha-
nol, and several others. Furfural, derived from biomass
through xylose hydrolysis and dehydration in lignocel-
lulose, contains an aldehyde group and a conjugated
double-bond system within its furan ring (Sun et al.,
2024). It is toxic to the respiratory tract and irritates the
eyes and respiratory system. Maltol vapor, a natural
substance found in pine tree bark and needles, was also
detected during pellet combustion (Cai et al., 2023). In
contrast, phenol was released during the flameless de-
composition of wood-based panels.

In the case of complete combustion, the number
of identified products was significantly lower. For the
pellet, no products other than carbon and nitrogen ox-
ides were detected. MDF characteristically has a high
calorific value, which makes it well-suited for energy
generation (Ali et al., 2024). However, in the case of
MDF, several compounds were identified, including
benzene, benzonitrile, phenol, naphthalene, biphenyl,
acenaphthylene, dibenzofuran, 1-isocyan-naphthalene
and (2H)-acenaphthylene. These compounds can irri-
tate the respiratory system and eyes, as well as lead to
skin lesions. Additionally, naphthalene and its deriva-
tives, biphenyl and dibenzofuran, are highly toxic to
aquatic environments. Furthermore, benzene is a
known carcinogen, and naphthalene is also suspected
of having carcinogenic properties.

The combustion of pellets mainly emits nitrogen
compounds and carbon dioxide, making it relatively
clean in terms of chemical composition. In contrast, the
combustion of MDF boards generates many harmful
and irritating substances due to the presence of adhe-
sives, resins and other additives used in their produc-
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tion. The emission of toxic gases in the event of a
building fire poses a significant risk to health and the
environment, which emphasizes the importance of re-
search into the safety of materials used in the furniture
and construction industries. Although pellets are much
less harmful than MDF in terms of toxic emissions,
burning them still releases CO, into the atmosphere.
Carbon dioxide, which could remain locked in wood-
based products during the natural cycle, is immediately
released during the combustion process. Despite the
fact that wood pellets are still considered carbon-neu-
tral due to the equilibrium between carbon dioxide re-
leased upon combustion and carbon dioxide absorbed
during biomass cultivation, their net carbon footprint is
notably lower than that of fossil fuels (Mortadha et al.,
2025; Pradhan et al., 2018). In terms of MDF, ad-
vanced incineration technologies and strict emission
controls are needed to address the specific challenges
of MDF waste (Ali ef al., 2024). Ongoing research fo-
cuses on optimizing processes and minimizing envi-
ronmental impacts. Therefore, it is crucial to promote
methods that use wood more efficiently, extending the
time of carbon sequestration rather than its immediate
emission.

4 CONCLUSIONS
4. ZAKLJUCAK

The results of the survey and laboratory tests
clearly confirm the need for well-planned wood waste
management and emphasize the importance of choos-
ing methods of wood waste management that minimize
the negative impact on the environment. The analysis
showed that 57 % of respondents declared that wood
and wood-based waste generated in their plants is com-
busted or used for energy recovery, which contributes
to the rapid emission of CO, into the atmosphere, in-
stead of allowing for its longer sequestration by pro-
ducing wood-based products.

Additional laboratory tests of two selected wood
wastes have shown that burning pellets made from
hardwood and softwood results in relatively low nitro-
gen oxide and carbon emissions but still contributes to
the release of CO, that could be retained in the material
cycle. Despite the common perception of wood pellets
as a clean bioenergy source owing to their low toxic
emissions, the findings suggest that their climate im-
pact from CO, release requires consideration when as-
sessing their contribution to EU climate neutrality.

On the other hand, MDF boards, which contain
adhesives, varnishes and other chemicals used in their
production, lead to the emission of toxic compounds
such as benzene, benzonitrile, phenol, naphthalene, bi-
phenyl, acenaphthylene, dibenzofuran, I-isocyan-
naphthalene and (2H)-acenaphthylene. These sub-
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stances can pose a serious threat to human health, i.e.
cause cancer, and to the environment by pollution of
water, air and soil, especially in the event of a fire in
buildings or furniture containing MDF.

Therefore, it is crucial to find more sustainable
methods of waste wood management. Waste MDF
boards and other composite materials should be recy-
cled or processed in alternative ways instead of being
incinerated. At the same time, the production of pellets
should be based exclusively on clean wood waste that
is no longer suitable for reuse, for example, in the pro-
duction of particleboard or as a filler in thermoplastics.
At the same time, research findings indicate the need
for further research into the use of pure wood waste in
the material cycle instead of the energy cycle, as long
as the quality of the material allows for reuse. The re-
search results also emphasize the importance of using
safe building and furniture materials that will not gen-
erate toxic substances that pose a threat to human
health and the environment in the event of a fire.
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