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Abstract. The purpose of this study was to assess the potential for using wood biomass, including
wood waste, as a renewable energy source for the energy sector of Kyrgyzstan, as well as to analyse
its energy efficiency and environmental aspects. The study was conducted in two natural zones
of the Kyrgyz Republic: mountainous (Naryn region) and lowland (Talas region). Field studies,
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laboratory methods, and statistical data processing were employed. The volume of wood in the study
areas was determined by measuring the diameter and height of trees, with subsequent calculations
using established formulas. The calorific value of wood from various species was analysed using
the calorimetric method, and industry research data were used to estimate CO5 emissions from the
combustion of wood waste, coal, and natural gas. Statistical analysis, including the Student’s t-test
and analysis of variance (ANOVA), was performed to compare the energy potential of different fuel
types. The results of the study indicated that Scots pine and English oak are the most promising
types of wood for biofuel production in these regions. Calculations confirmed that chips and
sawdust have the highest energy values, while wood bark has the lowest calorific value. Analysis of
CO emissions demonstrated that wood waste is a more environmentally friendly fuel compared to
coal, although it is inferior to natural gas. The data obtained confirm the importance of the rational
use of forest resources and the integration of wood waste into bioenergy as a means to reduce
dependence on non-renewable energy sources and lower carbon dioxide emissions. The study
revealed that the most promising types of wood for biofuel are Scots pine and English oak. The
calorific value of chips was 9.5-10.8 GJ, sawdust — 10.2-11.5 GJ, while bark demonstrated the lowest
values (8.3-9 GJ). CO, emissions from burning oak sawdust were 80 kg/GJ, wood chips — 90 kg/GJ,
bark — 98 kg/GJ, while for pine these figures were higher: 85, 95, and 105 kg/GJ respectively. The
analysis confirmed that wood waste is cleaner than coal but remains inferior to natural gas, which
underlines its significance for bioenergy

Keywords: wood biomass; bioenergy; wood waste; CO»; energy potential; renewable energy
sources; sustainable development

Introduction

In the context of global environmental chal-
lenges and the need to transition to sustaina-
ble development models, the green economy is
becoming an important area of energy policy.
One of the key aspects of this approach is the
search for alternative energy sources that can
reduce dependence on fossil fuels and miti-
gate the negative impact on the environment.
Forest ecosystems have significant potential
in this context, as wood biomass and logging
residues can be used as renewable energy re-
sources. Wood waste, such as chips, sawdust,
and bark, is considered a promising source of
biofuels. Their use can not only reduce the vol-
ume of waste produced by the forest industry
but also decrease carbon dioxide emissions
during energy production when compared with
traditional fuels such as coal.

However, for the effective implementation
of biofuels, it is necessary to consider the re-
gional characteristics of forest resources, their
availability, and their energy potential. Re-
searchers Z. Sakbaeva & N. Karabaev (2022),
as well as G. Yusupova et al. (2023), have ex-
plored various aspects of Kyrgyzstan’s transi-
tion to a green economy. In particular, Z. Sak-
baeva & N. Karabaev examined issues related
to the protection of the biosphere of walnut
forests within the framework of the green
economy, highlighting the need for an inte-
grated approach to their conservation. In turn,
G. Yusupova et al. analysed the role of water
and energy resources in the development of a
sustainable economic model for the country,
considering the potential for their rational use.
However, these studies focus more on a general
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understanding of the green economy and its in-
dividual components, while the use of wood bi-
omass as an energy source within Kyrgyzstan’s
forest ecosystems remains insufficiently ex-
plored and requires further analysis.

K. Dzhumabaev et al. (2023) addressed the
key issues in Kyrgyzstan’s transition to a green
economy, including barriers and prospects for
the adoption of sustainable technologies. They
emphasised the importance of state support
and the adaptation of economic mechanisms
for the efficient use of natural resources. In her
study, O. Sabishchenko (2022) focused on the
classification of renewable and non-renewable
energy sources, analysing their potential and
impact on environmental sustainability. These
studies do not address the specific aspects of
wood biomass utilisation in Kyrgyzstan’s en-
ergy sector, highlighting the need for further
research in this area.

Existing scientific research covers vari-
ous aspects of using woody biomass for energy
purposes, including its environmental benefits
and economic efficiency. Particular attention is
given to the analysis of the impact of biofuels
on the environment, the potential for reducing
greenhouse gas emissions, and the role of re-
newable resources in the transition to a green
economy. At the same time, a number of key
issues remain unresolved. In particular, these
include the efficiency of using specific wood
species, taking into account regional differenc-
es in forest composition, as well as the need for
a comparative analysis of CO. emissions from
the combustion of biofuels and traditional fuels
(Aliano-Gonzalez et al., 2022).

Thus, despite the existence of a significant
number of studies on sustainable develop-
ment, forestry, and renewable energy sources,
the issue of using woody biomass as a sustain-
able energy resource remains insufficiently
explored. Particularly relevant are areas con-
cerning the regional specifics of biomass use,

its impact on local ecosystems, and its poten-
tial within the context of forming a balanced
energy strategy.

This study aimed to identify the potential
for using wood biomass and wood waste in the
bioenergy sector of Kyrgyzstan, with an empha-
sis on their economic feasibility and environ-
mental impact. The objectives of the study were
to: analyse the forest resources of the Naryn
and Talas regions, identifying forest areas and
the prevalence of tree species suitable for bio-
fuel production; estimate the calorific value of
different fractions of wood waste; and compare
CO4 emissions from the combustion of wood,
coal, and natural gas.

Materials and Methods

The study was conducted in the Kyrgyz Republic
across two natural zones: mountainous (Naryn
region) and flat (Talas region). These regions
were selected due to their differing altitude and
climatic conditions, which influence the forma-
tion of woody biomass and its energy potential.
Field studies were carried out over two grow-
ing seasons — 2023 and 2024. This time frame
enabled the assessment of wood mass growth
dynamics, the availability of forest waste for
processing, and the potential for its utilisation
in green energy.

The study focused on tree species charac-
teristic of the two selected regions, with par-
ticular emphasis on those most commonly used
for biofuel production. In mountainous areas,
Scots pine (Pinus sylvestris) was chosen as the
primary species studied. In flat areas, English
oak (Quercus robur) — which is also widely used
as biofuel — was selected as the main species
examined. These wood types were chosen based
on their prevalence and suitability for ener-
gy production within their respective natural
environments. The study adhered to ethical
standards, including the principles outlined in
the Convention on Biological Diversity (1992).
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To analyse and compare CO» emissions
from the combustion of wood waste, coal,
and natural gas, the study utilised data ob-
tained from open sources such as scientific
publications and environmental reports. Par-
ticular emphasis was placed on international
experience. For a comparative analysis of the
environmental performance of different fuel
types, the study also incorporated findings
from countries with energy sectors structur-
ally similar to that of Kyrgyzstan. Specifically,
it drew on research into the chemical com-
position and physical properties of natural
gas in the Ukrainian energy sector (Chemical
composition and..., n.d.), as well as data on
coal characteristics within the Ukrainian coal
industry (Properties of coals..., n.d.). These
sources were selected due to the comparable
energy systems of Ukraine and Kyrgyzstan —
both of which have a high share of solid fuel
in their energy balance and face similar chal-
lenges in transitioning to a low-carbon econ-
omy. These data were not used as direct re-
gional analogues, but rather as examples of
well-established methodological approaches
to CO; emission analysis that could be adapt-
ed to the context of Kyrgyzstan, taking into
account national characteristics. Additional-
ly, to estimate carbon dioxide emissions, the
study employed the calculation methodology
developed by the United Nations Development
Programme (2022), which incorporates the
national conditions of Uzbekistan. These data
facilitated the evaluation of the environmen-
tal efficiency of each fuel type. To estimate the
forest area in the selected regions, data from
the National Statistical Committee of the Kyr-
gyz Republic (n.d.) were used.

The volume of timber in the study areas
was determined as the average value derived
from several randomly selected trees. For this
purpose, 5-10 typical trees representing the
average diameter and height for a given forest

zone were identified in each area. Each study
area covered 1 hectare, ensuring uniformity
in the calculations. This area was applied in
both the mountainous and lowland regions,
enabling a direct comparison of results under
different natural conditions. This methodolo-
gy ensured the accuracy of the average timber
volume calculations and facilitated the inter-
pretation of the research findings under con-
sistent conditions across both study zones.
The trunk diameter of each tree was meas-
ured using a diameter tape (“Tree Diameter
Tape”, Forestry Suppliers, Inc., USA, 2010),
and tree height was determined using an ul-
trasonic rangefinder (“Vertex I11”, Haglof, Swe-
den, 2015). The average diameter and height of
these trees were then used to calculate volume
using the following formula (1):

V=g, ,xH~F, (1)

where: V - volume of the tree (m®); g1.5 —
cross-sectional area at breast height (m?); H -
height of the tree (m); F — shape coefficient ac-
counting for trunk form (Forest Measurement
and..., n.d.).

The cross-sectional area was calculated us-
ing formula (2):

nd?

913 =" 2)

After calculating the volume for all selected
trees, the values were averaged and then divid-
ed by the area of the plot to obtain the average
wood volume per hectare. The calorific value
of wood from different species was determined
using laboratory methods with a calorime-
ter (model IKA C200, Germany, manufactured
in 2020). The energy potential was predicted
based on the volume of wood and its calorific
value, using formula (3):

E=VxQ, ©)
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where: E — energy potential (GJ); V - vol-
ume of wood (m®); Q - calorific value (GJ/m®).
Subsequently, the study conducted a compar-
ative analysis of the energy potential of three
main types of fuel: wood waste (chips, sawdust,
bark), coal, and natural gas. To analyse and
compare CO, emissions from the combustion
of wood waste, coal, and natural gas, the study
utilised data obtained from open sources, in-
cluding scientific studies, reports, and environ-
mental publications in industry journals.

The data in the study were processed using
statistical methods, including analysis of vari-
ance (ANOVA) to assess differences among the
three fuels, and the Student’s t-test for inde-
pendent samples to compare the mean calorific
values of two fuels. The Shapiro-Wilk test was
employed to verify the normality of distribution,
and correlation analysis was used to examine
relationships between variables. All statistical
tests were conducted using SPSS (version 26,
IBM, USA). The significance level was set at 0.05,
allowing the identification of statistically signif-
icant differences between the study groups.

Results

To analyse the potential for using wood bi-
omass and other renewable forest resourc-
es in the energy sector, and their impact on
sustainable development, various aspects of
the issue were considered. Firstly, a general
assessment of forest resources was conduct-
ed in two selected regions — Naryn and Ta-
las oblasts — taking into account forest area,
species composition of woody vegetation,
and their potential use for biofuel production
(Forest cover of..., n.d.). Based on data from
the National Statistical Committee of the Kyr-
gyz Republic (n.d.), the total forest area in the
studied regions was determined.

In Naryn region, where the predominant
species is Scots pine (Pinus sylvestris), the forest

area is approximately 134,400 hectares, of
which 92,500 hectares are pine. Scots pine is
one of the principal forest-forming species in
Kyrgyzstan, widely distributed in mountain-
ous and forested regions, particularly at alti-
tudes between 1,000 and 2,200 metres above
sea level. Its wood is used in construction and
for the production of woody biomass, which
can serve as an energy source. In Talas oblast,
where the dominant tree species is English
oak (Quercus robur), forest cover extends over
about 61,100 hectares, of which 27,900 hec-
tares are oak. English oak is also among the
main tree species characteristic of the tem-
perate and subtropical zones of Kyrgyzstan
(Food and Agriculture Organization, 2019).
These forests play an important ecological
role in the region, supporting a diverse range
of flora and fauna. Oak wood is valued for its
strength and durability, and is used in the
manufacture of furniture, building materials,
and as biomass for energy purposes. These
indicators made it possible to estimate the
potential volumes of wood biomass available
for further processing, thereby opening up
opportunities for creating sustainable energy
sources from local natural resources.

To refine the potential volume of wood
waste suitable for energy use, an analysis of
the characteristics of trees selected in each
zone was carried out. The volume of wood was
determined by measuring the diameters and
heights of typical representatives of the dom-
inant species, enabling the calculation of the
average wood mass per hectare and its poten-
tial energy application. The calculation results
presented in Table 1 show the average mor-
phometric indicators of trees and the volume
of wood per hectare in the studied regions.
These data form the basis for further analysis
of the potential volumes of wood waste that
can be utilised in bioenergy.

Vol. 16, No. 2, 2025

Ukrainian Journal of Forest and Wood Science 46



Matikeeva et al.

Table 1. Average morphometric characteristics of trees
and wood volume per hectare in the studied regions

Average Approximate Total
Region Wood diameter at trzzeifgig(ilt Form \Loflg::lee number volume of
8l species a height of (m) g factor deev (m%) of trees timber per

1.3m per 1 ha 1 ha (m?)
Pine (Pinus
Naryn sylvestris) 0.28 18 0.5 0.554 800 443.2
Oak (Quercus
Talas robur) 0.32 16 0.48 0.617 650 401.05

Source: created by the authors based on open data Chemical composition and physical properties of gas (n.d.),
Properties of coals as an object of beneficiation (n.d.), United Nations Development Programme (2022)

The data presented in Table 1 show that
in the Naryn region, pine (Pinus sylvestris) has
an average diameter of 0.28 m and an average
height of 18 m, resulting in a total wood volume
per hectare of 443.2 m®. In the Talas region, oak
(Quercus robur) exhibits an average diameter of
0.32 m and an average height of 16 m, with a to-
tal wood volume per hectare of 401.05 m3. De-
spite the lower wood volume per hectare in the
Talas region, oak demonstrates a higher aspect
ratio, which may indicate a more efficient use of
wood for energy purposes.

Determining wood volume is essential
for assessing the potential of forest resourc-
es in the context of bioenergy, as it enables
the quantification of available wood residues
generated during logging and wood process-
ing. Knowledge of these volumes facilitates
the evaluation of the actual performance of
biofuel power plants and the estimation of po-
tential thermal and electrical energy output
(Bogmans & Li, 2020). Moreover, accounting for
tree species characteristics aids in identifying
differences in waste generation. Tree species
with high wood density tend to have a great-
er calorific value but may yield a smaller total
volume of biomass, whereas less dense species
provide larger quantities of wood residues but
with slightly lower energy content.

Thus, the analysis not only quantified po-
tential biofuel volumes but also allowed for the

development of evidence-based recommenda-
tions regarding the rational use of wood waste.
Data on the average wood mass per hectare,
combined with energy potential calculations,
enable the formulation of strategies for the
sustainable utilisation of forest resources. This
contributes to minimising logging waste and
increasing the share of renewable energy sourc-
es in the overall energy balance of the region.

To assess the environmental performance
of different fuels, the volume of wood was first
calculated. Below is an example calculation
based on data for Scots pine (Pinus sylvestris) in
the Naryn region. Typical trees characteristic of
the region were selected for the analysis. The
average trunk diameter at breast height (1.3 m)
was 28 cm (0.28 m), the average tree height was
18 m, and the shape factor, accounting for trunk
form, was taken to be 0.5 (Forest Measurement
and..., n.d.). The cross-sectional area was cal-
culated using formula (2):

md? _ 3.1416x0.282

813 =" ~ 0.0616 m?,

The volume of one tree, calculated using
formula (1), is:

V=g, ,x HxF=0.0616x 18 x 0.5 ~ 0.554 m?.

Similarly, calculations were performed
for common oak (Quercus robur) in the Talas
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region. The average trunk diameter was
32 cm (0.32 m), the average height was 16 m,
and the shape factor was taken as 0.48. The
cross-sectional area is:

md? _ 3.1416X0.322

Gr3 =" ~ 0.0804 m?.

Accordingly, the volume of one oak tree is:
V=g, ,xHxF=0.0804x16x0.48~0.0616 m®.

These data allowed further estimation of
the total volume of wood biomass available for
use as a renewable energy source. Based on the
calculated wood volume, one of the key indica-
tors of the study was determined: the energy
potential. This indicator is crucial as it reflects
the efficiency of using wood waste as a renew-
able energy source. Assessing energy potential
enables both the evaluation of the econom-
ic feasibility of wood waste utilisation and an

understanding of its contribution to sustaina-
ble energy development — especially significant
in the context of global climate change and the
pursuit of sustainable development. The energy
potential was calculated not only for the tree
species (pine and oak) but also for individual
wood fractions used as fuel: chips, sawdust, and
bark. Each fraction is characterised by a specific
calorific value, which directly affects the total
energy yield (Proto et al., 2021). Below is an ex-
ample calculation of the energy potential using
oak bark. For oak, the measured average bark
volume in the study area was 0.617 m?>, and its
calorific value was 9.0 GJ/m3, using formula (3):

E=VxQ=0.617x9=5.55 GJ.

This calculation demonstrates the energy
value of oak bark. Similar calculations were per-
formed for the remaining wood fractions and tree
species, and the results are presented in Table 2.

Table 2. Energy potential of wood fractions of pine and oak

Wood species Fraction Cal?ggﬁl‘;;l lue Volume of wood (m°) | Energy potential (GJ)
Wood chips 9.5 0.554 5.26
Pine (Naryn region) Sawdust 10.2 0.554 5.65
Bark 8.3 0.554 4.61
Wood chips 10.8 0.617 6.67
Oak (Talas region) Sawdust 11.5 0.617 7.1
Bark 9 0.617 5.55

Source: created by the authors based on measured indicators and open data Chemical composition and physical
properties of gas (n.d.), Properties of coals as an object of beneficiation (n.d.), United Nations Development

Programme (2022)

These data enabled a comparative analysis
of the efficiency of using different fractions of
wood waste in the energy sector. The analy-
sis of the obtained values reveals several pat-
terns and supports conclusions regarding the
feasibility of using wood waste as a renewable
energy source. Firstly, it should be noted that
the energy potential of various wood fractions
varies significantly depending on both tree

species and waste type. Among all fractions,
wood chips contribute the most to the total en-
ergy potential, which can be attributed to their
higher density and calorific value compared to
other fractions. For pine, this value is 9.5 GJ,
whereas for oak it reaches 10.8 GJ, due to the
higher density of deciduous wood.

Bark, by contrast, exhibits lower energy
potential values than wood chips and sawdust.
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For instance, the energy potential of pine bark
was 8.3 GJ, and that of oak bark was 9 GJ. This
is primarily due to the higher mineral con-
tent and moisture in bark, which reduces its
calorific value. Nonetheless, the considerable
volume of bark generated during logging and
wood processing makes it a significant source
of biofuel. As for sawdust, its energy potential
is also relatively high, albeit slightly lower than
that of chips. Specifically, for pine, the value
was 10.2 GJ, and for oak, 11.5 GJ. The compar-
atively high calorific value of sawdust renders
it an appealing option for use in compressed
biofuels, such as pellets and briquettes. When
comparing the energy potential of pine and
oak, it is evident that oak waste generally has
a higher calorific value, owing to the greater
wood density. However, in absolute terms, the
total volume of available waste in the Naryn

region — where pine predominates — exceeds
that in the Talas region — where oak is domi-
nant. This difference in volume may offset the
discrepancy in calorific values.

For a more objective comparison of the
energy potential of wood fractions with that
of coal and natural gas, it is necessary to con-
sider equivalent characteristics for these con-
ventional fuels. Specifically, calorific value, vol-
ume, and energy potential must be evaluated,
as this enables a more accurate comparative
assessment. These indicators are crucial for
determining the efficiency of various fuel types
in energy systems and for analysing their envi-
ronmental impact and economic viability, par-
ticularly in the context of replacing coal and gas
with alternative energy sources such as wood.
Table 3 presents data on the key energy char-
acteristics of these two conventional fuel types.

Table 3. Comparative energy potential of coal and natural gas

Fuel type Calorific value (GJ/kg) Fuel volume (m?) Energy potential (GJ])
Coal (anthracite) 24.5 1 24.5
Coal (bituminous) 20 1 20
Natural gas (methane) 35.8 1 35.8

Source: created by the authors based on open data Chemical composition and physical properties of gas (n.d.),
Properties of coals as an object of beneficiation (n.d.), United Nations Development Programme (2022)

A comparative analysis of the energy po-
tential of pine and oak wood fractions with data
on the calorific values of coal and natural gas
reveals significant differences. For instance, the
calorific value of wood fractions ranges from
8.3 GJ/m? (for pine bark) to 11.5 GJ/m?® (for oak
sawdust). In contrast, coal has a calorific value
in the range of 18-25 GJ/kg, which significantly
exceeds that of wood. Natural gas has a calo-
rific value of approximately 38 MJ/m?®, which
is also several times higher than that of wood
fractions. However, it is important to note that
energy potential is only one factor in deter-
mining fuel efficiency. Other crucial aspects

include emissions of carbon dioxide and other
pollutants during combustion. In the case of
wood fractions, despite their lower energy po-
tential, their use may result in lower CO2 emis-
sions compared to coal and natural gas, making
them a more environmentally friendly option.
The assessment of emissions and their environ-
mental impact plays a critical role in decisions
regarding the substitution of traditional fuels
with more sustainable and renewable energy
sources such as wood.

For a broader analysis of the use of wood
biomass and other renewable forest resources
in the energy sector — and their implications
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for sustainable development — it is essential
to consider not only the energy potential of
wood waste, but also its environmental char-
acteristics. One of the most important factors
is the level of CO, emissions from the com-
bustion of different fuels, as carbon emissions
are a key determinant of energy production’s
impact on the climate and environment
(Brych et al., 2023).

A comparison of carbon dioxide emissions
from the combustion of wood waste, coal, and
natural gas enables the assessment of the en-
vironmental advantages of using wood fuels

in place of traditional non-renewable energy
sources. This study utilised open-source data
to quantify emissions for various fuel types and
evaluate their relative environmental impacts.
Table 4 presents estimated CO. emissions re-
sulting from the combustion of different fuels,
including wood waste (chips, bark, and saw-
dust) in the two study areas, alongside com-
parative emissions for coal and natural gas.
These data support an evaluation of the envi-
ronmental performance of wood biomass as an
alternative energy source when compared to
conventional fossil fuels.

Table 4. CO, emissions from combustion of different types of fuel

Fuel type CO, emissions (kg/GJ)
Oak chips 90
Oak bark 98
Oak sawdust 80
Pine chips 95
Pine bark 105
Pine sawdust 85
Coal 94
Natural gas 56

Source: created by the authors based on open data Chemical composition and physical properties of gas (n.d.),
Properties of coals as an object of beneficiation (n.d.), United Nations Development Programme (2022)

Among wood waste, oak sawdust has the
lowest emissions (80 kg CO4/GJ), which is at-
tributed to its high homogeneity and more
efficient combustion, resulting in minimal
unburned residue. Oak chips exhibit slightly
higher emissions (90 kg CO»/GJ), explained
by their denser structural composition. Oak
bark demonstrates the highest emissions
(98 kg CO2/G]J), due to its higher lignin con-
tent and mineral impurities, which contrib-
ute to increased ash formation and reduced
combustion efficiency. A similar pattern is
observed for pine. Pine sawdust emits 85 kg
CO2/GJ, which, although higher than that
of oak sawdust, remains the lowest among

pine-derived fuels. This is due to the high-
er resin content in coniferous wood, which
affects combustion. Pine chips emit 95 kg
CO2/G] - higher than sawdust, but lower
than bark. Pine bark has the highest emis-
sions of all wood waste types (105 kg CO»/GJ),
aresult of its high density and significant con-
centration of carbon-rich compounds.

Nevertheless, when selecting a fuel, not
only environmental efficiency but also eco-
nomic feasibility must be considered. To pro-
vide a more comprehensive assessment, a com-
parative analysis of the cost of obtaining 1 GJ of
energy from various fuel types was carried out,
and the results are presented in Table 5.
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Table 5. Comparison of economic and environmental efficiency of fuel types (per 1 GJ of energy)

Average 1 pslsec s
L .. Source of raw | Availability in
Fuel type market price | CO, emissions . . Notes on use
(USD/GJ) 2 materials the region
Local wood Vaie, owest
Oak sawdust 5.2 80 processing High e
- CO, emissions
companies 2
among wood
Widely available
Pine chips 5.5 95 Logging waste High source, but high
CO, emissions
Highest CO,
Pine bark 4.8 105 By-product High emissions, need
for cleaning
High emissions
Coal Import/domestic .. of CO, and
(anthracite) 8.3 4 mines Limited other toxic
compounds
Natural gas Imported/ Average/ LOWESF co,
9.1 54 . emissions,
(methane) Network urbanised area .
but high cost

Source: created by the authors based on open data Chemical composition and physical properties of gas (n.d.),
Properties of coals as an object of beneficiation (n.d.), United Nations Development Programme (2022)

The presented analysis allows for the eval-
uation of both the environmental and economic
aspects of using various fuel resources. Among
wood waste, oak sawdust has the lowest ener-
gy production cost (5.2 USD/GJ), making it the
most cost-effective option compared to other
wood fractions. It also exhibits the lowest CO5
emissions (80 kg/GJ), rendering it the most en-
vironmentally friendly among the types of wood
waste considered. Pine chips, despite a slightly
higher cost (5.5 USD/GJ), are readily available
and widely accessible, but they are associated
with higher CO, emissions (95 kg/GJ), which re-
duces their environmental efficiency. Pine bark,
although relatively inexpensive (4.8 USD/G]),
has the highest CO, emissions (105 kg/GJ) of all
wood waste types analysed. This suggests the
necessity of additional emission control meas-
ures when using it as a fuel source.

Coal (anthracite) and natural gas have
significantly higher energy production costs
(8.3 and 9.1 USD/G]J, respectively) compared to
wood waste. Moreover, coal is associated with
high CO; emissions and other toxic pollutants

(94 kg/GJ), which diminishes its environmental
viability. Natural gas, while having the low-
est CO, emissions (54 kg/GJ), is comparatively
costly, which limits its accessibility — particu-
larly in remote or less urbanised areas. Thus,
despite the lower energy density and economic
indicators of wood waste compared to coal and
natural gas, its use may offer greater environ-
mental benefits and affordability, particularly
in regions with abundant raw material availa-
bility. The selection of fuel ultimately depends
on balancing economic feasibility and environ-
mental impact, highlighting the importance of
an integrated approach to energy planning and
decision-making (Kalivoshko et al., 2024).
When comparing wood waste and coal, it
is noteworthy that coal emits approximately
94 kg CO2/GJ — similar to the emissions of oak
chips (90 kg CO2/GJ]) and pine sawdust (85 kg
CO4/GJ]). However, coal is a fossil fuel, and its
combustion results not only in CO» emissions
but also in the release of other harmful com-
pounds, such as sulphur dioxide (SOs), nitro-
gen oxides (NOy), and heavy metals (Golub et
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al., 2018). Notably, pine bark produces even
higher CO, emissions (105 kg/GJ]), making it
the least environmentally beneficial among all
wood waste types. This is attributed to its com-
plex chemical composition, high carbon con-
tent, and low combustion efficiency.

Natural gas, by contrast, exhibits the low-
est CO, emissions of all the fuels considered —
56 kg/GJ. This can be explained by its high
methane content and more complete combus-
tion, which results in fewer carbon-based emis-
sions. Even the “cleanest” wood waste, such as
oak sawdust (80 kg CO2/GJ), has emissions that
are 42.9% higher than those of natural gas. The
most pronounced difference is observed when
comparing natural gas (56 kg CO2/GJ) and pine
bark (105 kg CO2/GJ): pine bark emits 87.5%
more COa, clearly indicating its low environ-
mental performance.

Thus, wood waste — particularly sawdust —
produces lower emissions than coal, though it
remains inferior to natural gas in terms of envi-
ronmental sustainability. The use of bark, espe-
cially pine bark, is the least advantageous option
among wood fractions due to its high CO, emis-
sions and poor combustion efficiency. Although
coal’s CO, emissions are comparable to some
wood waste types, its additional pollutant out-
put makes it a less favourable option from an en-
vironmental perspective (Lyubchyk et al., 2015).
Natural gas remains the most environmentally
friendly choice, with CO5 emissions significantly
lower than those of all other fuels analysed.

At the same time, sustainable development
requires consideration not only of CO. emis-
sions but also of fuel availability. In forested
regions, wood waste may prove more econom-
ically viable despite its higher emissions com-
pared to natural gas. The optimal choice of
biofuel should therefore account not only for
quantitative emission indicators, but also for
combustion characteristics, energy value, and
the potential for replacing conventional energy

sources — factors that are critical for the transi-
tion to renewable energy in the energy sector
(National Strategy for..., 2011).

This study provided a detailed response
to the research question concerning the envi-
ronmental and energy efficiency of using wood
waste as fuel. An analysis of available wood
volumes for energy use revealed that the Naryn
and Talas regions possess significant biomass
resources suitable for processing. Calculations
of the energy potential of different wood waste
types confirmed that sawdust and wood chips
are the most promising in terms of energy val-
ue, whereas bark demonstrated the lowest effi-
ciency and the highest CO, emissions.

A comparative analysis of carbon emissions
from the combustion of different fuels showed
that wood waste is generally a more environ-
mentally friendly option than coal, although
it is less favourable than natural gas in terms
of CO, emissions. At the same time, the signif-
icant variation in emissions among different
types of wood waste highlights the importance
of selecting the optimal fuel type based on spe-
cific local conditions and energy requirements
(Yerniyazova et al., 2024).

Forest ecosystems in the Kyrgyz Repub-
lic possess significant potential to support
sustainable energy development, particularly
through the utilisation of biomass as a renew-
able energy source. Forests currently cover a
substantial portion of the country’s territory
(approximately 6-7% of the total area), and
their resources could become an important
component of the national energy strategy in
the future. However, the extent to which these
ecosystems can contribute to the sustainability
of the energy system depends on several fac-
tors, including the condition of the forests, the
volume of available biomass, and the ecosystem
services they provide.

Forest resources can play a vital role in di-
versifying the country’s energy mix if the use
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of biomass for energy generation is effectively
organised. It is generally accepted that biomass
derived from forests — such as wood waste and
vegetation residues — can meet part of the na-
tional energy demand. Estimates of the poten-
tial share of this source in the country’s energy
balance vary, but in the long term, its contribu-
tion could reach approximately 10-20% of total
energy consumption, depending on the pace of
technological advancement and the degree of
utilisation of forest resources.

It is important to acknowledge that, at
present, forest ecosystems are unable to fully
ensure the country’s energy security, due to sev-
eral critical challenges. Firstly, forest resources
in certain regions are already under pressure as
a result of illegal logging and inadequate forest
management practices. Secondly, there is a risk
of soil and ecosystem degradation if biomass is
harvested for energy without due consideration
for the ecological sustainability of forests. Fur-
thermore, the country currently lacks the infra-
structure necessary for the efficient collection
and processing of biomass into usable energy,
which significantly limits its practical applica-
tion in the energy sector.

The introduction of sustainable biomass
utilisation practices can significantly reduce
carbon dioxide emissions and lessen depend-
ence on hydrocarbon energy sources. Biomass
as an energy source offers a key advantage over
fossil fuels — it is considered carbon neutral,
meaning that the carbon dioxide released dur-
ing biomass combustion is offset in the short
term by carbon uptake through photosynthesis
in vegetation (Lyubchyk et al., 2019).

To utilise biomass effectively, it is essential
to develop and implement a range of technol-
ogies, such as pyrolysis and gasification, which
enable energy production with minimal carbon
dioxide emissions. Additionally, the use of biogas
derived from organic waste for electricity gener-
ation warrants attention. The establishment of

a certification system for wood and biomass is
also critical to ensure that raw materials used
for energy are sourced exclusively from sustain-
ably managed forests (Vasylyshyn et al., 2023).
This will help prevent ecosystem overload and
preserve ecological balance within biocenoses.

A key component in the successful develop-
ment of biomass energy is the implementation
of incentive and subsidy programmes aimed at
building the necessary infrastructure for bio-
mass processing. In this context, financial in-
centives for private investors and companies
developing biomass energy technologies are
of great importance. Furthermore, integrating
biomass with other renewable energy sources,
such as solar and wind installations, can signif-
icantly enhance the efficiency and stability of
energy production, particularly during periods
of low output from other renewables. Equally
important is the development of education-
al initiatives and public awareness campaigns
to inform local communities and authorities
about the importance of sustainable forest
management and the rational use of biomass
for energy purposes.

Thus, the forest ecosystems of the Kyrgyz
Republic have the potential to become a vital
component of the country’s sustainable energy
strategy. However, realising this potential re-
quires a balanced and well-informed approach
to biomass management and utilisation. The
deployment of advanced biomass processing
technologies, support for sustainable forest
practices, and the development of appropriate
infrastructure could substantially reduce car-
bon emissions and enhance the country’s ener-
gy security in the long term.

The assumption regarding the feasibility of
using wood waste as a renewable energy source
was partially confirmed during the study. Wood
fuels can serve as alternatives to fossil fuels,
but their environmental performance varies
depending on the specific type of waste, its
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chemical composition, and combustion prop-
erties (Natural coal from..., n.d.). An addition-
al critical factor is the selection of appropriate
wood waste sources, which significantly affects
the overall efficiency of the energy system. Fur-
ther detailed studies are needed to evaluate
the environmental impacts — particularly CO2
emissions — of different wood types and to sup-
port the development of more sustainable bio-
mass energy solutions.

Discussion

The results obtained in this study provide val-
uable insights into the potential of using wood
waste as a renewable energy source. In the con-
text of efforts to reduce dependence on fossil
fuels and advance sustainable energy solutions,
the analysis of the efficiency of different bio-
mass types holds significant scientific and prac-
tical relevance. The identified differences in
calorific value and CO, emissions among wood
waste fractions enable the optimisation of their
application in the energy sector while mini-
mising environmental impact. One of the key
findings of the study was the confirmation that
wood waste can indeed serve as an alternative
to coal, offering lower carbon emissions. How-
ever, the variations observed between different
types of wood biomass highlight the need for
further optimisation of processing and utilisa-
tion technologies. In this regard, an important
aspect involves comparing the present findings
with those of other studies to assess the extent
to which the results align with or diverge from
existing scientific knowledge.

For a comprehensive evaluation of the sig-
nificance of the results, it is essential to con-
sider the findings of international researchers,
as these offer valuable opportunities for bench-
marking against global experience. This not
only helps to identify global trends in bioenergy
development but also allows for an examination
of the different approaches employed in various

countries, thereby enhancing understanding of
the effectiveness of bioenergy technologies in
diverse contexts. Comparing local conditions
with international practices facilitates the
identification of globally tested solutions that
can be adapted and implemented in specific re-
gions, taking into account their unique environ-
mental, economic, and social characteristics. In
addition, international research can serve as a
source of innovative methods for optimising
the processing and utilisation of wood waste, as
well as for developing effective models for the
sustainable development of the energy sector.
The analysis of global experience also helps
to identify potential challenges and risks that
region may encounter during the implementa-
tion of such technologies, thereby enabling the
avoidance of common pitfalls and supporting
the formulation of strategies for their mitiga-
tion. The integration of global best practices,
when adapted to regional characteristics, con-
tributes to a more balanced and efficient ap-
proach to the utilisation of natural resources,
ultimately enhancing environmental and ener-
gy sustainability at both local and global levels.

The study by R.G. Khlivitskyi (2023), which
examined the volumes of fuelwood harvesting
and usage in Ukraine — particularly in the Chu-
guyevo-Babchansky Forestry branch - is direct-
ly related to the present research, as both ex-
plore the potential of wood resources for energy
production. However, R.G. Khlivitskyi’s work is
primarily focused on the economic efficiency
and potential of fuelwood as a resource for the
energy sector, while the current study places
greater emphasis on the environmental di-
mension, particularly the assessment of carbon
emissions from various types of wood waste.

Similarly, the article by M. Kiehbadroudin-
ezhad et al. (2023) explored the role of biofuels
in supporting sustainable microgrids, high-
lighting their importance in achieving carbon
neutrality and promoting a green economy.
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This research aligns with the present study in
its focus on renewable energy sources to re-
duce fossil fuel dependency and lower carbon
emissions. However, the key distinction lies in
its focus on microgrids as a structural solution
for integrating biofuels into decentralised en-
ergy systems, whereas the present study con-
centrates on evaluating the efficiency of wood
waste as an energy source in a broader, national
and environmental context.

The works by N. Khan et al. (2021) and
C. Lazaridou et al. (2021) examined the use of
biofuels as a key component in the sustainable
transition towards a green economy and carbon
neutrality. Specifically, N. Khan et al. explore
the role of biofuels in achieving a sustainable
energy transition, while C. Lazaridou et al. focus
on forest resources and their recycling within
the framework of a circular economy. The pres-
ent study similarly considers wood waste — par-
ticularly sawdust and chips — as more efficient
energy sources compared to conventional fuels.
The main distinction lies in the broader focus of
N. Khan et al. work, which encompasses a wide
range of recycled materials and does not offer
an in-depth analysis of alternative fuel produc-
tion from wood waste.

Studies by A. Raihan & A. Tuspeko-
va (2022), as well as V.-V. Paunu et al. (2021),
address the use of renewable energy sources
and their environmental impacts, which aligns
closely with the objectives of this research.
However, those studies are rooted in the spe-
cific environmental and economic contexts of
Malaysia and the Nordic countries, respective-
ly. In contrast, the current study centres on
the utilisation of wood waste in Kyrgyzstan.
This comparison underscores the importance
of considering contextual factors — such as na-
tional energy policies, natural resource availa-
bility, and socio-economic conditions — when
developing effective strategies for sustainable
development and renewable energy use.

The study by B. Kirchsteiger et al. (2021) in-
vestigated pollutant emissions from domestic
wood combustion in Austria, offering a detailed
analysis of particulate matter and polycyclic
aromatic hydrocarbon (PAH) emission profiles,
along with a toxicological risk assessment. This
research intersects with the present study in
its focus on the environmental aspects of wood
waste combustion. However, B. Kirchsteiger et
al. placed particular emphasis on the health im-
pacts of toxic emissions, an aspect that is also
significant within the broader framework of
green economy implementation and the assess-
ment of environmental risks to forest ecosys-
tems. Similarly, the health implications of wood
waste combustion were examined in the study
by H. Timonen et al. (2021), further contributing
to the understanding of the environmental and
public health dimensions of biomass energy use.

The paper by T. Myllyviita et al. (2021)
highlighted the potential of wood substitution
in reducing greenhouse gas emissions, which
overlaps with the focus of the current study,
as both address the eco-efficiency of wood re-
source use. However, while the present study
concentrates on wood waste as an energy
source, T. Myllyviita et al. examine broader ap-
plications of wood in the context of substitut-
ing fossil fuels and lowering carbon emissions
across various sectors.

The papers by L.T. Da Silva et al. (2021)
and O. Thees et al. (2023) explored the use of
wood fuel in relation to energy potential and
the transition to renewable energy sources,
aligning closely with the objectives of the cur-
rent study. Both works emphasise the viability
of wood fuel as an alternative energy source
that contributes to the reduction of carbon
emissions. In particular, O. Thees et al. analyse
technology development and resource mo-
bilisation in Switzerland, offering a perspec-
tive that parallels the investigation into wood
waste utilisation in Kyrgyzstan. Meanwhile,
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the study by L.T. Da Silva et al. assesses the en-
ergy potential of Eucalyptus sp. wood in Bra-
zil. Although based in a different geographical
context, it shares the overarching goal of de-
veloping strategic approaches for the sustaina-
ble use of wood resources.

The study by M. Adamowicz (2022), along
with those by L. Zhang et al. (2022) and J. Shao
et al. (2024), addressed broader issues related to
the green economy, sustainable development,
and the role of environmental policy in shaping
economic sectors. M. Adamowicz examined the
influence of the Green Deal and green growth
in advancing the Sustainable Development
Goals, while L. Zhang et al. investigate the in-
terplay between globalisation, the green econ-
omy, and environmental challenges. J. Shao et
al. assess the impact of ecosystem conservation
on employment across different industries in
Yunnan Province, China. Although these stud-
ies address essential themes of sustainable de-
velopment, they primarily focus on macroeco-
nomic and policy-level dimensions of the green
transition. In contrast, the present study offers
a more targeted analysis of bioenergy, specifi-
cally the use of wood waste in the energy sector
of Kyrgyzstan, along with the associated envi-
ronmental and economic implications. This ap-
proach enables the integration of global trends
with national-level specifics, contributing to the
development of context-sensitive strategies for
sustainable energy development. S.M. Shah et
al. (2021) analyse the influence of “green” hu-
man resource management practices on the
economic and environmental performance of
organisations, highlighting the importance of
organisational culture and psychological cli-
mate. Although both studies address issues re-
lated to sustainable development, their primary
focus lies in the institutional and managerial
dimensions of the green economy.

A number of studies — by S. Pandey (2022),
Y. Sun et al. (2022), and A. Olszewski et

al. (2023) — share a common focus on the process-
ing and utilisation of wood waste, though they
approach the subject from different analytical
perspectives. A. Besserer et al. (2021) explored
the cascade use of wood waste, underscoring the
value of its multiple applications. M.]. Aliano-
Gonzélez et al. (2022) investigated biomolecules
extracted from fruit tree wood waste and their
potential uses in the agri-food industry. S. Pand-
ey examined the development of products from
low-quality wood waste in Nepal, emphasising
the economic and resource importance of such
initiatives. Y. Sun et al. assess the use of wood
biochar for pollutant removal, while A. Olsze-
wski et al. proposed a novel method of produc-
ing polyurethane composites from wood waste.

While these studies consider wood waste
recycling across a variety of sectors — from agri-
food to materials science and environmental
remediation — the present study focuses on its
energy potential. This approach enables an as-
sessment not only of the environmental and
economic advantages of wood recycling, but also
of its role in advancing sustainable energy and
reducing reliance on fossil fuels. The findings
of this study regarding the potential of wood
waste for energy use are largely consistent with
international research, which also supports the
adoption of alternative energy sources within
the framework of sustainable development. It is
noteworthy that most foreign studies affirm the
relevance of biomass in replacing traditional fu-
els and lowering carbon emissions, although the
specific approaches and methodologies tend to
vary according to local conditions (Green ener-
gy and..., n.d.). Unlike studies centred on other
national contexts, the current research is dis-
tinguished by its focus on the Naryn and Talas
regions, with due consideration for their distinct
environmental and economic circumstances.
Nevertheless, the overarching objective of iden-
tifying effective and environmentally friendly
energy solutions remains constant.
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The comparative analysis of foreign sourc-
es revealed both parallels and divergences,
highlighting the necessity of further refining
methodologies and models that incorporate lo-
cal conditions and technologies. These findings
can inform the development of future research
on the use of wood waste, offering new strate-
gies for optimising its application and raising
environmental standards across diverse regions.

Conclusions

The results of the analysis conducted in this
study confirmed the high energy value of wood
waste, supporting its potential as a renewable
energy source. Wood chips demonstrated the
greatest energy potential (9.5-10.8 GJ), attrib-
utable to their high density and calorific val-
ue. Sawdust (10.2-11.5 GJ) also showed strong
performance, particularly in the context of
pellet and briquette production. Bark exhib-
ited the lowest energy potential (8.3-9 GJ),
primarily due to its higher content of mineral
impurities and moisture.

CO2 emissions from the combustion of
wood waste varied by type. The lowest emis-
sions were recorded for sawdust (80-85 kg
CO-/G]), followed by chips (90-95 kg CO-/G]),

A comparative analysis of relevant scien-
tific publications revealed global trends in the
study of wood biomass. In countries with ad-
vanced energy infrastructure, research efforts
primarily focus on improving combustion tech-
nologies and minimising emissions. In con-
trast, studies conducted in developing regions
tend to emphasise the economic feasibility and
availability of raw materials. This underscores
the importance of adapting international expe-
rience to local and regional conditions.

The main limitation of the present study
lies in the need for further field testing and
a more comprehensive assessment of the
environmental and economic impacts asso-
ciated with the use of wood waste. The find-
ings highlight the necessity for continued
research aimed at refining wood biomass
utilisation methods, with the dual goals of
reducing environmental harm and improving
energy production efficiency. Future studies
should prioritise the optimisation of biofuel
thermal processing, the reduction of emis-
sions from bark combustion, and a detailed
economic evaluation of wood fuel integration
within the energy sector.
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AHoTaniss. MeTa 1[bOTO OOCTi[KEHHS TOJSITa/ia B OLiHI MOTEeHI[iaJy BMKOPUCTAHHS JepeBHOI
6iomacy, BKJIIOUHO 3 [OepeBHMMM Bigxomamu, SK IIOHOB/IIOBAHOIO [Kepeja eHeprii mjis
eHepreTUYHOro cekTopy Kupruscrany, a Takox B aHali3i iXHbOI eHepreTMUHOi eeKTUBHOCTI Ta
€KOJIOTiYHMX aCIeKTiB. JOC/iIKeHHS TPOBOIMIIN Y IBOX TPUPOAHMX 30HaX Kuprusbpkoi Pecrybmikm —
ripcpKiit (HapuHcebKa 06;1acTh) i piBHMHHIM (Tanacbka 06;1acTs). I1ig yac po60TH BUKOPUCTOBYBAIU
OJTbOBI TOCTiIKEeHHS, Ta6OpaTOPHI METOAM i CTATUCTUUHE ONpaIfoBaHHs JaHuX. 06’eM AepeBUHI
Ha JOCTiIKYBaHMX OiNSTHKaX BM3HAUYIM HUISIXOM BUMIPIOBAHHS JiameTpa i BMCOTU JepeB 3
TOAANBIIMM PO3PAaXyHKOM 32 BCTaHOBJIeHMMM (popmynamu. [Ijist aHaIi3y TeIyIOTBOPHOI 3JaTHOCTI
JlepeBMHM Pi3HMX IOPiJ 3aCTOCOBYBaIM KaJlOPUMETPUUHMI MeTOq, a Ijis OuiHKK BUKKAiB CO,
T Yac CrajioBaHHS AepeBHUX BifXOMiB, BYTi/UIS Ta MPUPOSHOTO rasy Gya0 BUKOPUCTAHO HaHi
rajly3eBUX OOCTIIKeHb. ISl TOpPIiBHSIHHSI €HepPreTMYHOro IOTEeHLiasy Pi3HMX BUIIB IMauBa
MPOBeIeHO CTATUCTUYHMIT aHai3, BKIIOUHO 3 KpuTepieM CTblofeHTa Ta JUCIEePCiiHMM aHa/li30M
(ANOVA). Pe3ynbTaTu AOCTIIKEHHS 3aCBigumiy, 10 COCHA 3BMYaiiHa Ta Oy6 uyepenrvyacTuii €
HAMIepCreKTUBHIMNMMM BUAAMM IOepeBUHM [OJisI BMPOGHMIITBA GiomanuBa B JAaHMUX perioHax.
O6uMCIeHHS MiATBEpAIIN, 0 TPicKa Ta TMPCA MAIOTh HAMOIbIY eHepreTUUHY I[iHHICTh, TO/I SIK
KOpa IepeBMHM Mae HajiMeHIIy TeIVIOTBOPHY 34aTHiCTh. AHai3 Bukuais CO, MpomeMOHCTPYBaB,
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O JiepeBHi Bigxomy € GiJbIl €KOMOTiYHO YMCTMM TaJIMBOM TOPIiBHSHO 3 BYTUUISM, POTe
MOCTYTAIOTHCS MPUPOAHOMY rasy. OTpMMaHi AaHi IMiATBEPIKYIOTh BasKJIMBICTh PalliOHATBHOTO
BUKOPUCTAHHS JTICOBUX peCypciB i BIIpOBaIsKeHHS epeBHMX BiIXOMiB y 6i0eHepreTuky sk Croco6y
3HVDKeHHS 32J1e5KHOCTI Bi HEBiTHOBIIOBAaHUX [IKepesl eHeprii Ta 3MeHIIIeHHSI BUKU/LiB BYTJIEKUCIOTO
rasy. JJOC/TiIKeHHST a0 3MOTYy 3’SCyBaTH, L0 HAIEepPCIEeKTUBHIIIMMY BUIAMU TE€PEBUHU AJIST
6iomanuBa € cocHa 3BMYaiiHa Ta Ay6 yepenryactuii. TerIoTBOpHA 3[aTHICTh TPiCKM CTAHOBMIIA
9,5-10,8 Tk, Tupcu — 10,2-11,5 Tk, Toxdi SIK KOpa MPOJEMOHCTPYBajia HalMeHIIi MOKa3HUKU
(8,3-9 IIx). Buxupu CO, mif yac craaroBaHHS TUPCU ny6a craHoBuau 80 Kr/TIK, Tpicku —
90 kr/TIIk, Kopu — 98 Kr/T'/IK, a B COCHM Lii ITOKasHMUKM BuIii: 85,95 i 105 kr/T/IK BigmoBigHo. AHami3
MiATBepANB, U0 AepeBHi BiIX0AM eKOIOTiUHO YMCTIIli 3a BYTiJUIs, aje OCTYIaloThCsI IPUPOSHOMY
rasy, o MiJIKPecIIoe iXHI0 3HAUYIIiCTh JIJ1sT 6i0eHepreTUKU

Kmouosi cnoBa: nepesHa 6iomaca; 6ioeHepreTuka; mepesHi Bimxomu; CO,; eHepreTMUHuMi
TOTeHIIia/T; BiTHOB/TIOBA/IbHI I3Kepesia eHeprii; CTaanii pO3BUTOK
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