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INTRODUCTION

In the energy assessment of orchard biomass, 
the reference point is very often the plant species 
itself or the total mass of residues arising from 
harvesting and maintenance operations. Howev-
er, this approach oversimplifies the actual char-
acteristics of the material, as waste biomass does 
not form a homogeneous stream. Instead, waste 
biomass consists of fractions that differ in struc-
ture, degree of lignification, mineral content and 

elemental composition. These differences directly 
affect properties relevant to combustion (Casau et 
al., 2022; Cavalaglio et al., 2024; Picchio et al., 
2023). The suitability of the raw material for en-
ergy purposes is therefore determined not only by 
its origin, but also by which part of the plant be-
comes fuel (Den Boer et al., 2020; Dyjakon et al., 
2019; Pergola et al., 2024).

Modern low-carbon energy increasingly re-
lies on renewable raw materials (Dybek et al., 
2023; Gredka & Caban, 2024; Hawrot-Paw et 
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al., 2019; Kapłan et al., 2025; Małuszyńska et 
al., 2013; Markandan & Chai, 2022; The Global 
Energy Crisis – World Energy Outlook 2022 – 
Analysis, n.d.), yet their use requires consid-
eration not only of the energy balance but also 
of the broader environmental and material con-
text. In the case of biomass, its management 
throughout the product life cycle is particularly 
important. This includes the generation of resi-
dues, their processing, and their final material 
or energy use. In an approach consistent with 
the principles of the circular economy, waste 
biomass is not treated solely as a fuel, but as a 
resource that can be directed towards various re-
covery pathways depending on its properties and 
utility potential (Iwaszczuk, 2019; Jankiewicz, 
2025; Kulczycka & Pędziwiatr, 2019; Werle et 
al., 2021). The literature emphasises that such an 
approach, based on a full life-cycle assessment 
and the principle of cascading use of biomass, 
promotes more rational resource management 
and reduces the environmental impacts associat-
ed with the production of energy and bio-based 
products (Casau et al., 2022; Romero-Perdomo 
& González-Curbelo, 2023; Sherwood, 2020; 
Torreiro et al., 2020).

This is clearly evident in the case of com-
mon hazel (Corylus avellana L.), whose culti-
vation generates various by-products, including 
leaves, husk, shells and shoots.. Previous studies 
confirm that these wastes can be considered as 
an energy source, although their properties are 
not uniform. For leaves, significant differences 
have been demonstrated in terms of moisture 
content, ash content, volatile matter, elemen-
tal composition and calorific value, as well as 
the associated emission factors. With regard to 
husk, it has been shown that combustion param-
eters are linked to the elemental composition of 
the biomass and predicted emissions, particular-
ly in terms of sulphur and nitrogen compounds. 
In contrast, hazelnut shells were found to have 
favourable fuel parameters, similar to those of 
woody biomass, although emission factors var-
ied among the materials studied (Borkowska 
et al., 2025; Borkowska, et al., 2024a, 2024b; 
Klimek et al., 2025; Maj et al., 2025).

At the same time, lignocellulosic biomass 
from fruit crops can be processed in many ways. 
In addition to direct combustion, it can be used 
in gasification, pyrolysis, pelletisation and bio-
char production processes, as well as a feedstock 
for biorefinery processes aimed at recovering 

chemical compounds, materials or intermedi-
ates for other industries. In practice, the choice 
of utilisation pathway depends on the quality of 
the biomass, the costs of feedstock preparation, 
the scale of the process, and the expected value 
of the end product. In the case of fractions with 
a high ash content or a less favourable elemental 
composition, material applications or alternative 
conversion pathways may be more justified than 
conventional combustion, whereas fractions with 
high calorific value and low emissions may con-
stitute a particularly attractive energy feedstock. 
For this reason, the assessment of biomass fuel 
properties is important not only for the energy 
sector, but also for the rational design of bio-
mass utilisation pathways within the circular bio-
economy (Casau et al., 2022; Cavalaglio et al., 
2024; Ciliberti et al., 2020; Picchio et al., 2023; 
Pokharel et al., 2025).

Previous research therefore suggests that ha-
zel biomass should not be treated as a homoge-
neous fuel. Individual fractions differ not only 
in calorific value but also in characteristics that 
determine the combustion process and potential 
environmental impact. This has practical signifi-
cance, as a material that is more advantageous 
in terms of energy does not necessarily have 
the most favourable emissions profile. Previous 
analyses of leaves, litter and husks have shown 
that differences in moisture content, ash content, 
volatile matter and elements such as nitrogen 
and sulphur can affect both the efficiency of the 
process and the levels of gaseous and particulate 
emissions (Borkowska et al., 2025; Klimek et al., 
2025; Maj et al., 2025).

Therefore, the present study adopts an ap-
proach in which hazel biomass fractions are ana-
lysed as distinct fuel types rather than as a single 
waste stream defined only by variety or total mass. 
Such an approach allows us to answer a question 
that is more useful from a practical standpoint 
than merely confirming that crop residues can be 
used for energy. It is crucial to determine whether 
all hazel biomass fractions exhibit similar fuel 
quality or whether some fractions should be pri-
oritised for thermal conversion because of a more 
favourable combination of fuel and environmen-
tal characteristics (Borkowska, et al., 2024a; 
Borkowska et al., 2025; Maj et al., 2025; Pergola 
et al., 2024).

The assessment of this type of material can-
not be limited solely to the determination of the 
heat of combustion and calorific value. Equally 
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important are technical and elemental param-
eters, i.e. moisture content, ash content, vola-
tile matter and elemental composition, as these 
factors determine the intensity of the combus-
tion process, the amount of mineral residue, the 
quality of the flue gas and potential operational 
difficulties. In this context, the comparison of 
hazel biomass fractions is important from both 
scientific and practical perspectives. It can sup-
port the selective allocation of specific plant 
parts to the most appropriate energy recovery 
pathway.Based on these assumptions, the pres-
ent study was designed to verify whether indi-
vidual waste biomass fractions of common hazel 
differ significantly in fuel quality and emission 
characteristics and therefore should be assessed 
separately rather than treated as a homogeneous 
biomass stream. It was assumed that fractions 
with lower ash, nitrogen and sulphur contents 
would exhibit a more favourable combustion 
profile and lower pollutant emissions, thereby 
supporting their greater suitability for energy 
recovery within a circular bioeconomy model.

MATERIALS AND METHODS

Field studies were conducted in 2024–2025 
at a horticultural farm located in the municipality 
of Zawichost, in the Świętokrzyskie Voivodeship 
(50°49′20.5″ N; 21°44′35.0″ E), in south-eastern 
Poland. The study material consisted of ungraft-
ed common hazel (Corylus avellana L.) shrubs, 
grown on their own roots and representing four 
varieties: Kataloński, Olbrzymi z Halle, Olga and 
Webba Cenny. The plants were planted in spring 
2002 in loess soil classified as site classes II and 
II ab. The shrubs were cultivated in a row system, 
spaced 6 × 2.5 m apart, corresponding to a density 
of 666 plants·ha-¹.

Material for analysis was collected on two 
occasions. In autumn 2024, immediately after 
the fruit harvest, three biomass fractions were 
obtained: shells, husk, and leaves. Shoots, consti-
tuting the fourth biomass fraction, were collected 
in winter 2025 during the planned maintenance 
pruning of the shrubs. For each variety, plant ma-
terial was collected from three randomly selected 
shrubs. The material within the same fractions 
was then grouped for comparative analyses con-
ducted independently of the variety.

Composite samples were prepared separate-
ly for each biomass fraction. After collection, 

the material from the four cultivars was sepa-
rated into shells, husk, leaves and shoots. For 
each biomass fraction, material collected from 
individual shrubs and cultivars was combined to 
obtain a representative composite sample. This 
approach was used because the aim of the study 
was to compare the fuel quality and emission 
characteristics of biomass fractions indepen-
dently of cultivar and to assess the effect of the 
type of plant material rather than varietal vari-
ability. Before laboratory analyses, the compos-
ite samples were air-dried at 20°C and 55–60% 
relative humidity for two weeks to standardise 
moisture conditions. The dried material was 
then ground to a particle size of 0.5 mm using 
a Retsch SM 100 cutting mill (Retsch GmbH, 
Haan, Germany). The same preparation proce-
dure was applied to all analysed fractions to en-
sure comparability of the results.

To clarify the practical context of the se-
lected research material, it should be noted that 
regardless of theoretical possibilities, in every-
day agricultural practice, these biomass frac-
tions are currently treated primarily as trouble-
some waste and are either left in the orchards 
to decompose or open-burned on-site. How-
ever, they constitute a valuable raw material; 
therefore, the current management pathways 
and potential valorisation options reported in 
the scientific literature are summarised and 
compared in Table 1.

The study assessed the energy and emission 
properties of waste biomass from hazelnut cul-
tivation, comparing its individual fractions. The 
quality of the material was determined on the 
basis of technical and elemental analysis, includ-
ing the determination of moisture content, ash 
content, volatile matter and elemental composi-
tion. In addition, the heat of combustion and calo-
rific value were determined. The methodological 
workflow for sample collection, composite sam-
ple preparation and analytical procedures is pre-
sented in Figure 1, while detailed information on 
the analytical methods, standards and equipment 
used in the study is provided in Figure 2.

The results were statistically analysed using 
Statistica 13.1 software. The normality of distri-
bution was verified using the Shapiro–Wilk test. 
Differences between biomass fractions were as-
sessed using one-way analysis of variance (ANO-
VA). Significant differences between means were 
determined using Tukey’s HSD post-hoc test at a 
significance level of α = 0.05.
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Table 1. Current and potential management pathways of selected common hazel biomass fractions based on the 
scientific literature

Biomass 
fraction

Current/practical manage-
ment in hazelnut production

Potential or validated valorisation pathways
Supporting 
literature

Shoots

Chipping, baling, local use 
as biomass fuel, and the 
production of wood chips or 
pellets

Shoots and branches from orchard pruning are treated as a lig-
nocellulosic raw material suitable for energy use; research into 
hazel pruning residues indicates the potential for pellet produc-
tion, whilst studies on orchard pruning biomass confirm its suit-
ability for combustion in wood chip-fired plants, subject to the 
need to monitor its chemical composition and ash content.

(Bianchini et al., 
2021)

Shells

Direct combustion, pro-
duction of pellets and 
briquettes, pyrolysis, pro-
duction of bio-oil, biochar, 
activated carbon, sorbents 
and composite materials

Shells are one of the best-known waste fractions from hazelnuts; 
the literature highlights their favourable fuel properties, high calo-
rific value and low ash content; furthermore, research confirms 
that they can be processed via pyrolysis into bio-oil, wood vin-
egar and tar, as well as used as a raw material for the production 
of activated carbon and adsorbents for water treatment.

(Ceraulo et al., 
2022; Chen et al., 

2021; Klimek et al., 
2025; Maj et al., 

2025; Stjepanović 
et al., 2022)

Leaves

Leaving on the plantation, 
composting, contributing to 
the organic matter cycle, 
potential use as a source of 
bioactive compounds.

Leaves constitute an organic fraction that can support the circu-
lation of organic matter within the plantation system; however, 
their direct use for energy production may be limited by their 
higher ash, nitrogen and sulphur content; research on Corylus 
avellana l. Leaves also indicates the presence of phenolic com-
pounds and antioxidant activity, which justifies considering non-
fuel applications for their valorisation.

(Borkowska et al., 
2025; Maj & Pie-

kut, 2018; Rusu et 
al., 2019; Wąsik & 
Klimowicz, 2022; 
Zhao et al., 2023)

Husk

Composting, mulching, soil 
improvement, production of 
horticultural growing media, 
anaerobic digestion and 
biogas production.

Husk is a lignocellulosic by-product produced during the har-
vesting and processing of nuts; research indicates that com-
posts made from hazelnut waste can partially replace peat in 
horticultural substrates and improve selected soil properties; 
the potential for using husks in anaerobic digestion has also 
been demonstrated; following alkaline treatment, methane yield 
may increase compared to the control sample.

(Bignami et al., 
2023; Ceylan, 
2024; Dede & 

Ozdemir, 2018; 
Şenol, 2020)

Figure 1. Methodological workflow for sample collection, composite sample preparation 
and analytical procedures
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Figure 2. A summary of the methods and apparatus used for the energy and carbon analysis 
of the raw materials studied
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RESULTS AND DISCUSSION

Fuel quality and elemental composition of 
biomass fractions

The study focused in particular on the energy 
properties of various types of waste biomass derived 
from common hazel, namely shells, husks, leaves 
and shoots. Based on technical and elemental anal-
ysis, the energy parameters and chemical composi-
tion of the four biomass fractions were compared, 
regardless of variety. The results obtained showed 
clear differences between the materials studied, re-
lated to their different anatomical structure, physi-
ological function and elemental composition. De-
tailed data are summarised in Table 2.

The highest HHV and LHV values were re-
corded for the shells, 18.65 and 17.37 MJ·kg-¹ re-
spectively, confirming their highest energy poten-
tial among the analysed fractions. The lowest val-
ues were obtained for the husk (15.94 and 14.76 
MJ·kg-¹). The results for the shells are consistent 
with the data from Borkowska et al. (2024b), who 
reported a range of HHV 18.61–18.68 MJ·kg-¹ 
and LHV 17.33–17.40 MJ·kg-¹ for hazelnut 
shells. Similar values were also obtained by No-
szczyk et al. (2021) for hazelnut shells (HHV 
18.887 MJ·kg-¹; LHV 17.078 MJ·kg-¹). It was 

also demonstrated that hazelnut shells have lower 
energy parameters than walnut and peanut shells, 
but higher than pistachio shells. More broadly, 
the hazelnut shells studied exhibited higher en-
ergy values than many types of agricultural bio-
mass (Torreiro et al., 2020; Vassilev et al., 2017), 
whilst remaining comparable to woody biomass 
(Mitchell et al., 2020; Solarte-Toro et al., 2021). 
For husks, Borkowska et al. (2024a) reported a 
range of HHV 15.77–16.03 MJ·kg-¹ and LHV 
14.60–14.85 MJ·kg-¹, which is consistent with the 
results obtained in this study.

In terms of carbon (C) content, the high-
est proportion of this element was found in the 
shells (51.01%), whilst the lowest was in the 
leaves (42.84%). The value obtained for leaves is 
consistent with earlier studies, in which a range 
of 42.57–43.46% was reported for hazel leaf 
biomass depending on the variety (Borkowska 
et al., 2025). Maj and Piekut (2018) reported a 
slightly higher value for hazel leaves (44.45%), 
and for oak, maple and walnut leaves 47.66%, 
44.34% and 43.07% respectively, which confirms 
the variation in carbon content between tree spe-
cies. In contrast, for hazelnut shells, Borkowska 
et al. (2024b) reported lower C values, ranging 
from 46.17% to 47.03%, whilst Noszczyk et al. 
(2021) reported a level of approximately 49% for 

Table 2. Comparison of the results of technical and elemental analysis of different types of hazel biomass, 
regardless of variety

Parameters
Type of waste biomass

p-value
husks leaves shoots shells

HHV (MJ·kg−1) 15.94 ± 0.12 C 17.30 ± 0.25 B 17.13 ± 0.59 B 18.65 ± 0.06 A <0.0001

LHV (MJ·kg−1) 14.76 ± 0.12 C 16.14 ± 0.25 B 15.79 ± 0.66 B 17.37 ± 0.06 A <0.0001

C% 44.33 ± 0.38 B 42.84 ± 0.51 C 42.85 ± 1.63 C 51.01 ± 0.47 A <0.0001

H% 6.42 ± 0.29 C 7.09 ± 0.25 B 7.40 ± 0.39 A 7.10 ± 0.21 AB <0.0001

N% 0.78 ± 0.10 C 2.12 ± 0.06 A 0.88 ± 0.11 B 0.36 ± 0.06 D <0.0001

S% 0.04 ± 0.01 C 0.14 ± 0.01 A 0.05 ± 0.01 B 0.01 ± 0.00 D <0.0001

M% 7.60 ± 0.42 C 7.38 ± 1.02 C 16.45 ± 1.84 B 8.85 ± 0.16 A <0.0001

O% 39.92 ± 0.58 B 38.55 ± 0.66 C 47.11 ± 1.49 A 40.69 ± 0.44 B <0.0001

A% 8.50 ± 0.19 B 9.26 ± 0.30 A 1.73 ± 0.46 C 0.82 ± 0.11 D <0.0001

V% 66.43 ± 1.16 B 66.40 ± 0.63 B 66.08 ± 1.43 B 68.01 ± 0.64 A <0.0001

FC% 17.47 ± 0.89 B 16.97 ± 0.79 B 15.75 ± 0.74 C 22.32 ± 0.48 A <0.0001

H/C 1.45 ± 0.07 B 1.65 ± 0.05 A 1.73 ± 0.14 A 1.39 ± 0.05 B <0.0001

N/C 0.02 ± 0.00 C 0.05 ± 0.00 A 0.02 ± 0.00 B 0.01 ± 0.00 D <0.0001

O/C 0.68 ± 0.01 B 0.68 ± 0.02 B 0.83 ± 0.06 A 0.60 ± 0.01 C <0.0001

Note: HHV – higher heating value; LHV – lower heating value; C – carbon; H – hydrogen; N – nitrogen; S – sulphur; 
M – moisture; O – oxygen; A – ash; V – volatile matter; FC – fixed carbon; H/C, N/C and O/C – molar ratios. Values 
are presented as mean ± standard deviation. Significant difference: A, B, C, D — means denoted by the same letter 
in a row do not differ significantly, whilst means denoted by different letters differ significantly at α = 0.05.
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this fraction. In the study by Matin et al.(2023), 
even higher carbon content values in the shells 
were reported, ranging from 57.60–57.95%, 
which indicates significant variability in this pa-
rameter depending on the origin of the material 
and the conditions of its preparation. This means 
that the shells analysed in this study were char-
acterised by a higher carbon concentration than 
the values reported in most previous studies. The 
higher carbon content in the shells may be one of 
the reasons for their more favourable combustion 
parameters compared to the leaves.

The hydrogen (H) content was highest in the 
shoots (7.40%) and lowest in the husk (6.42%). The 
value obtained for shoots is consistent with earlier 
studies by Borkowska et al. (2024b), in which a 
range of 7.09–7.78% was recorded for annual 
shoots and 7.34–8.05% for perennial shoots. For 
husks, the same authors reported higher hydrogen 
values, ranging from 6.71–6.88% (Borkowska, et 
al., 2024b). In the literature, lower or similar hy-
drogen contents have also been reported for hazel 
biomass, including 6.40% according to Stolarski 
et al.(2021), 6.57% according to Bilandžija (2012) 
and 6.10% according to Cavalaglio et al. (2024). 
This means that the shoots analysed in this study 
were characterised by a relatively high hydrogen 
content, whilst the husk had a lower content than 
previously reported for this biomass fraction.

In terms of the elemental composition of the 
biomass, the highest nitrogen (N) content was 
recorded in the leaves (2.12%), whilst the low-
est was in the shells (0.36%). The value obtained 
for the leaves is consistent with the results of 
Borkowska et al. (2024b), who reported a range 
of 2.10–2.66% for hazel leaves depending on the 
variety. Güleç et al. (2022) reported a slightly 
lower nitrogen content (2.05%) for this fraction, 
whilst similar or higher values were reported for 
the leaves of other tree and shrub species. In turn, 
the nitrogen content determined in the shells cor-
responds to the range of 0.29–0.36% previously 
reported for hazelnut shells by Borkowska et al. 
(2024b). The low nitrogen content in the shells is 
also confirmed by earlier analyses of this biomass 
fraction, indicating its more favourable emis-
sion profile compared to the more nitrogen-rich 
leaves. Compared to other tree leaves, for which 
Maj and Piekut (2018) reported lower nitrogen 
values, the leaves analysed in this study can be 
considered a fraction particularly rich in this ele-
ment. This may indicate a greater emission poten-
tial of leaves in terms of NOₓ compared to husk.

The sulphur (S) content was highest in the 
leaves (0.14%) and lowest in the shells (0.01%). 
The value obtained for the leaves falls within the 
range of 0.13–0.16% previously reported for ha-
zel leaves by Borkowska et al. (2025), although 
it remains significantly lower than the 0.33% re-
ported by Güleç et al. (2022) for the same frac-
tion. In turn, the sulphur content determined in 
the shells corresponds to literature data for ha-
zelnut shells, for which a very low level of this 
element was reported, ranging from 0.01–0.02% 
(Borkowska, et al., 2024b). Such a marked varia-
tion between fractions may partly explain their 
differing emission potentials for SO2.

As regards oxygen (O) content, the highest val-
ues were found in shoots (47.11%), and the lowest 
in leaves (38.55%). These results are consistent 
with earlier studies by Borkowska et al. (2024b), in 
which a range of 45.12–48.62% was recorded for 
one-year-old shoots and 46.68–50.32% for multi-
year-old shoots of hazel, whilst for leaves the 
range was 38.07–39.40% depending on the variety. 
Similar observations regarding the low variability 
in oxygen content were also noted for grapevine 
shoots, which may indicate that the shoot biomass 
of various species is characterised by a relatively 
stable proportion of this element. At the same time, 
Güleç et al. (2022) reported higher oxygen content 
values in the leaves of hazel and other tree species, 
confirming that this parameter may vary signifi-
cantly depending on the type of plant material.

The ash content (A) was significantly highest 
in the leaves (9.26%), whilst the lowest values for 
this parameter were found in the shells (0.82%). 
The value obtained for leaves is similar to the data 
reported by Maj and Piekut (2018), who reported 
8.55% for hazel leaves, whilst for oak, maple and 
walnut leaves they recorded 21.98%, 12.75% and 
12.95% respectively, confirming the significant 
variation in this parameter between species. In 
contrast, the ash content determined in the shells 
was lower than in studies on Turkish hazelnut 
varieties, for which a range of 1.00–1. 2% (Maj 
et al., 2025), and also lower than the values re-
ported for hazelnut, almond and chestnut shells 
by Güleç et al. (2022), amounting to 2.20%, 
2.20% and 3.90% respectively. At the same time, 
the result obtained for shells remains significantly 
lower than for many other types of agrobiomass, 
i.e. bean hulls (8.00%), cocoa husk (9.96%), rice 
husk (13.70%) (Güleç et al., 2022) or data for ha-
zelnut shells (Mladenovic et al., 2024). A similar-
ly low ash content was found in woody biomass, 
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including in the case of beech (Nunes, Loureiro, 
et al., 2021). The results obtained confirm that ha-
zelnut shells belong to a fraction that is particu-
larly advantageous from an energy perspective, 
whilst leaves, due to their high ash content, may 
exhibit less favourable fuel properties.

The highest proportion of volatile matter (V) 
was recorded in the shells (68.01%), whilst the 
lowest was in the shoots (66.08%). The result ob-
tained for shoots is consistent with earlier studies 
by Borkowska et al. (2024b), in which a range 
of 64.93–68.22% was recorded for annual shoots 
and 67.20–70.61% for perennial shoots. In turn, 
for hazelnut shells, Borkowska et al. (2024b) 
reported values in the range of 67.20–68.54%, 
which are thus similar to those obtained in the 
present study. The results obtained are also con-
sistent with the data for hazelnut shells presented 
by Mladenovic et al. (2024), as well as with results 
obtained for other lignocellulosic materials with 
low ash content, i.e. oak branches, pine chips, rye 
straw or miscanthus (Güleç et al., 2022; Matin et 
al., 2023). Higher values for volatile matter, how-
ever, were reported by Cavalaglio et al. (2024), 
citing 77.4% for hazel biomass, which indicates 
that the proportion of this fraction may vary sig-
nificantly depending on the type of material and 
its origin. The results obtained confirm that shells 
belong to the more volatile fraction, which may 
facilitate easier ignition and a more favourable 
combustion process compared to shoots.

In turn, the highest fixed carbon (FC) con-
tent was found in the shells (22.32%), and the 
lowest in the shoots (15.75%). The low value 
obtained for shoots is consistent with observa-
tions regarding shoot biomass, in which the fixed 
carbon content shows relatively little variation. 
Similar relationships were noted by Kapłan et 
al. (2025) for grapevine shoots, indicating that 
rootstock selection influenced FC only to a lim-
ited extent, and the results obtained were simi-
lar to the data presented by Nunes et al. (2021a; 
2021b). In contrast, for hazelnut shells, the value 
obtained in this study was similar to the range of 
22.01–22.89% reported for Turkish varieties of 
hazel (Klimek et al., 2025), whilst being higher 
than in studies where values of 17.73–18.06% 
and 16.34–18.37% (Marcantonio et al., 2020; 
Matin et al., 2023; Smith et al., 2019). A sig-
nificantly lower fixed carbon content for hazel-
nut shells was also reported by Noszczyk et al. 
(2021), obtaining a value of 11.39%. The results 
obtained indicate that hazelnut shells belong 

to a fraction that is particularly advantageous 
in terms of bound carbon content, which may 
contribute to a higher calorific value and a more 
stable combustion process compared to shoots.

The H/C, N/C and O/C molar ratios indicate 
chemical variation within the fractions. The high-
est H/C ratio was found in the shoots (1.73), and 
the lowest in the shells (1.39). The N/C ratio was 
highest in the leaves (0.05) and lowest, again, in the 
shells (0.01). The highest O/C ratio was found in 
the shoots (0.83) and the lowest in the shells (0.60).

Emission factors of biomass combustion

Table 3 presents the results of estimated emis-
sions of the main gaseous and particulate pollut-
ants generated by the combustion of various types 
of hazel biomass. The assessment covered emis-
sions of carbon monoxide (CO), nitrogen oxides 
(NOₓ), carbon dioxide (CO2), sulphur dioxide 
(SO2) and dust, expressed per unit of dry biomass 
mass (kg·Mg-¹). The results obtained showed sig-
nificant differences in all parameters studied.

The highest CO2 emission values were ob-
tained for shells (1539.00 kg·Mg-¹), which can be 
attributed to their highest carbon content and calo-
rific value, whilst the lowest CO₂ emissions were 
recorded for leaves (1292.42 kg·Mg-¹). In the case 
of carbon monoxide (CO), the highest emissions 
were also estimated for shells (62.85 kg·Mg-¹), and 
the lowest for leaves (52.78 kg·Mg-¹). Significant 
differences were also observed in nitrogen oxide 
(NOₓ) emissions. The highest values were found for 
leaves (7.48 kg·Mg-¹), which is consistent with their 
highest nitrogen content in the elemental analysis, 
whilst the lowest NOₓ emissions were recorded for 
shells (1.26 kg·Mg-¹). In terms of sulphur dioxide 
(SO2) emissions, the highest values were also re-
corded for leaves (0.29 kg·Mg-¹), and the lowest for 
shells (0.03 kg·Mg-¹), which correlates with the sul-
phur content in these fractions. Total dust emissions 
were highest for leaves (11.69 kg·Mg-¹) and lowest 
for shells (1.04 kg·Mg-¹), which may be attributed 
to the high ash content in leaves and the low pro-
portion of mineral matter in shells (Table 3).

The results obtained for leaves are consistent 
with earlier observations (Maj & Piekut, 2018), 
who demonstrated significant variations in CO, 
NOₓ, CO2, SO2 and particulate matter emissions 
between the leaves of hazel, oak, maple and 
walnut trees. High particulate matter emissions 
from leaf biomass are further confirmed by stud-
ies on emissions of particles generated during 
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leaf combustion (Schmidl et al., 2008). In turn, 
studies on the leaves of selected hazel varieties 
have shown that high emissions of NOₓ, SO2 and 
particulate matter are associated with increased 
nitrogen, sulphur and ash content in leaf biomass 
(Borkowska et al., 2025).

The more favourable emission profile of the 
shells, characterised by the lowest emissions of 
NOₓ, SO2 and particulate matter, is consistent 
with earlier studies on hazelnut shell biomass, 
which highlighted their low ash, nitrogen and sul-
phur content and good suitability for energy use 
(Borkowska, et al., 2024b; Maj et al., 2025). With 
regard to CO2 emissions, it should also be noted 
that the volume of this gas emitted during bio-
mass combustion is closely linked to the elemen-
tal composition of the fuel, as also emphasised 
by Paraschiv et al. (2020). The results obtained 
therefore indicate that, among the fractions anal-
ysed, leaves exhibit the least favourable emission 

profile, whilst shells combine a high calorific 
value with relatively low emissions of acidifying 
pollutants and particulate matter (Table 3).

Flue gas composition and combustion-
related parameters

Table 4 presents the volumetric composition 
of the main gases emitted during the combustion 
of individual types of hazel waste biomass, ex-
pressed per unit of dry mass (Nm³·kg-¹). The ana-
lysed parameters include, among others, the theo-
retical oxygen demand (VO2), dry air volume (Va), 
carbon dioxide volume (VCO2), sulphur oxides 
(VSO2) and nitrogen oxides (VN2), the volume of 
water vapour (VH2O) and the total volume of flue 
gas (Vgu, Vga). The results obtained showed sig-
nificant differences in all the parameters studied.

Among the analysed biomass fractions, the 
shells were characterised by the highest values of 

Table 3. Emission parameters for various types of hazel biomass, regardless of variety

Parameters
(kg·Mg−1)

Biomass fraction
p-value

husks leaves shoots shells

CO 54.61 ± 0.47 B 52.78 ± 0.62 C 52.79 ± 2.01 C 62.85 ± 0.58 A <0.0001

NOx 2.77 ± 0.34 C 7.48 ± 0.22 A 3.10 ± 0.37 B 1.26 ± 0.21 D <0.0001

CO₂ 1337.31 ± 11.46 B 1292.42 ± 15.24 C 1292.69 ± 49.19 C 1539.00 ± 14.26 A <0.0001

SO2 0.07 ± 0.01 C 0.29 ± 0.02 A 0.10 ± 0.02 B 0.03 ± 0.00 D <0.0001

Dust 10.74 ± 0.24 B 11.69 ± 0.38 A 2.19 ± 0.58 C 1.04 ± 0.14 D <0.0001

Note: CO – carbon monoxide; NOₓ – nitrogen oxides; CO₂ – carbon dioxide; SO₂ – sulphur dioxide. Values are 
presented as mean ± standard deviation. Significant difference: A, B, C, D — means denoted by the same letter in 
a row do not differ significantly, whilst means denoted by different letters differ significantly at α = 0.05.

Table 4. Composition of gases emitted from the combustion of various types of waste biomass

Parameters
(Nm³·kg−1)

Type of waste biomass
p-value

husks leaves shoots shells

VO2 0.91 ± 0.02 BC 0.93 ± 0.02 B 0.89 ± 0.04 C 1.07 ± 0.01 A <0.0001

Va 4.33 ± 0.10 BC 4.42 ± 0.11 B 4.22 ± 0.17 C 5.07 ± 0.07 A <0.0001

VCO2 0.83 ± 0.01 B 0.80 ± 0.01 C 0.80 ± 0.03 C 0.95 ± 0.01 A <0.0001

VSO2 0.00 ± 0.00 C 0.00 ± 0.00 A 0.00 ± 0.00 B 0.00 ± 0.00 D <0.0001

VH₂O 0.81 ± 0.03 C 0.89 ± 0.03 B 1.03 ± 0.06 A 0.91 ± 0.02 B <0.0001

VN₂ 4.05 ± 0.13 C 5.19 ± 0.13 A 4.03 ± 0.20 C 4.29 ± 0.07 B <0.0001

Vga 6.38 ± 0.17 C 7.59 ± 0.16 A 6.55 ± 0.24 C 6.97 ± 0.09 B <0.0001

Vgu 4.87 ± 0.14 C 5.99 ± 0.13 A 4.83 ± 0.22 C 5.25 ± 0.08 B <0.0001

Note: VO2 – theoretical oxygen demand; VOa – stoichiometric volume of dry air required for combustion; VCO₂ – 
volume of carbon dioxide in the flue gases; VSO₂ – volume of sulphur dioxide in the flue gases; VH₂O – volume of 
water vapour in flue gases; VN₂ – volume of nitrogen in flue gases; Vga – total volume of flue gases; Vgu – total 
volume of dry flue gases. Values are presented as mean ± standard deviation. Significant difference: A, B, C, D 
— means denoted by the same letter in a row do not differ significantly, whilst means denoted by different letters 
differ significantly at α = 0.05.
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VO2 (1.07 Nm³·kg-¹), Va (5.07 Nm³·kg-¹) and VCO2 
(0.95 Nm³·kg-¹), which is consistent with their 
highest carbon content and favourable combus-
tion parameters. In turn, the shoots were distin-
guished by the highest volume of water vapour 
in the flue gas (VH2O – 1.03 Nm³·kg-¹), whilst the 
leaves generated the largest total volume of flue 
gases (Vga – 7.59 Nm³·kg-¹; Vgu – 5.99 Nm³·kg-¹). 
The results obtained confirm that the elemental 
composition of biomass directly influences the 
theoretical oxygen demand, the amount of air 
required for combustion, and the volume of the 
main exhaust gas components, as also emphasised 
by Paraschiv et al. (2020) and Lala et al. (2022). 
Similar relationships for leaf biomass were dem-
onstrated by Maj and Piekut (2018), pointing to a 
clear differentiation in emission and fuel param-
eters between the leaves of hazel, oak, maple and 
walnut. In turn, earlier studies by Borkowska et 
al.(2024b, 2024a; 2025) confirm that shells have 
a more favourable fuel profile than leaves and 
fruit husks, which is also reflected in a more fa-
vourable volumetric composition of flue gases. 
At the same time, the literature indicates that the 
final composition of the flue gas depends not only 
on the properties of the fuel itself, but also on the 
air supply conditions and the organisation of the 
combustion process (Caposciutti et al., 2018).

Environmental implications and circular 
management of hazel biomass fractions

The environmental assessment of common 
hazel biomass combustion should include not 
only fuel quality and emission parameters, but 
also the potential use of combustion by-products. 
Borkowska et al. (2026), in a study on the chemi-
cal composition of ash from the combustion of 
common hazel biomass, demonstrated that ash 
composition depends on both biomass fraction 
and cultivar. The same study showed that leaves 
and husk were characterised by the highest con-
tent of mineral components of fertilising impor-
tance, whereas shells exhibited the lowest values 
for most macronutrients. The content of potential-
ly toxic elements, including ZnO, TiO₂ and Cr₂O₃, 
was low, which indicates a limited environmental 
risk and supports the potential secondary use of 
selected ash fractions, provided that environmen-
tal safety requirements are met.

These results are consistent with the general 
concept of biomass ash recycling. Biomass ash 
may contain relevant amounts of macronutrients, 

particularly calcium, potassium and phosphorus, 
and can therefore partially replace mineral fertil-
isers or improve selected soil properties. Similar 
relationships have been reported for other plant 
materials. Kapłan et al. (2025), analysing post-
production waste from winemaking, showed that 
the plant fraction affected the chemical and en-
ergy properties of biomass, confirming that leaves 
and woody parts should not be treated as equiva-
lent materials. Zając et al. (2018) demonstrated 
that biomass ashes differ considerably in chemi-
cal composition depending on the type and ori-
gin of plant material, and that their composition 
is dominated by macroelements such as Ca, K, P 
and S, which indicates their possible agricultural 
use. Zając et al. (2020), in a study on ashes from 
biomass used in the corn grain drying process, 
also confirmed that the chemical composition and 
fertiliser usefulness of ash depend on the type of 
biomass fraction. These findings confirm that the 
mineral value of biomass ash is strongly depen-
dent on the botanical origin and anatomical part 
of the plant material.

However, combustion should not be consid-
ered the only management pathway for all hazel 
biomass fractions. In the present study, shells 
showed the most favourable fuel and emission pro-
file, while shoots, as a woody lignocellulosic frac-
tion, may also be directed towards energy recovery 
after appropriate preparation. This is supported by 
Bianchini et al. (2021), who demonstrated that a 
two-stage dry milling and fractionation process 
applied to hazelnut and olive pruning residues im-
proved solid fuel quality. In the case of hazelnut 
pruning, the coarser fractions obtained after pro-
cessing showed reduced ash and nitrogen contents 
and met the EN ISO 17225-2 requirements for 
both industrial and residential pellets. The same 
study also showed that the finest hazelnut frac-
tion reached a methane yield of 118.1 Nm³·tVS⁻¹, 
corresponding to a 70.1% increase compared with 
the untreated substrate, indicating that mechanical 
processing may support both pellet production and 
anaerobic conversion of pruning residues.

In contrast, leaves were characterised by high-
er ash, nitrogen and sulphur contents and gener-
ated the highest estimated emissions of NOₓ, SO₂ 
and particulate matter. Therefore, leaves may be 
more appropriate for non-combustion pathways, 
such as composting or biological recycling, espe-
cially when the objective is to return organic mat-
ter and nutrients to the soil. Studies by Bignami et 
al. (2023) showed that composts from grapevine 
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and hazelnut by-products can partially replace peat 
in nursery substrates, up to 20% in hazelnut and 
40% in raspberry cultivation. Ceylan (2024) also 
demonstrated that composts obtained from hazel-
nut wastes can be used in the cultivation of pepper 
seedlings, which supports the use of these residues 
in horticultural production. Dede and Özdemir 
(2018) showed that mixtures of hazelnut husk and 
municipal sewage sludge can be used to develop 
nutrient-rich growing media; the addition of sew-
age sludge enriched the media with plant nutrients, 
and the mixture containing 75% hazelnut husk and 
25% sewage sludge was identified as the most suit-
able variant for ornamental plant production. In ad-
dition, Şenol et al. (2020) investigated anaerobic 
digestion of hazelnut husks and found that alkaline 
pretreatment with 4% NaOH increased methane 
yield to 278.45 ± 7.85 mL·g⁻¹ VS. This indicates 
that selective management of common hazel bio-
mass fractions is more justified than treating all 
residues as a single waste stream. Shells and shoots 
may be prioritised for energy recovery, whereas 
leaves and husk may be considered for compost-
ing, biological conversion or ash-based nutrient 
recycling, depending on their fuel quality, mineral 
composition and environmental performance.

CONCLUSIONS

The analysed fractions of common hazel bio-
mass, i.e. shells, husk, leaves and shoots, differed 
significantly in terms of fuel quality, elemental 
composition, emission parameters and calculated 
flue gas characteristics. This confirms that com-
mon hazel waste biomass should not be treated 
as a homogeneous fuel, but as a set of fractions 
with different technological and environmental 
properties.

Shells showed the most favourable fuel pro-
file, with the highest HHV and LHV values, the 
highest carbon and fixed carbon contents, and the 
lowest ash, nitrogen and sulphur contents. Husk 
had the lowest HHV and LHV values, which indi-
cates the lowest fuel quality among the analysed 
fractions. Shoots, as a woody lignocellulosic frac-
tion, showed fuel properties suitable for energy 
use, although their combustion profile was as-
sociated with the highest hydrogen and oxygen 
contents and the highest water vapour volume in 
the flue gas. Leaves showed the least favourable 
profile for direct combustion, mainly due to the 
highest ash, nitrogen and sulphur contents and the 

highest estimated emissions of NOₓ, SO₂ and par-
ticulate matter.

The calculated emission factors and flue gas 
composition confirmed that the elemental and 
proximate composition of each fraction directly 
affects oxygen demand, combustion air require-
ment, pollutant formation and flue gas volume. 
Therefore, selective management of individual 
hazel biomass fractions is more appropriate than 
their collective treatment as a single waste stream.

From a practical perspective, shells and 
shoots may be directed primarily towards energy 
recovery, provided that appropriate fuel prepara-
tion methods are applied. Husk, due to its lower 
calorific value, may be considered for use in bio-
mass blends or alternative valorisation pathways. 
Leaves, due to their higher ash, nitrogen and sul-
phur contents, may be more suitable for non-com-
bustion management options, such as composting 
or biological conversion.

Future research should include pilot-scale 
combustion tests, assessment of ash behaviour 
and slagging tendency, and verification of ac-
tual emissions under real operating conditions. 
Further studies should also compare direct com-
bustion with alternative valorisation pathways, 
including pelletisation, gasification, composting 
and life-cycle assessment, in order to determine 
the most appropriate management strategy for 
each common hazel biomass fraction.

REFERENCES

1.	 Alves, J. L. F., da Silva, J. C. G., Mumbach, G. D., 
Domenico, M. D., da Silva Filho, V. F., de Sena, R. 
F., Machado, R. A. F., & Marangoni, C. (2020). In-
sights into the bioenergy potential of jackfruit wastes 
considering their physicochemical properties, bioen-
ergy indicators, combustion behaviors, and emission 
characteristics. Renewable Energy, 155, 1328–1338. 
https://doi.org/10.1016/j.renene.2020.04.025

2.	 Bianchini, L., Costa, P., Dell’Omo, P. P., Colantoni, 
A., Cecchini, M., & Monarca, D. (2021). An Indus-
trial Scale, Mechanical Process for Improving Pellet 
Quality and Biogas Production from Hazelnut and 
Olive Pruning. Energies, 14(6), 1600. https://doi.
org/10.3390/en14061600

3.	 Bignami, C., Reyes, F., Saccaggi, M., Pane, C., Zac-
cardelli, M., & Ronga, D. (2023). Composts from 
Grapevine and Hazelnut By-Products: A Sustainable 
Peat Partial Replacement for the Growth of Micro-
propagated Hazelnut and Raspberry in Containers. 
Horticulturae, 9(4), 481. https://doi.org/10.3390/
horticulturae9040481



69

Journal of Ecological Engineering 2026, 27(10), 58–71

4.	 Bilandzija, N. (2012). Energy potential of fruit tree 
pruned biomass in Croatia. Spanish Journal of Ag-
ricultural Research, (2), 292–298.

5.	 Borkowska, A., Klimek, K. E., Maj, G., & Kapłan, 
M. (2024a). Analysis of the energy–carbon potential 
of the pericarp cover of selected hazelnut variet-
ies. Energies, 17(16), 3899. https://doi.org/10.3390/
en17163899

6.	 Borkowska, A., Klimek, K., Maj, G., & Kapłan, M. 
(2024b). Analysis of the Energy Potential of Ha-
zelnut Husk Depending on the Variety. Energies, 
17(16), 3933. https://doi.org/10.3390/en17163933

7.	 Borkowska, A., Klimek, K., Maj, G., & Kapłan, 
M. (2025). Comparison of physicochemical prop-
erties and waste biomass emission coefficients of 
leaves of selected hazel cultivars. Journal of Eco-
logical Engineering, 26(12), 82–92. https://doi.
org/10.12911/22998993/207949

8.	 Borkowska, A., Maj, G., & Klimek, K. E. (2026). 
Chemical Composition of Ash from Hazelnut (Cor-
ylus avellana L.) Biomass combustion in the context 
of its potential reuse in a circular economy. Energies, 
19(8), 1868. https://doi.org/10.3390/en19081868

9.	 Caposciutti, G., Barontini, F., Antonelli, M., 
Tognotti, L., & Desideri, U. (2018). Experimental 
investigation on the air excess and air displacement 
influence on early stage and complete combustion 
gaseous emissions of a small scale fixed bed bio-
mass boiler. Applied Energy, 216, 576–587. https://
doi.org/10.1016/j.apenergy.2018.02.125

10.	Casau, M., Dias, M. F., Matias, J. C. O., & Nunes, L. 
J. R. (2022). Residual Biomass: A Comprehensive 
Review on the Importance, Uses and Potential in a 
Circular Bioeconomy Approach. Resources, 11(4), 
35. https://doi.org/10.3390/resources11040035

11.	Cavalaglio, G., Fabbrizi, G., Cardelli, F., Lo-
renzi, L., Angrisano, M., & Nicolini, A. (2024). 
Lignocellulosic Residues from Fruit Trees: Avail-
ability, Characterization, and Energetic Potential 
Valorization. Energies, 17(11), 2611. https://doi.
org/10.3390/en17112611

12.	Ceraulo, M., La Mantia, F. P., Mistretta, M. C., & 
Titone, V. (2022). The Use of Waste Hazelnut Shells 
as a Reinforcement in the Development of Green 
Biocomposites. Polymers, 14(11), 2151. https://doi.
org/10.3390/polym14112151

13.	Ceylan, F. (2024). Effects of composts obtained from 
hazelnut wastes on the cultivation of pepper (Capsi-
cum annuum) seedlings. Scientific Reports, 14(1), 
3019. https://doi.org/10.1038/s41598-024-53638-4

14.	Chen, A., Liu, X., Zhang, H., Wu, H., Xu, D., Li, 
B., & Zhao, C. (2021). Influence of pyrolysis tem-
perature on bio-oil produced from hazelnut shells: 
Physico-chemical properties and antioxidant ac-
tivity of wood vinegar and tar fraction. Journal of 
Renewable and Sustainable Energy, 13(4), 043102. 

https://doi.org/10.1063/5.0051944
15.	Choudhury, N. D., Saha, N., Phukan, B. R., & 

Kataki, R. (2021). Characterization and evaluation 
of energy properties of pellets produced from coir 
pith, saw dust and Ipomoea carnea and their blends. 
Energy Sources, Part A: Recovery, Utilization, and 
Environmental Effects, 0(0), 1–18. https://doi.org/
10.1080/15567036.2020.1871446

16.	Ciliberti, C., Biundo, A., Albergo, R., Agrimi, G., Brac-
cio, G., de Bari, I., & Pisano, I. (2020). Syngas derived 
from lignocellulosic biomass gasification as an alterna-
tive resource for innovative bioprocesses. Processes, 
8(12), 1567. https://doi.org/10.3390/pr8121567

17.	Dede, O. H., & Ozdemir, S. (2018). Development of 
nutrient-rich growing media with hazelnut husk and 
municipal sewage sludge. Environmental Technol-
ogy, 39(17), 2223–2230. https://doi.org/10.1080/0
9593330.2017.1352038

18.	Den Boer, J., Dyjakon, A., Den Boer, E., García-
Galindo, D., Bosona, T., & Gebresenbet, G. (2020). 
Life-cycle assessment of the use of peach pruning 
residues for electricity generation. Energies, 13(11), 
2734. https://doi.org/10.3390/en13112734

19.	Dybek, B., Anders, D., Hołaj-Krzak, J. T., Hałasa, 
Ł., Maj, G., Kapłan, M., Klimek, K., Filipczak, G., 
& Wałowski, G. (2023). Assessment of the pros-
pects of Polish non-food energy agriculture in the 
context of a renewable energy source. Energies, 
16(8), 3315. https://doi.org/10.3390/en16083315

20.	Dyjakon, A., den Boer, J., Szumny, A., & den Boer, 
E. (2019). Local energy use of biomass from apple 
orchards – an LCA study. Sustainability, 11(6), 
1604. https://doi.org/10.3390/su11061604

21.	EN-ISO 1928:2020. (2020). Coal and coke—Deter-
mination of gross calorific value. CEN (European 
Committee for Standardization).

22.	EN-ISO 16948:2015-07. (2015). Solid Biofuels—
Determination of Total Content of Carbon, Hydro-
gen and Nitrogen. ISO (International Organization 
of Standardization).

23.	EN-ISO 16994:2016. (2016). Solid biofuels—De-
termination of total content of sulfur and chlorine. 
ISO (International Organization of Standardiza-
tion). https://www.iso.org/standard/70097.html

24.	EN-ISO 18122:2022. (2022). Solid Biofuels. Deter-
mination of Ash Content. ISO (International Orga-
nization of Standardization).

25.	EN-ISO 18123:2023. (2023). Solid Fuels—Deter-
mination of Volatile matter. ISO (International Or-
ganization of Standardization).

26.	EN-ISO 18134-3:2015. (2015). Solid biofuels—De-
termination of Moisture Content—Oven dry Meth-
od—Part 3: Moisture in General Analysis Sample.

27.	Gredka, A., & Caban, R. (2024). Analiza właściwości 
i mikrostruktury kompozytów na osnowie 



70

Journal of Ecological Engineering 2026, 27(10), 58–71

polipropylenu z dodatkiem popiołów lotnych ze spa-
lania biomasy. In: J. Iwaszko i E. Staniewska (Eds.) 
Nowe wyzwania i trendy w inżynierii materiałowej (in 
Polish). (pp. 116–123). Politechnika Częstochowska. 
https://bibliotekanauki.pl/chapters/63195023.pdf

28.	Güleç, F., Pekaslan, D., Williams, O., & Lester, 
E. (2022). Predictability of higher heating value 
of biomass feedstocks via proximate and ultimate 
analyses – A comprehensive study of artificial neu-
ral network applications. Fuel, 320, 123944. https://
doi.org/10.1016/j.fuel.2022.123944

29.	Hawrot-Paw, M., Zmuda, A., & Koniuszy, A. 
(2019). Thermochemical biomass conversion 
processes and their impact on the environment. 
Przemysł Chemiczny, T. 98, nr 7. https://doi.
org/10.15199/62.2019.7.19

30.	Iwaszczuk, N. (2019). Innowacyjność w działalności 
gospodarczej (in Polish). Wydawnictwo IGSMiE 
PAN.

31.	Jankiewicz, A. (2025). Gospodarka 
obiegu zamkniętego jako element systemu 
bezpieczeństwa energetycznego Polski (in Polish). 
Środkowoeuropejskie Studia Polityczne, (2), 299–
313. https://doi.org/10.14746/ssp.2025.2.15

32.	Kapłan, M., Maj, G., Klimek, K. E., Buczyński, K., 
Borkowska, A., Sotolar, R., Danko, R., & Baron, 
M. (2025). Characterization of post-production 
waste from winemaking of selected Vitis vinifera 
L. varieties grown in temperate climates and their 
energy valorization. Energies, 18(3). https://doi.
org/10.3390/en18030663

33.	Klimek, K. E., Kordali, S., Borkowska, A., Yilmaz, 
F., & Maj, G. (2025). Energy assessment of hazel-
nut shells (Corylus avellana L.) of selected Turk-
ish varieties. Energies, 18(14), 3612. https://doi.
org/10.3390/en18143612

34.	Kovacs, H., Szemmelveisz, K., & Koós, T. (2016). 
Theoretical and experimental metals flow calcula-
tions during biomass combustion. Fuel, 185, 524–
531. https://doi.org/10.1016/j.fuel.2016.08.007

35.	Kulczycka, J., & Pędziwiatr, E. (2019). Gospodarka 
o obiegu zamkniętym–definicje i ich interpretacje. 
In: Gospodarka o obiegu zamkniętym w polityce i 
badaniach naukowych (in Polish). Instytut Gospo-
darki Surowcami Mineralnymi i Energią PAN (pp. 
9–20). http://circularhotspot.pl/userfiles/oto-goz/
GOZ-calosc-14-04-2020-b.pdf#page=11

36.	Lala, M. A., Adesina, O. A., Odejobi, O. J., & 
Sonibare, J. A. (2022). Theoretical air requirement 
and combustion flue gases analysis for indigenous 
biomass combustion. Journal of the Nigerian So-
ciety of Physical Sciences, 954–954. https://doi.
org/10.46481/jnsps.2022.954

37.	Maj, G. (2018). Emission factors and energy proper-
ties of Agro and forest biomass in aspect of sustain-
ability of energy sector. Energies, 11(6), 1516.

38.	Maj, G., Borkowska, A., Klimek, K. E., Kordali, S., 
& Yilmaz, F. (2025). Comparative analysis of energy 
and emission properties of hazelnut shell biomass 
from temperate and subtropical climates. Energies, 
18(19), 5055. https://doi.org/10.3390/en18195055

39.	Maj, G., & Piekut, J. (2018). Comparing emission 
factors and physicochemical properties of waste-
biomass leaves of selected species of trees. Polish 
Journal of Environmental Studies, 27(5), 2155–
2162. https://doi.org/10.15244/pjoes/78441

40.	Małuszyńska, I., Wodziński, M., & Małuszyński, M. 
J. (2013). The use of biomass for energy purposes. 
Possibilities and limitations. Przegląd Naukowy 
- Inżynieria i Kształtowanie Środowiska, 22(4), 
487–497.

41.	Marcantonio, V., Bocci, E., & Monarca, D. (2020). 
Development of a chemical quasi-equilibrium mod-
el of biomass waste gasification in a fluidized-bed 
reactor by using aspen plus. Energies, 13(1), 53. 
https://doi.org/10.3390/en13010053

42.	Markandan, K., & Chai, W. S. (2022). Perspectives 
on nanomaterials and nanotechnology for sustain-
able bioenergy generation. Materials, 15(21), 7769. 
https://doi.org/10.3390/ma15217769

43.	Matin, A., Brandić, I., Voća, N., Bilandžija, N., 
Matin, B., Jurišić, V., Antonović, A., & Krička, T. 
(2023). Changes in the properties of hazelnut shells 
due to conduction drying. Agriculture, 13(3), Article 
3. https://doi.org/10.3390/agriculture13030589

44.	Mitchell, E. J. S., Gudka, B., Whittaker, C., Shield, 
I., Price-Allison, A., Maxwell, D., Jones, J. M., & 
Williams, A. (2020). The use of agricultural residues, 
wood briquettes and logs for small-scale domestic 
heating. Fuel Processing Technology, 210, 106552. 
https://doi.org/10.1016/j.fuproc.2020.106552

45.	Mladenovic, M., Vucicevic, B., Marinkovic, A., & 
Buha-Markovic, J. (2024). Combustion of waste 
solids in a fluidized bed to generate sustainable 
energy. Hemijska Industrija, (00), 8–8. https://doi.
org/10.2298/HEMIND230606008M

46.	Noszczyk, T., Dyjakon, A., & Koziel, J. A. (2021). 
Kinetic parameters of nut shells pyrolysis. Energies, 
14(3), 682. https://doi.org/10.3390/en14030682

47.	Nunes, L. J. R., Loureiro, L. M. E. F., Sá, L. C. R., 
Matias, J. C. O., Ferraz, A. I. O. F., & Rodrigues, 
A. C. P. B. (2021). Energy recovery of agricultural 
residues: incorporation of vine pruning in the produc-
tion of biomass pellets with ENplus® certification. 
Recycling, 6(2), Article 2. https://doi.org/10.3390/
recycling6020028

48.	Nunes, L. J. R., Rodrigues, A. M., Matias, J. C. O., 
Ferraz, A. I., & Rodrigues, A. C. (2021). Production 
of biochar from vine pruning: waste recovery in the 
wine industry. Agriculture, 11(6), Article 6. https://
doi.org/10.3390/agriculture11060489

49.	Paraschiv, L. S., Serban, A., & Paraschiv, S. (2020). 



71

Journal of Ecological Engineering 2026, 27(10), 58–71

Calculation of combustion air required for burn-
ing solid fuels (coal / biomass / solid waste) and 
analysis of flue gas composition. Energy Reports, 
Technologies and Materials for Renewable Energy, 
Environment and Sustainability, 6, 36–45. https://
doi.org/10.1016/j.egyr.2019.10.016

50.	Pergola, M., Maffia, A., Picone, A., Palese, A. M., 
Altieri, G., & Celano, G. (2024). Hazelnut cultivation 
in the campania region: environmental sustainability 
of the recovery of pruning residues and shells through 
the life cycle assessment methodology. Sustainabili-
ty, 16(17), 7533. https://doi.org/10.3390/su16177533

51.	Picchio, R., Di Marzio, N., Cozzolino, L., Venanzi, 
R., Stefanoni, W., Bianchini, L., Pari, L., & Lat-
terini, F. (2023). Pellet production from pruning 
and alternative forest biomass: A review of the most 
recent research findings. Materials, 16(13), 4689. 
https://doi.org/10.3390/ma16134689

52.	Pokharel, U., Neelgund, G., Ray, R. L., Balan, 
V., & Kumar, S. (2025). Biochar for Soil Amend-
ment: Applications, Benefits, and Environmental 
Impacts. Bioengineering, 12(11), 1137. https://doi.
org/10.3390/bioengineering12111137

53.	Romero-Perdomo, F., & González-Curbelo, M. Á. 
(2023). Integrating multi-criteria techniques in life-
cycle tools for the circular bioeconomy transition 
of agri-food waste biomass: A systematic review. 
Sustainability, 15(6), 5026. https://doi.org/10.3390/
su15065026

54.	Rusu, M. E., Fizeșan, I., Pop, A., Gheldiu, A.-M., Mo-
can, A., Crișan, G., Vlase, L., Loghin, F., Popa, D.-S., 
& Tomuta, I. (2019). Enhanced recovery of antioxidant 
compounds from hazelnut (Corylus avellana L.) invo-
lucre based on extraction optimization: phytochemical 
profile and biological activities. Antioxidants, 8(10), 
460. https://doi.org/10.3390/antiox8100460

55.	Schmidl, C., Bauer, H., Dattler, A., Hitzenberger, 
R., Weissenboeck, G., Marr, I. L., & Puxbaum, H. 
(2008). Chemical characterisation of particle emis-
sions from burning leaves. Atmospheric Environ-
ment, 42(40), 9070–9079. https://doi.org/10.1016/j.
atmosenv.2008.09.010

56.	Şenol, H. (2020). Anaerobic digestion of hazelnut 
(Corylus colurna) husks after alkaline pretreatment 
and determination of new important points in Logistic 
model curves. Bioresource Technology, 300, 122660. 
https://doi.org/10.1016/j.biortech.2019.122660

57.	Sherwood, J. (2020). The significance of bio-
mass in a circular economy. Bioresource Tech-
nology, 300, 122755. https://doi.org/10.1016/j.
biortech.2020.122755

58.	Smith, J., Alembath, A., Al-Rubaye, H., Yu, J., Gao, 
X., & Golpour, H. (2019). Validation and application 
of a kinetic model for downdraft biomass gasification 
simulation. Chemical Engineering & Technology, 42, 

2505–2519. https://doi.org/10.1002/ceat.201900304
59.	Solarte-Toro, J. C., González-Aguirre, J. A., Pove-

da Giraldo, J. A., & Cardona Alzate, C. A. (2021). 
Thermochemical processing of woody biomass: 
A review focused on energy-driven applications 
and catalytic upgrading. Renewable and Sustain-
able Energy Reviews, 136, 110376. https://doi.
org/10.1016/j.rser.2020.110376

60.	Stjepanović, M., Velić, N., & Habuda-Stanić, M. 
(2022). Modified hazelnut shells as a novel adsor-
bent for the removal of nitrate from wastewater. Wa-
ter, 14(5), 816. https://doi.org/10.3390/w14050816

61.	Stolarski, M. J., Dudziec, P., Krzyżaniak, M., & Olba-
Zięty, E. (2021). Solid biomass energy potential as 
a development opportunity for rural communities. 
Energies, 14(12), 3398. https://doi.org/10.3390/
en14123398

62.	The global energy crisis – World Energy Out-
look 2022 – Analysis. (n.d.). IEA. Retrieved 26 
May 2026, from https://www.iea.org/reports/
world-energy-outlook-2022/the-global-energy-crisis

63.	Torreiro, Y., Pérez, L., Piñeiro, G., Pedras, F., & Ro-
dríguez-Abalde, A. (2020). The role of energy valu-
ation of agroforestry biomass on the circular econ-
omy. Energies, 13(10), #10. https://doi.org/10.3390/
en13102516

64.	Vassilev, S. V., Vassileva, C. G., Song, Y.-C., Li, W.-
Y., & Feng, J. (2017). Ash contents and ash-forming 
elements of biomass and their significance for solid 
biofuel combustion. Fuel, 208, 377–409. https://doi.
org/10.1016/j.fuel.2017.07.036

65.	Wąsik, A., & Klimowicz, A. (2022). Extracts from 
Corylus avellana as a source of antioxidants useful in 
cosmetic preparations. Pomeranian Journal of Life Sci-
ences, 68(4). https://doi.org/10.21164/pomjlifesci.894

66.	Werle, S. (2021). Termiczne przetwarzanie bio-
masy odpadowej jako element gospodarki obiegu 
zamkniętego (in Polish). Wydawnictwo Politechniki 
Śląskiej. https://doi.org/10.34918/82212.

67.	Zając, G., Maj, G., Szyszlak-Bargłowicz, J., Słowik, 
T., Krzaczek, P., Gołębiowski, W., & Dębowski, M. 
(2020). Evaluation of the properties and usefulness of 
ashes from the corn grain drying process biomass. En-
ergies, 13(5), #5. https://doi.org/10.3390/en13051290

68.	Zając, G., Szyszlak-Bargłowicz, J., Gołębiowski, 
W., & Szczepanik, M. (2018). Chemical character-
istics of biomass ashes. Energies, 11(11), Article 11. 
https://doi.org/10.3390/en11112885

69.	Zhao, J., Wang, X., Wang, Y., Lv, G., Lin, H., & 
Lin, Z. (2023). UPLC-MS/MS profiling, antioxi-
dant and anti-inflammatory activities, and potential 
health benefits prediction of phenolic compounds 
in hazel leaf. Frontiers in Nutrition, 10. https://doi.
org/10.3389/fnut.2023.1092071


