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Abstract

The Republic of Serbia, as a transition country and a candidate to join the European Union,
is still facing a variety of challenges to maximize the use of energy potential from its renewable
energy sources. The current data indicate that agricultural biomass, followed by the woody biomass
are recognized as an alternative energy sources with the highest potential in Serbia. A substantial
amount of waste biomass which is generated per year in Serbia represents an excellent feedstock for
the production of biochar, an exceptionally rich well-spring of carbon, potentially suitable to
address the most important ecological issues of the modern society. This review is focused on the
potential directions towards the sustainable utilization of biochar in Serbia with reference to the
current state of energy production and consumption in different sectors of the country’s economy.
Additionally, a relationship between certain properties of biochar produced from different biomass
sources originated from Serbia and its potential utilization was proposed. For that purpose, different
biomass feedstocks were pyrolyzed into biochar: non-woody samples obtained from agricultural
residues, brewer’s spent grain as a food industry waste, and oak and beech sawdust as
representatives of woody biomass. The composition, structure and texture of the produced biochars
were examined by standard characterization techniques. Having in mind that Serbia possesses a
significant potential of renewable energy sources, the future implementation of biochar in different
sectors can be a contributing factor to the reshaping of the country’s economy and accelerating its

transition from a linear to circular economy model.

Highlights
e  Pyrolytic biochar (BC) was produced from different biomass sources from Serbia
e  Composition, structure and texture of BCs were examined by standard techniques

e  Current state regarding renewable energy sources in Serbia was surveyed
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e BC structure-potential sustainable application relationship was proposed for directions to sus-

tainable future BC utilization in Serbia
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Abbreviations

GHGs - greenhouse gases

RES - renewable energy sources

BC - biochar

WS - wheat straw

C- corn cob

SS - soybean straw

BSG - brewer’s spent grain

UNFCCC - United Nations Framework Convention on Climate Change
INDCs - Intended National Determined Contributions
AD - anaerobic digestion

COD - chemical oxygen demand

GDP - gross domestic product

Units

Mtoe/ktoe - megatons/kilotons of equivalent oil



ha- hectare

Gg COz eq - gigagrams of carbon dioxide equivalent
MW - megawatt

MWh - megawatt hour

thous. m? - thousand cubic meters

1. Introduction

By 2050, it is expected that energy consumption will have increased by 50% compared to
2010 (EIA, 2019), while the world population will reach 9.7 billion (UN DESA, 2019). These
predictions indicate that it is necessary to pay even more attention to the greatest challenges of
human society today — economic progress, energy transition, environmental degradation and
climate change mitigation. In order to respond to these global issues, numerous actions all over the
world in the form of policies, agreements, etc. have been adopted, highlighting the necessity of
profound transition of the fossil fuels dependable energy system to the one that increases the share
and effectiveness of renewables (IRENA, 2019). This concept of energy sector decarbonization will
diminish the consequences of climate change by reducing the emissions of greenhouse gases
(GHGs) and preventing the environmental pollution (Barreto, 2018). Within the scope of the
ongoing global energy transition, the recommended strategy has increasingly been incorporated on
national levels, in the form of documents with the policy of intensifying the utilization of renewable
energy sources (RES). According to the last population census from 2022, the Republic of Serbia
has 6.6 million inhabitants (StatOfficeRS, 2022a). Analysis of demographic trends in Serbia
indicates the downward trend from the end of 20" century. According to the expected projection
scenario, the population of Serbia in 2052 will be 5.2 million, which represents a decrease of about
1.5 million compared to 2022, approximately 22%. The main cause of the expected population
decrease in the coming decades will be negative natural growth - 86% on average compared to the
effect of negative net migration (StatOfficeRS, 2024). The energy resources and potentials of the
Republic of Serbia mainly consist of fossil fuels - coal, oil, natural gas, and oil shales (around
85%), as well as RES (hydropower, biomass, wind, solar, biogas, landfill gas, geothermal energy
sources, etc.) (MMERS, 2016). Reserves of more quality energy products, such as oil and gas are
symbolic and make less than 1% of geological reserves, while remaining 99% of energy reserves
include coals with 95% share of lignite. The Republic of Serbia does not have its own energy
sources in the quantity that fully meets its requirements, thus the share of energy consumption
comes from imported sources. Despite this import dependence, the energy system of the Republic
of Serbia has been characterized by supply stability in the last 20 years. This goal has been largely
achieved by utilizing domestic lignite (70%) and large hydropower plants (30%) for electricity
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generation, as well as the significant use of firewood as fuel in households. Lignite consistently
accounts for over 50% of the total energy sources used in primary consumption. According to the
projections of demands of energy sources/fuels in the final consumption in Serbia up to 2040, the
largest share in the final energy consumption will have oil derivatives, followed by electricity and
wood fuels. The share of oil derivatives would decrease from 31.2% in 2021 to 26.2% in 2040.
Electricity would have the largest increase in consumption from 26.8% in 2021 to 33.7% in 2040.
This trend of increase in electricity consumption is primarily caused by the foreseen higher
consumption in transport, as well as consumption for operation of heat pumps in households and the
public and commercial sectors. When it comes to primary energy consumption in the considered
period (2021-2040), it increases from 16.508,4 ktoe (2021) to 20.366,1 ktoe (2040). Coal remains
the dominantly used primary energy source. Its consumption will increase up to 2040, along with
the consumption of oil and natural gas (MERS, 2024).

As a transition country on the way to implement the European integration process, Serbia
has to emphasize the maximum use of energy potential from RES. Based on the available data from
the Serbian Energy Sector Development Strategy, the potentials of RES in Serbia are significant
and estimated at 5.65 Mtoe (tons of equivalent oil) per year (MMERS, 2016). The country is
already using around 35% of the total available technical potential of RES. The National Action
Plan for Use of Renewable Energy Sources, with a target set for 2020 of 27% of energy provided
from RES (MERS, 2013; MMERS, 2016) was not achieved as RES participated with 20% in the
structure of the total domestic production of primary energy in 2020 (RSGov, 2022). On the other
hand, the data from the Ministry of Mining and Energy support the fact that the country is gradually
increasing its renewable energy capacities. Namely, the total planned production of primary energy
from RES in 2022 was 2.65 Mtoe. The largest share (61%) in this structure corresponds to solid
biomass, hydro potential and wind energy account for 33% and 4%, respectively, while biogas,
solar energy and geothermal energy participate with 2% (RSGov, 2021a).

Within an estimated total potential of RES in Serbia per year (5.65 Mtoe), more than 60%
is biomass potential amounting to approximately 3.4 Mtoe per year, with only 1.1 Mtoe per year
already in use (MERS, 2013). Figure 1 represents the total available and used/unused potential of
biomass in Serbia adopted from the Energy Sector Development Strategy of the Republic of Serbia
for the period by 2025 with projections by 2030 (MMERS, 2016).
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Fig. 1. Schematic overview of the technical usable potential of biomass in Serbia (source adapted
from (MMERS, 2016))

These data indicate that agricultural biomass, followed by the woody (forested) biomass are
recognized as an alternative energy source with the highest potential. Other types of biomasses are
given far less attention. This is in line with the fact that agriculture represents a key sector for the
Serbian economy with approximately 5 million ha of agricultural land, which is around 55% of the
territory of Serbia (Figure 2a). The production of cereals and crops, as well as related food industry
is predominantly present in VVojvodina, the autonomous province in the north of the country (ETIP,
2020). In Serbia, the average annual production of agricultural biomass is around 12.5 million tons
(residues of agricultural crops, residues in fruit growing, viniculture and fruit processing, liquid
manure), with around 9 million generated in Vojvodina (“Obnovljivi izvori energije,” n.d.). The
largest part of the post-harvest residues is generated from corn and wheat productions, accounting
for around 26% and 55% respectively of the total annual quantities of the post-harvest residues in
Vojvodina. This is followed by sunflower residues (~12%), barley (3%) and soybean (3%) (Dodi¢
et al., 2010). Thus, the Province of Vojvodina can be regarded as the part of the country with the
highest quantities of harvest residues, diversely distributed in its 43 municipalities (Figure 2b).
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Fig. 2. The arable land on the territory of Serbia (a) (source adapted from (Dragovic et al., 2019))
with the quantities of harvest residues distributed in 43 municipalities in Vojvodina Province (b)
(source adapted from (Martinov, M. et al., 2016))

When it comes to woody biomass in Serbia, forests cover around 2.3 million hectares or
one third of the total surface area of the country (StatOfficeRS, 2017). The total amount of wood
residues after forestry logging operations is estimated at 1.1 million m®. Out of this amount,
0.6 million m® is estimated as unused forest waste (Energy Saving Group, 2007). The current usage
of biomass in Serbia mostly refers to a traditional way of its utilization for heating and electricity
generation (MMERS, 2016). The planned production of solid biomass in 2022 was 1.616 Mtoe. Out
of this amount, only 0.01 Mtoe was consumed in heating plants. Furthermore, the planned final
consumption of biomass amounted to 1.561 Mtoe. In the structure of this consumption, industry
participated with 12%, households with 87%, and other sectors with 1%. It is evident that the
consumption of solid biomass takes place predominantly within the household sector for heating
purposes (RSGov, 2022). One of the possible directions towards the transition from a linear to
circular economy in Serbia and, therefore, the greater utilization of biomass potential, is the
generation of biochar (BC) from various biomass feedstocks, including the biomass waste. This is
of great importance since the country is still facing a variety of challenges in solid waste
management (Vujovic et al., 2020). So far, according to the officially available data, the utilization
of BC has not been implemented in any sector of the Serbian economy.

Biochar is a multifunctional bioproduct with a huge utilization potential. It is a porous,

carbon rich material produced by thermochemical conversion of biomass in an oxygen-free or
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oxygen limited environment (Hamid et al., 2022; Uday et al., 2022; Yaashikaa et al., 2022). The
thermochemical production of BC involves several different treatments, such as pyrolysis,
hydrothermal carbonization, gasification, torrefaction and flash carbonization (Amalina et al., 2022;
Libra et al., 2011; Liu et al., 2015; Waters et al., 2017; Yaashikaa et al., 2020). Being a low-cost
material, BC has gained attention of many researchers as a material important for soil nutrient
enrichment and fertility improvement, contaminated or waste water and gas treatment, production
of bioenergy or synthesis gas, to name a few. Its application on soil has been suggested as a means
of abating climate change by sequestering carbon: “of the possible strategies to remove carbon
dioxide from the atmosphere, BC is notable, if not unique, in this regard* (Woolf et al., 2010). If
used as an additive to polymeric and concrete materials due to its low bulk density, high hardness,
and porous nature (Shanmugam et al., 2022), it can also be considered as a carbon long-term
storage medium. Polymeric composites reinforced with BC have showed enhanced water
resistance, as well as mechanical properties, such as strength, hardness, and stiffness. The
integration of BC improves the filler-matrix interaction by enhancing adhesion consequently
boosting the structural integrity of the composite (Rajendran et al., 2024a, 2024b). The addition of a
flame retardant to polymeric materials is one effective way to increase their fire resistance property,
but, on the other hand, it could be detrimental to their mechanical strength. BC can be used to host
the flame retardant in polymeric composite materials and simultaneously improve fire resistance
and conserve mechanical strength (Mensah et al., 2022; Perroud et al., 2022). Due to a high carbon
footprint caused by the traditional concrete production, more sustainable solutions have to be found.
In this regard, the addition of BC to cement can enhance its resilience to high temperature and
maintain its strength under certain fire conditions (Mensah et al., 2024). Owing to its valuable role
for the fabrication of sustainable materials, utilization of BC promotes circular economy and could
be suggested as a win-win strategy for long-term decarbonisation (Kapoor et al., 2024). The
rapidness, simplicity, and wide scale of its production, which is usually both sustainable and cost-
effective, make its application acceptable to a variety of socioeconomic situations (Shanmugam et
al., 2022).

There is a huge availability of feedstocks for BC production, among which agro-industrial
residues and waste are the most important ones due to the huge quantities generated all over the
world, especially in developing countries (Gabhane et al., 2020). Agro-industrial residues and waste
originate from the agricultural practices and different processes of agricultural produce processing
plants, including food and beverages industries. At present, a large amount of agricultural waste is
burned or left to decompose in the field, releasing considerable quantities of greenhouse gases such
as CO; and CHy into the atmosphere (Song et al., 2022). Converting such waste into BC can reduce
the emission of GHGs if compared to the emission during its burning or microbiological
decomposition (Woolf et al., 2010).



A vast amount of waste biomass which is generated per year in Serbia can provide an
excellent feedstock for BC production. This is the first paper to demonstrate the properties of the
BC produced by lab/industrial scale pyrolysis of the most abundant waste biomass types generated
in Serbia. These include non-woody (agricultural and beverages industry waste originating from the
Province of Vojvodina) and woody-based waste (originating from different parts of Serbia). The
detailed physicochemical characterization of the prepared BC samples aimed to highlight the
properties that distinguished BCs obtained from a particular feedstock and/or a feedstock group.
Additionally, within the scope of the considerable interest in BC application in various fields, and
in order to address the most important environmental issues, a part of this study is devoted to the
assessment of potential directions towards BC utilization in Serbia with reference to the current
state of energy production and consumption from fossil/renewable energy sources in different
sectors. Some environmental concerns regarding the potential BC applications are also discussed.

2. Characterization of the prepared BC samples from Serbia

The potential future implementation of biochar in different sectors of the Serbian economy
implies a detailed characterization of BC samples obtained from various types of biomass
feedstocks. In this regard, representative samples of biomass residues were collected and
transformed into biochar followed by a detailed physicochemical characterization in order to

propose directions towards its successful utilization in appropriate economy sectors.

2.1. Feedstock collection

Two groups of BC samples were investigated taking into account the production method:
lab-scale produced BC from non-woody biomass sources, and wood-based BC obtained at
industrial-scale plants. Table 1 shows an overview of all BC samples used in this research with the
relevant markings that are used throughout this study.

Non-woody biomass samples for lab-scale production of BC comprised of wheat straw
(WS), corn cob (C), and soybean straw (SS), representing agricultural residues, and brewer’s spent
grain (BSG) that might be considered as a food industry waste. Samples of wheat straw, corn cob
and soybean straw were collected on the territory of the Autonomous Province of VVojvodina. After
having been thoroughly rinsed with distilled water, the samples were dried at room temperature for
48 h, finely chopped in a blender and a planetary ball mill (300 rpm, 1 h), and then passed through a
sieve with 500 um mesh size. A sample of brewer’s spent grain was obtained from a local brewery
and it was treated in the above-described manner. The selection of the brewer’s spent grain as a
representative of the food industry waste is justified when the quantity of beer produced annually in

Serbia is taken into account. Namely, according to the Statistical Yearbook of the Republic of
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Serbia from 2022, beer production in the country in 2021 was 5.556.000 hl (StatOfficeRS, 2022b)

indicating that around 110.000 t of brewer’s spent grain was generated (Mussatto et al., 2006).

2.2. BC synthesis and characterization

The processed feedstock samples were used to synthesize BC by slow pyrolysis method.

The synthesis procedure and methods used for the characterization of the obtained BC samples are

described in detail in the Supplementary Material.

Table 1. Overview of BC samples synthesized from non-woody and woody biomass

Biomass type | Biomass source Slow pyrolysis temperature/scale | BC marking
wheat straw WS-BC-700
brewer’s spent grain BSG-BC-700

Non-woody 700 °C/lab
soybean straw SS-BC-700
corn cob C-BC-700
beech 700 °C/industrial B-BC-700
beech 800 °C/industrial B-BC-800

Woody
beech and oak | 700 °C/industrial B/O-BC-700
mixture

3. Results and discussion

The general composition of the BC feedstock is presented in Table S1 of the
Supplementary Material in the form of the literature-based average values (Huang et al., 2016;
Phyllis, 1999). The average elementary composition of the brewer’s spent grain differs markedly
from the other feedstocks with regards to its higher contents of C, N, S, and fixed C, as well as the
lower levels of oxygen and volatiles. Non-woody based biomass is characterized by much higher
content of ash than the woody-based biomass. Expectedly, the highest lignin content is in woody-
based biomass. According to the available data, the main ash component in wheat straw and corn

cob is SiO,, while in beech and oak wood is CaO.

3.1.  Properties of BC samples from Serbia

Table 2 shows BC vyield along with the results of proximate and ultimate analysis of the
synthesized BC samples. The achieved yield of BC was in the range from 27.5 wt% to 39.6 wt%,
implying that the amount of the produced char is quite similar regardless of the starting biowaste
material. Woody-based BCs have lower moisture and ash content, but higher amount of fixed
carbon than non-woody ones. The increased ash content in the samples produced from wheat straw,

brewer’s spent grain, and soybean straw is the consequence of the increased ash content in the
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feedstock material (Table S1). The highest amount of volatile matter and the lowest amount of fixed
carbon were recorded for SS-BC-700 and C-BC-700 samples. The examined pyrolytic process of
beech at 800°C can be successfully applied in order to achieve remarkably high degree of
carbonization (94.45 wt% C). The utilization of beech/oak mixture and corn cob was also beneficial
in this sense, while the other non-woody samples yielded chars with lower C amount. The H
content was pretty low in all the chars, while WS-BC-700 and SS-BC-700 samples contained
slightly higher O amounts than other BCs. In addition, a higher content of N was recorded in the
BC derived from brewer’s spent grain and soybean straw.

The obtained results of the characterization of the examined biochar samples are in
accordance with the current literature data, as well as the data present in the Phyllis2 database
containing information on the composition of biomass, macro- and micro-algae, feedstocks for
biogas production, biochar and torrefied biomass (Phyllis, 1999). Additionally, the presented data
can significantly contribute to the enrichment of the existing database, especially in the case of

biochar produced from the brewer’s spent grain, soybean straw and corncob.

Table 2. Yield, proximate and ultimate analysis of BC samples (in wt%)

BC marking | Yield | Moisture Volatie nd Ash C H O N S
matter | carbon

WS-BC-700 27.5 4.0 45.2 31.9 18.9 67.03 | 2.13 10.85 | 0.75 | 0.34
BSG-BC-700 | 28.0 5.4 30.7 49.5 14.4 70.88 | 2.26 6.84 5.54 | 0.08
SS-BC-700 31.2 2.9 62.2 21.7 13.2 67.43 | 2.61 15.62 | 1.07 | 0.07
C-BC-700 308 | 3.0 59.9 31.2 5.9 82,50 | 2.37 |8.33 |0.85]|0.05
B-BC-700 35.2 1.2 44.5 52.2 2.1 89.79 | 1.48 6.32 0.25 | 0.06
B-BC-800 328 |11 39.7 56.9 2.3 9445 | 099 |2.03 |0.16 | 0.07
B/O-BC-700 39.6 1.6 28.9 63.3 6.2 82.55 | 1.64 9.28 0.29 | 0.04

All examined BC samples exhibit remarkably low H/C ratio and relatively low O/C ratio,
thus indicating high degree of carbonization and aromaticity, as well as low polarity of the
produced chars (Figure S1) (Wantaneeyakul et al., 2021). The H/C ratio displayed a decreasing
trend from non-woody- BCs towards their woody- counterparts, with the lowest value recorded for
the B-BC-800. It can be concluded that this sample possesses the highest structural stability due to
its increased aromaticity. Additionally, the same sample has the lowest O/C ratio, which suggests its
lowest polarity — lesser hydrophilic surfaces caused by the loss of polar functional groups. The
higher H/C ratio associated with the BCs derived from the non-woody based biomass is related to
the higher content of inorganic compounds in the feedstock materials acting as catalysts during the

pyrolysis (Smith and Ross, 2016).
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All BCs have a characteristic heterogeneous surface and a developed macroporous structure
(Figure 3). The morphology of the samples originating from wheat straw and brewer’s spent grain
is characterized by the presence of platelet structures in combination with particles of different
shapes and sizes. On the other hand, the BCs from soybean straw and corn cob consist of
significantly better-arranged channel-like structural units with sharp edges. These morphological
shapes are characterized by exceptionally developed mesoporous and, in particular, macroporous
structure. The BCs derived from woody biomass contain a large share of well arranged, mostly
macroporous, specific structures in the shape of honeycomb. The application of 100°C increase in
temperature had no impact on the morphological characteristics of the produced BC. The elemental
composition (wt%) of all BC samples obtained by EDS is shown in Table S2 of the Supplementary
Material.
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Fig. 3. SEM images of BC samples

The diffractograms of all BCs (Figure S2) can be characterized by basic peaks of
turbostratic phase: C(002) (15°-30° 26) and C(100) (40°-50° 26) (PCPDFWIN database, CAS
number: 75-1621). The biochars derived from woody biomass are characterized by higher intensity
of (002) peak in comparison to the non-woody-based ones, indicating the presence of a turbostratic
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phase of a higher degree of crystallinity (Dawodu et al., 2014; Pusceddu et al., 2017; Zeng et al.,
2014). The (100) peak intensity is also higher for the woody-BCs, which might be the consequence
of the lateral growth of carbonaceous structures created by linking the aromatic sheets to each other.
Mineral calcite (CaCO3) (COD database code: 7022027, Reference code 96-702-2028) and quartz
(SiO2) (COD database code: 5000035, Reference code 96-500-0036) were identified in the SS-BC-
700 sample, while all woody-based BCs contain calcite (CaCQ3).

The adsorption-desorption isotherms of BCs (Figure S3, Table S3) from non-woody
biomass are characterized by H4 type of hysteresis loop, suggesting the presence of a certain
portion of micropores. The same type of hysteresis also appears for woody-based BCs produced at
700°C, while the H3 type is observed for the sample produced at 800°C, indicating the presence of
mesopores in the shape of cracks and splits (Lowell et al., 2004). The non-woody BCs have lower
specific surface area in comparison to the woody-based BCs, while their pore diameter distribution
can be characterized by bimodal profile with the highest portion of pores in the meso-domain with
diameter reaching the micro-range (3-5nm). The C-BC-700 sample has a very low total pore
volume, so its high specific surface area (217.2 m?/g) is due to a high portion of micropores.
Pyrolysis of woody biomass leads to BCs with a monomodal profile of pore diameter distribution
(3-5 nm); the increase of pyrolysis temperature by 100°C increased the total pore volume by more
than tenfold. The textural characterization of the BC obtained from brewer’s spent grain could not
be performed due to its low value of BET.

The basic peaks in Raman spectra of BCs are D and G bands (Figure S4), where the D band
indicates the presence of aromatic systems with a number of linked rings greater than six (Paris et
al., 2005). G' (around 1530 cm™) and V (around 1400 cm™*) bands, obtained after deconvolution in
addition to the main vibrations of alkyl functional groups, also originate from the vibrations of the
carbon atom in the aromatic systems that contain 3-5 condensed benzene rings (Li et al., 2006). The
intensity of these bands gradually decreases with an increase of aromatic systems by condensation
of benzene rings. Another important band present in Raman spectrum of all BCs is the S band
(around 1170 cm), which is related to sp3-hybridized carbon atoms (alkyl-aryl C-C structures and
methyl groups attached to aromatic ring) (Pusceddu et al., 2017; Yang et al., 2018).

The produced BCs may be further characterized by the ratio of deconvoluted Raman bands
areas (Figure S5). The woody-based BCs are characterized by higher Ap/Ac values than the non-
woody ones, pointing out to an increased content of larger aromatic systems in their matrix (6 or
more condensed benzene rings). It can be assumed that the formation of larger aromatic systems is
a consequence of higher content of cellulose and/or lignin in woody biomass (Pusceddu et al.,
2017). The Ao/Ac value also increases with the increase of pyrolysis temperature due to the
dehydrogenation of hydroaromatic compounds followed by enhanced growth of aromatic systems

at higher temperature (Yang et al., 2018). The Ap/A+v) ratio is a measure of the content of larger
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aromatic systems (>6 condensed benzene rings) relative to the aromatic systems typical for
amorphous carbon (several condensed benzene rings). The C-BC-700 sample is characterized by
the highest value of this ratio indicating the absence of small aromatic systems. Moreover, this
sample can be distinguished from the others by exceptionally low value of the As/Ag ratio,
suggesting that this matrix possesses mostly individual large aromatic structures with sp?-
hybridized carbon atoms.

The FTIR absorption spectra of BCs are shown in Figures S6 and S7, while the positions of
vibrational bands, as well as their identification based on the data from the existing literature (Singh
et al., 2016) are shown in Table S4. All BCs are characterized by a broad and intensive vibrational
peak around 3400 cm?, assigned to the stretching vibrations of -OH groups. The -CH, and —~CHs
stretching vibrations are also present in all samples, with the highest intensity peak at 2851 cm™ in
B-BC-800. The WS-BC-700 sample also contains —OH groups directly attached to the aromatic
ring. The FTIR results are in accordance with the results of the XRD analysis also in terms of the
presence of calcite mineral. In line with the appropriate intensities of vibrational bands at around
1400 cm*, 1080 cm™ and 880 cm™, it can be assumed that this mineral is present in a higher
fraction in SS-BC-700 and B/O-BC-700 samples compared to other BCs. The FTIR results also
confirmed the presence of some silicate materials in the BCs derived from non-woody biomass, as
well as in the B-BC-700 sample.

3.2.  Perspectives for sustainable applications of BC in Serbia

Biochar is an ongoing area of interest among many researchers due to its eco-friendliness,
abundant resources for its production and simple and low-cost synthesis procedures. Since the
utilization of BC can address a wide variety of environmental issues, this carbon rich material
seems like an ideal approach to improvements in circular bioeconomy. The Republic of Serbia, as a
developing country, has numerous prerequisites to become a part of this framework, since the
majority of its potential renewable energy sources lie precisely in biomass, due to its availability,
biodiversity and distribution. However, although the estimated total biomass technical potential in
Serbia accounts for 3.4 Mtoe per year, its utilization rate is quite low (Energetski portal, 2013).
Moreover, in some parts of the country the wood mass is primarily and uncontrollably used as
wood for heating. When it comes to the production and application of BC in Serbia, the available
data are quite scarce, indicating that the current situation is still substandard. However, the fact that
there are many ongoing research studies is encouraging. According to the data available to the
authors, there are only two manufacturers in Serbia producing BC and/or charcoal from agricultural
and wood residuals, mostly to be used for building materials, composting, anaerobic digesters and
as animal feed additive. Furthermore, even when it is produced as an energy source, most of the BC

is intended for the export market, which proves that it has not been properly introduced into the
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Serbian market. Hence, regarding the development of industrial and agricultural sectors in Serbia,

the areas in which BC has a high potential of utilization are to be further discussed.

3.2.1. Soil amendment and carbon sequestration

Due to the rapid decrease of soil quality caused by ever-increasing population and an
excessive addition of chemical fertilizers, sustainable approaches need to be implemented in
agricultural crop production. Although many practices have already been proven to increase soil
health and fertility, BC, as an emerging soil amendment, is gaining attention as a sustainable
product that may lead to a decrease in the need for fertilizers, as well as reduction of carbon
emissions. Furthermore, the soil amendment by BC can be considered as an effective method of
restoring the soil contaminated with heavy metals, pesticides and hydrocarbons, consequently
achieving higher crop yields without harming the natural environment (Placek et al., 2016). As a
result of its specific structure and surface features, as well as the presence of organic compounds
and various nutrients, the beneficial aspects of BC addition can be reflected in the increase of soil
pH, organic carbon, total nitrogen, available phosphorus and the cation-exchange capacity (Dume et
al., 2016). Additionally, BC can promote the carbon sequestration, mitigate the effects of GHGs,
increase the productivity of crops by retaining water, reduce soil density and enhance microbial
development in soil (Amalina et al., 2022).

The Republic of Serbia has around 5 million hectares of agricultural land, of which 71% is
intensively used (in the form of arable land, orchards and vineyards), while 29% of its agricultural
land consists of natural grasslands (meadows and pastures). The dominant part of agricultural land,
3.3 million hectares, i.e. 65%, is used as arable land (MAEPRS, 2014). There is a large area of
agricultural land specialized in crop production in the northern part of the Republic of Serbia
(Province of Vojvodina). Its central and southern areas have smaller landholdings, mostly orchards,
vineyards and vegetable farms (MAFWMRS, 2010). According to the extent and structure of
available agricultural land, Serbia belongs to the ranks of European countries with favorable land
resources, since it has 0.7 ha of agricultural land or 0.46 ha of arable land per inhabitant
(MAFWMRS, 2010). The data related to the quality of soil in Serbia were published in the Report
on the state of soil in the Republic of Serbia for 2018 and 2019 by the Environmental Protection
Agency, Ministry of Environmental Protection (Vidojevi¢ and Damnjanovi¢, 2020). The soil
analyses revealed that the area of central Serbia is dominated by slightly acidic and acidic soils,
non-carbonate and slightly carbonated, with low content of phosphorus and high content of
potassium. On the other hand, the territory of the Autonomous Province of Vojvodina has weakly
alkaline soils, differently provided with carbonates and phosphorus, while the content of potassium
is also high. Another very important issue related to the quality of soil in Serbia is pollution.

Therefore, the presence of potentially toxic elements (heavy metals) and various organic
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contaminants is regularly monitored. Based on the obtained data (Vidojevi¢ and Damnjanovic,
2020), the situation in Serbia in this regard is not very unfavorable. In general, the soils in Serbia do
not have an elevated content of potentially toxic elements (heavy metals). However, the main form
of soil degradation in Serbia is the constant loss of organic matter due to the intensification of
agricultural production, lack of application of organic fertilizers, as well as other intensive
agrotechnical practices. This problem is becoming more complex and intensified every year due to
the long-term lack of utilization of organic fertilizers (manure), which is the consequence of the
destruction of livestock production. Taking into account the previously mentioned quality indicators
of soils in Serbia, the application of BC as a soil additive can be designated as quite promising, as
long as the choice of biochar type, according to its specific properties, is adjusted to the quality
requirements of a specific soil. The results of physicochemical characterization of the
aforementioned BCs indicate that all the samples could be utilized to enhance the quality of the soil
by balancing its pH (Yaashikaa et al., 2020). The hydroxyl and phenolic functional groups present
in BCs could react with H* ions, thus increasing the soil pH, which, in turn, is beneficial as most of
the land in Serbia is acidic. Carbonates and silicates could have the same role suggesting the
advantage of the application of all woody-originated BCs in relation to their non-woody-originated
counterparts. Although Serbia has no great problem with the soil pollution, some polluted micro
areas could be treated with woody-originated BCs since they possess higher specific surface area
and pore volume than the non-woody-based ones. These properties are prerequisites for increasing
the capacity of BCs for adsorbing various harmful contaminants (Amalina et al., 2022).
Additionally, the B-BC-800 sample synthesized at higher temperature exhibits increased
aromaticity, and consequently the highest structural stability and it could remain in the soil for
longer period of time compared to other BCs. Taking into account the elemental composition of the
produced chars, the beneficial aspect of the soil supplemented by non-woody-based BC samples
could be reflected in the increase of the soil’s pH and its subsequent cation exchange capacity due
to the enrichment by various cations (K, Ca, Si, Mg, Na). Furthermore, the higher concentrations of
Ca, K, N and P present in these chars could contribute to the amount of nutrients and act as a source
of minerals for microbial population (Table S2). This could be especially important for the land in
central and south Serbia with prevailing acidic soil. Brewer’s spent grain proved to be an excellent
raw waste material for the production of nitrogen-rich BC that could be used for soils lacking in
nitrogen. However, if the ongoing situation regarding the soil quality in Serbia is taken into
account, the positive aspects of the application of BC might be best considered in terms of
increasing the amount of humus and organic matter, as this is currently the biggest problem and the
main form of soil degradation in Serbia.

Soil plays a crucial role in the global carbon cycle. In order to mitigate climate change by

reducing the emissions of CO. and other GHGs, there is a constant need to enhance carbon
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sequestration in soil. Many studies have already reported that BC represents a promising material
for carbon sequestration in soil owning to its highly condensed aromatic structure that is resistant to
biodegradation (Méndez et al., 2012). However, since the negative effects in terms of CO;
emissions upon the addition of BC into soil have also been observed, no definitive conclusion can
be reached. The variability of the results regarding the utilization of BC for sequestrating carbon in
soil is partially the consequence of the two classes of carbon existing in BC — liable and recalcitrant.
The liable carbon is available and easily consumable by soil microbes resulting in increased carbon
mineralization short after BC application. On the other hand, recalcitrant carbon is persistent and
can be present in the soil for an extended period of time (Puga et al., 2015).

The Republic of Serbia has been a member of the United Nations Framework Convention
on Climate Change (UNFCCC) since 2001. In June of 2015, the Government of the Republic of
Serbia submitted its Intended National Determined Contributions (INDCs), predicting a 9.8%
reduction in GHG emissions by 2030 compared to emissions in the base year (1990) (RSGov,
2015). The First Report to UNFCCC Serbia delivered in 2010, while the First biennial updated
Report was published and submitted in 2016. The last officially quantified GHG emissions in
Serbia were published in 2020 by the Ministry of Environmental Protection in the Draft of the
Second biennial updated Report sent to UNFCCC (MEPRS, 2020). According to the available data,
the total national GHG emissions in 2016, including removals, amounted to 56,808.74 Gg CO: eq.
The largest share in total emissions comes from the energy sector (79.1%), followed by 9.5% from
the sector of agriculture, forestry and other land use. The contribution of the sector of industrial
processes and product use was 7%, while the waste management sector amounted to 4.5%. Based
on the updated Nationally Determined Contribution (NDC) for the period 2021-2030, Serbia
increased its ambitions in terms of reducing GHG emissions by 13.2% compared to the level of
2010 (or 33.3% compared to 1990) until 2030 (RSGov, 2021b). Within the scope of previously
mentioned expectations regarding the reduction of GHG emissions, the utilization of BC in Serbia
can be considered as one of the potential measures taken in an attempt to reach the predicted values
by keeping the carbon sequestered in the ground for a longer period of time. According to the
results presented here, the woody-based BC samples having the higher amount of fixed
(recalcitrant) carbon and increased content of large aromatic systems in their matrix compared to
their non-woody counterparts, represent excellent candidates for this purpose. However, due to the
potential negative effects of this kind of BC application, comprehensive studies must be done

before its implementation in real practice.

3.2.2.  Animal feed additive
The application of BC as an additive to animal feed is another beneficial way of its

utilization in agriculture. This field of research is relatively young and studies related to the
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incorporation of BC in animal feed are limited. However, the obtained results have shown that
applying BC in animal husbandry has almost countless positive effects, including improved growth
performance, meat quality and milk production, blood profiles, ability to resist pathogens and a
reduction of methane production by ruminant animals, which is an additional effect against climate
change (Man et al., 2021). The high sorption capacity of BC efficiently aids the removal of harmful
substances (mycotoxins, heavy metals, or other pollutants) from the bodies of animals, as well as
from farm environments. Due to its high surface area and porous structure, BC can help retain
certain nutrients in the digestive system of animals and also provide a habitat for gut microbiota.
The beneficial buffering capacity of BC is the consequence of its high cation exchange capacity
enabling the absorption and release of various minerals, such as potassium, calcium, and
magnesium. This can help stabilize pH levels in the stomach, improving digestion and preventing
acidosis in animals like cattle (Rajpoot et al., 2024). An additional positive consequence of the
application of BC as an animal feed additive is the production of manure enriched by plant
available nutrients (Hammerschmiedt et al., 2022). Thus, the increased fertilizing and carbon
sequestration effects can be accomplished at the same time. Agriculture is a key sector of Serbia’s
economy and according to the data from the Chamber of Commerce and Industry of Serbia, in
2021, the total value of agricultural production for livestock accounted for 29% (Chamber of
Commerce RS, 2022). The initial decline of agricultural production in Serbia during the first half of
the transition period particularly affected livestock production. Since the 1980s, livestock in Serbia
has declined by 40%, suggesting its real devastation. Available statistical data on the number of
livestock, production and consumption of meat, milk, and processed products, indicate that
livestock production is still on the road to recovery (StatOfficeRS, 2022c). It was additionally
disturbed by the COVID-19 pandemic forcing farmers and the processing industry of Serbia to
make additional efforts and investments in food production and processing in order to mitigate the
consequences that the pandemic had on the market. Thus, considering the ongoing livestock
production recovery trend mentioned, the utilization of BC as a supplement in animal feeding could
be a promising way to firstly preserve, and then develop the livestock sector in the coming years.
However, due to the limited knowledge and contrasting findings already reported on this
topic, further investigation on the effectiveness of BC in animal production must be performed.
Despite its potential benefits, BC must be used cautiously due to certain toxicity concerns. One of
the main risks associated with BC is that it can adsorb and retain toxic heavy metals and other
contaminants from the feedstock used to produce it (e.g., cadmium, lead, arsenic). Thus, the origin
and quality of the biomass used to produce BC must be carefully considered. BC may also contain
residual polycyclic aromatic hydrocarbons produced during the pyrolysis process, which are
potentially carcinogenic compounds posing animal health risks (De la Rosa et al., 2019). High

adsorption capacity of BC might reduce the availability of certain minerals or trace elements in the
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animal’s diet. Hence, proper dosing and monitoring are necessary to ensure that animals receive
balanced nutrition (Osman et al., 2022). Although studies on BC’s impact on animal health are
promising, the long-term effects are still not fully understood implying that there are imperative
challenges that need to be addressed. Careful sourcing, quality control, and monitoring of dosage
are critical to minimize risks and ensure that BC is a safe and beneficial supplement to animal diets
(Lao and Mbega, 2020).

3.2.3. BC as an additive in anaerobic digestion process

In recent years, within the scope of waste valorization into bioenergy, the emerging
application of BC as a bulking agent in the anaerobic digestion (AD) process has been intensely
studied. Various additive carbonaceous materials have already been widely used to enhance the AD
process (Zhang et al., 2018). However, the latest literature assessments on carbon-amended AD
processes revealed that BC has enormous prospective to be utilized in AD as an additive and can be
designated as the priority material compared to other carbonaceous counterparts due to its cost-
effectiveness, improved biogas yield and digestate quality (Kumar et al., 2021). Namely, the
addition of BC into the AD process promotes the degradation of organic compounds, increases
alkalinity and pH, benefitting the microbial community and enhancing the removal of chemical
oxygen demand (COD) (Zhao et al., 2021). Additionally, the high adsorption capability of BC can
have a significant role in mitigating the contaminants/by-products inhibition. Consequently, the
production of CH, is higher, while the emissions of GHGs and total nitrogen loss are reduced
(Zhang et al., 2019). The elemental composition of solid digestate (by-product of AD) is improved
and can be further processed and used as fertilizer in agriculture. In accordance with the Directive
of the European Commission from 2009, the Republic of Serbia obliged to obtain 27% of its energy
from renewable sources by 2020 (MERS, 2013; MMERS, 2016). Despite the gradual increase in
renewable energy capacities of Serbia in the last couple of years, this target has not yet been
reached. In 2018, the European Parliament and the Council of the European Union adopted a new
Directive to promote the use of energy from renewable sources, stating that Member States shall
collectively ensure that the share of energy from renewable sources in the Union's gross final
consumption of energy in 2030 is at least 32% (EU, 2018). In 2021, the European Union reached a
21.8% share of its gross final energy consumption from renewable sources, which is around 0.3%
lower than in 2020. This decrease was most likely linked to the lifting of restrictions from the
COVID-19 pandemic. Figure 4 shows the available data on the share of renewable energies for the
gross final energy consumption in European countries for 2021 (EU, 2023). With more than half of
the energy from renewable sources in its gross final consumption of energy, Sweden (62.6%) by far
had the highest share among the EU Member States in 2021, ahead of Finland (43.1%) and Latvia
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(42.1%). At the opposite end of the scale, the lowest proportions of renewables were registered in
Luxembourg (11.7%), followed by Malta (12.2%) and the Netherlands (12.3%).
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Fig. 4. Share of energy from renewable sources in European countries in 2021 (source adapted from
(EU, 2023)

In accordance with the aforementioned recommendation, the Republic of Serbia is obliged
to draft and adopt the Integrated National Energy and Climate Plan during the period of 2021 to
2030, including the perspective until 2050 (MMERS, 2022). Parts of this plan are to lower the
emission of GHGs by 40% compared to the emissions that were in Serbia in the *90s, to increase
the share of renewable energy sources to more than 40% by 2030 in the final consumption and to
come across new ways of producing electricity and thermal energy. Therefore, the implementation
of BC-amended technology in the biogas production sector could be a promising way to accelerate
the achievement of this obliged goal by enhancing the performance of the current AD facilities. In
2010, the Government of the Republic of Serbia adopted the first Decree on the acquisition of the
status of privileged electricity producer, which clearly defines the conditions under which this status
can be acquired, as well as the price, i.e., feed-in tariff according to which the public company
Elektrodistribucija Srbije will buy electricity from producers for a period of 12 years. After the
adoption of this Decree, the construction of the first biogas plants in Serbia began. In 2013, Serbia
adopted a second Decree regulating the area of renewable energy sources which significantly
reduced the feed-in tariff in the field of biogas. The new price was not in line with real costs and did
not take into account the value of raw materials as the basic cost of operating biogas plants
(Pomoriski, 2020). After the expiration of this Decree, a new one was adopted in 2016, correcting
all the shortcomings of the old ones. Consequently, biogas plants began to develop extensively in

Serbia, and in 2019, this sector achieved a growth that was three times greater than expected. The
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state of the biogas market in 2020 in Serbia includes 28 plants, with an installed capacity of 27.8
MW and an annual production of up to 223,800 MWh, while another 23 with a projected capacity
of 24.4 MW are under construction (Ekapija, 2020). Most of the plants are located in the territory of
the Autonomous Province of Vojvodina. At the beginning of 2020, the Decree on incentive
measures for electricity production adopted in 2016 expired. However, by signing the Green
Agenda for the Western Balkans (Regional Cooperation Council, 2021), further growth of investor
interest in biogas cogeneration plants can be expected as a positive implementation of the closed
chain of the circular economy in the domestic market. Thus, the policy of market drivers has been
shifted from incentive tariffs for produced electricity to benefits of decarbonization through
decreased costs due to reduced GHG emissions. In Serbia, most of the substrates used for biogas
production come from corn and livestock production residues. Nevertheless, there is still a lot of
potential to improve the performance of current facilities, as well as to implement new technologies
using those or other substrates enriched by BC. Furthermore, by engineering synthesis conditions,
the properties of BC can be tailored for the sake of this specific application. Some of the properties
of BC that play a vital role in the AD process are its porosity, specific surface area, elemental
composition, cation exchange capacity, electrical conductivity, redox properties, pH and surface
functional groups (Kumar et al., 2021). The properties of BC samples presented in this study speak
in favor of their potential application as a bulking agent for enhancing biogas production and the
overall efficiency of AD. The high specific surface area, porosity and stability of woody-based BC
samples can be recognized as crucial properties for potentially boosting the microbial functionality
in the AD process (Chen et al., 2021; Zhu et al., 2017). The surface functionality identified in both
non-woody and woody-originated BCs can contribute to nutrient retention, contaminant removal,
and methane yield enhancement via direct or indirect electron transfer mechanism among anaerobic
microbes (Chiappero et al., 2020). Additionally, the present functional groups could be the key
points for buffering capacity maintenance, since the acidic/alkaline shock is frequently detected in
AD systems (Zhao et al., 2021). However, the alkali-buffering ability could be more related to non-
woody-based BC samples due to its higher content of alkali (Na, K) and alkaline-earth metals (Ca,
Mg) (Table S2). On the other hand, BC samples obtained from agricultural residues contain
additional important nutrients (N, P) essential for the syntrophic metabolic functions between
different microorganisms (Teklit Gebregiorgis Ambaye et al., 2021), which is another important
aspect leading to a more efficient operation of biogas plants. Based on all the above mentioned, the
characterized BC samples can be considered as excellent candidates to be implemented in the
biogas production technologies in Serbia contributing to the faster development of the circular
economy model. However, before the practical application of BC for this purpose, it should be
primarily introduced into the Serbian market followed by a thorough investigation on existing

facilities.
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3.2.4. BC for water and wastewater treatment

Recent studies regarding BC applications focus on its utilization as an adsorbent for organic
and inorganic contaminants in water and wastewater treatment technologies. The adsorption
capability of BC is highly dependent on the type of pollutant, as well as the physicochemical
characteristics of BC (Vasi¢ et al., 2023; Amalina et al., 2022). The specific surface area, porous
structure and abundance of surface functional groups can be considered as properties with
significant impact on the adsorption capacity of BC. Depending on the type of pollutant that must
be eliminated from the water matrix, specific properties of BC can be tailored by varying the
pyrolysis parameters. Namely, BC produced at higher pyrolysis temperatures usually possesses a
higher specific surface area and porosity which is a prominent prerequisite for the uptake of organic
contaminants (Petronijevi¢ et al., 2021). Furthermore, by selecting the appropriate temperature of
biomass treatment, the bulk properties of carbonized (crystalline, graphene-like fractions) and non-
carbonized (non-crystalline, amorphous fractions) fractions in BC can be altered, which is another
important aspect within the scope of organic pollutant elimination from wastewater (Inyang and
Dickenson, 2015). On the other hand, inorganic contaminants, like heavy metals, have strong
interactions with the surface functional groups of BC (mainly oxygen-containing groups) indicating
that, in this case, the BC surface functionality has superior impact over other properties (Tan et al.,
2015). The enhanced BC surface functionality can be achieved by lowering the pyrolysis
temperature (Yaashikaa et al., 2020). Altering the type of feedstock and pyrolysis temperature can
also be used to tailor the pH of BC which can range from acidic to alkaline. BC with a low pH
(acidic) has the affinity to adsorb positively charged contaminants, while BC with a high pH
(alkaline) may adsorb anions (Abbas et al., 2018). A net surface charge of BC is another very
important parameter in wastewater treatment processes. At different pH levels, BC can have
positive, negative, or neutral surface charges, allowing for selective adsorption of different
pollutants. Ash content can also influence BC’s adsorption properties. High ash content may reduce
its porosity and surface area, but can also provide sites for adsorption of specific pollutants, such as
heavy metals (T. G. Ambaye et al., 2021). Bearing in mind the current increasing trend of
environmental pollution, BC can be considered as an exceptionally promising solution for
addressing the remediation of various contaminants from an aqueous medium. Regardless of its
quite successful utilization in this area so far, the possibility of expanding this research field still
exists by further development of the methods for BC activation/modification implying that in the
future special attention will be focused on fine sharpening/designing BC properties. The
engineered/designer BC could be obtained after the production of BC (post-treatment methods) by
modifying/improving the original properties of the pristine material. In this regard, different

physical and chemical techniques can be used to tailor the physicochemical properties and enhance
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the performance of BC for the uptake of various contaminants from the wastewater (Zhang et al.,
2022). Physical BC engineering techniques such as ball milling modification, gas/steam activation,
microwave irradiation could be efficiently utilized to adjust properties, including porosity,
permeability, and functional group diversity and abundance (Li et al., 2020). Chemical methods are
designed to activate pristine BC using a variety of chemicals, like strong acids, bases, and other
oxidizing agents. Modifications with different acids (e.g., HCI, HNO3, H,SO4, H3PO.) can lead to
increased availability of surface carboxyl groups and other oxygen-containing functional groups,
while alkali treatment (e.g., NaOH and KOH) can form more aromatic groups and other carbon-
containing functional groups, optimize surface electrostatic attraction, m stacking, surface
precipitation, and/or surface complexation. The surface area and pore size distribution can be
tailored using different other oxidizing agents (e.g., Fe(lll) and KMnQ) (Sajjadi et al., 2019).
Although many effective modification techniques have already been developed, they may also
result in an unstable structure of BC, additional energy consumption, secondary pollution, and/or
extra cost. Therefore, the future aspects of BC engineering towards the production of functional BC
will have to consider its balanced design which will ensure practicability, sustainable development
and effectiveness of this technology (Zhang et al., 2022).

Large amounts of wastewater produced and released untreated in the Republic of Serbia
represent a huge environmental problem suppressing the efficient transition from a linear to circular
economy model. Thus, in this sense, the application of BC could serve as an opportunity to either
overcome this problem or at least come closer to a possible solution. The data related to the quality
of water in Serbia from 2021 can be found in the Report of the State of the Environment in the
Republic of Serbia published in 2022 (MEP-EPA, 2022). According to this report, the results of
surface water quality monitoring in the period of 1998 to 2020 show that the worst situations are in
the watercourses and canals of the Autonomous Province of Vojvodina. In this territory, in relation
to the total number of analyzed samples, 39% belong to the "bad" and "very bad" class, while
taking into account the entire territory of the Republic of Serbia, 66% of the samples from the "very
bad" class originate from the VVojvodina Province. The best quality, in the "excellent" category, was
recorded in small watercourses in mountainous areas in eastern, southeastern and western Serbia.
The current problems related to the quality of surface water, especially in Vojvodina, are the
consequence of direct disposal of various wastewaters (industrial and municipal wastewater, water
from agricultural areas, etc.) into watercourses without previous treatment. The statistics that follow
the field of wastewater in Serbia are not encouraging. Considering the construction of public
sewage infrastructure, Serbia belongs to the group of medium developed countries, while in terms
of wastewater treatment it is at quite substandard levels due to the utilization of outdated
technologies. According to the Statistical Yearbook of the Republic of Serbia from 2022, about

66% of the population was connected to the public sewage system in 2020, while the percentage of
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the population covered by wastewater treatment was only 15% in the same year, of which 13.8%
was subjected to secondary treatment (StatOfficeRS, 2022b). The total quantity of urban
wastewater in 2021 increased by 2.7% relative to 2020 of which the amount of wastewater
discharged into wastewater collecting systems increased by 0.6%. The highest share of wastewater
discharged into the public sewerage system in 2020 and 2021 still originates from households,
followed by other users and the industrial sector (Figure 5). In 2021, the amount of secondary

treated wastewater increased by 3.8% compared to 2020.
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Fig. 5. Wastewater discharged in the wastewater system in the Republic of Serbia, by origin, thous.
m? (source adapted from (StatOfficeRS, 2022d)

In Serbia, 47 cities and municipalities have wastewater treatment plants, but only 26 are in
operation (with 2 under construction and 5 in trial operation). Only 5 local self-government units
have a facility with tertiary treatment. However, the major environmental problem is related to the
absence of wastewater treatment plants in large urban centers, those being, Belgrade as the capital,
Novi Sad (administrative center of the Vojvodina Province) and NiS. Consequently, municipal
water from Belgrade is discharged directly into the rivers Danube and Sava, from Novi Sad into the
Danube, while from Ni§, it goes directly to the river Nisava. The dominant pollution of surface
water in Serbia with nitrogen and phosphorus originates from municipal and industrial sources that
discharge their untreated wastewater into bodies of water through sewage systems (MEP-EPA,
2022). The highest amounts of these nutrients present in industrial wastewater come from facilities
within the energy sector, chemical and mineral industry, as well as public utility companies. Heavy
metals are introduced into watercourses as a result of erosion and leaching of soil and rocks, but the
most important sources of these pollutants come from various human activities including mining,
processing or use of metals and/or substances containing traces of these metals (MEP-EPA, 2022).
The content of organic matter in wastewater in Serbia is significant and is usually the result of
anthropogenic activities. Besides being mostly present in household wastewater, organic matter can
also occur as a result of agricultural activities, cutting down forests, and erosion from urban areas.
Hospital wastewater and pharmaceutical products from households represent additional pollution.

They are predominantly thrown directly into the drain, ending up in the sewage basin, and then in
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rivers. The results of BC characterization presented in this study revealed that woody-based BC
samples can be regarded as promising candidates for the adsorption of organic contaminants from
water matrices due to their higher specific surface area and macroporosity compared to the samples
obtained from agricultural residues. Additionally, according to the results of ultimate analysis,
XRD, and Raman spectroscopy, these BCs possess a higher degree of crystallinity and increased
aromaticity (increased content of larger aromatic systems in their matrix), which are favorable
properties in terms of organic pollutant removal. On the other hand, regardless of the biomass
origin, all obtained BCs display some degree of surface functionality, but in order to be potentially
used for heavy metal adsorption, their surface must be enriched with oxygen-containing functional
groups. In this sense, pyrolysis parameters have to be adjusted or further modifications must be
performed prior to their utilization for the mentioned purpose. Since the wastewater treatment
technologies in Serbia should begin to develop intensively in the future, the implementation of BC
in this sector could facilitate the development of cost-effective, safe, less chemically aggressive,
less energy-demanding and, above all, sustainable water treatment technology. However, the
practical application of BC in this technology will require significant research conducted in the
laboratory which will imitate the real requirements due to the complexity of real water samples -
cohabitation of various pollutants and competitive adsorption development.

3.2.5. BC for energy production

The utilization of renewable bioresources for energy production in substitution of fossil
fuels has gained significant attention over the last decade. Numerous studies performed so far have
shown that the application of raw biomass for energy supply has several advantages, but also
certain drawbacks. Due to the low price of non-woody biomass, its fuels are cheap, adding a high
economic potential compared to the expensive woody biomass fuels (Purisi¢-Mladenovi¢ et al.,
2016). Energy production from agricultural and plant residues result in reduced air pollution along
with enhanced fuel diversification, but on the other hand, the efficiency of the process is limited due
to the high moisture content in biomass, smoke formation during combustion, low heating value
and low energy density of biomass, etc. (Wagas et al., 2018). In this regard, the thermochemical
conversion of biomass at high temperatures represents a promising way to surpass these issues,
since this process provides both energy and value-added products. BC as a solid hydrophobic
material is one of the value-added products that is characterized by higher calorific value compared
to the biomass used for its synthesis (Tsai et al., 2012). Higher heating value obtained for some BCs
is comparable or even higher than the one for good-quality coal and is closely related to the carbon
content, along with the types of present volatile compounds and ash content (Kosakowski et al.,
2020). Since carbon is the primary energy source during combustion or gasification, its higher

content typically results in a higher energy value of BC. On the other hand, lower amount of
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volatile matter and ash are prerequisites for the production of more stable, carbon-rich product that
is better for long-term energy use (Ahuja et al., 2024). Other elements in BC (e.g., hydrogen,
oxygen, nitrogen) also influence its energy content, combustion behavior, and emissions. High
oxygen content can lower the calorific value, while nitrogen content can contribute to NOx
emissions during combustion. BC with high surface area and well-developed pore structure is also
beneficial for energy production due to its higher reactivity in combustion processes induced by
better interaction with gases (Zhu et al., 2024). An optimal design of BC for energy production can
be achieved by tailoring its tunable properties. Accept for the textural parameters that can be
modified by post-treatment strategies, other parameters that dictate how BC behaves during
combustion or gasification are mostly related to the type of the used feedstock and pyrolysis
conditions. Although current research has showed encouraging results for BC’s application for
clean energy production, addressing scalability challenges in the future will be critical for revealing
its full potential for the implementation in this sector globally.

Energy sector is the largest economic sector in the Republic of Serbia, and it has a
significant role in Serbian economy, with a share of more than 10% in gross domestic product
(GDP). The production of primary energy in Serbia mostly relies on the use of conventional fossil
fuels: coal, oil, and natural gas. Oil shales represent unconventional fuels and their share in energy
production is still modest as is the case with renewable energy sources. Since domestic production
of energy meets only part of the primary energy needs (64.1%), Serbia belongs to countries that are
dependent on energy imports (35.9%). According to the data from the Energy Balance for 2021,
fossil fuels account for 85% of the total primary energy consumption, in which coal accounts for
45%, oil for 27.4%, and natural gas for 12.6%. 80% of oil needs and even 84% of natural gas needs
are provided from imports. In the structure of primary energy production, coal participates with
68.5%, oil with 8%, natural gas with 3.1%, hydro potential with 7.2%, and biomass with
11.8%, while geothermal energy, solar energy, wind energy, and biogas participate with
1.4%. Crude oil and oil derivatives have the largest share in energy imports, which amount to 60%,
followed by natural gas with 25%, coal with 8%, electricity with 6.6%, and biomass with less than
1% (RSGov, 2022). It can be concluded that coal is the main source of primary energy produced
and consumed in the Republic of Serbia, while oil and gas are the main energy sources that are
imported. Therefore, the energy sector of Serbia primarily depends on the production and import of
non-renewable energy sources. Since climate change, caused by the increase in emissions from the
energy sector, as well as the reduction of fossil fuel reserves, has initiated numerous measures at the
global level to mitigate them, one of those measures is the increase in utilization of renewable
energy sources, which is defined in the European Union’s directives on Renewable Energy
(2009/28/EC, 2018/2001/EC) (EU, 2018). Serbia, as a candidate for joining the EU, has obliged to

implement EU principles and specific measures to support the production and use of "green"
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energy. In this regard, in 2015, the National Assembly of the Republic of Serbia adopted the Energy
Development Strategy until 2025, with projections until 2030 (MMERS, 2016). According to this
Strategy, the development of the economy in Serbia should be based on the more efficient use of
relatively clean energy. In the future, the Serbian energy system should rely more on renewable
energy sources. However, the extent of substitution of imported oil and gas with domestic
renewable energy sources will depend on the costs and benefits of such a transition. Namely,
reorientation to renewable energy sources is possible only with extensive investments in
infrastructure facilities. Based on the results in the present study, the potential of using BC samples
from Serbia in the energy sector can be assessed by analyzing their graphitization and aromatization
degree according to the obtained H/C and O/C ratios. All samples display remarkably low H/C
ratios and relatively low O/C ratios. However, BC samples obtained by pyrolyzing beech biomass
at 700°C and 800°C have the lowest H/C and O/C ratios and can be designated as the best
candidates for further application as an energy source compared to other synthesized samples.
Furthermore, considering the beneficial environmental aspects of BC utilization for the mentioned
purpose (reduced air pollution), it can be suggested that the implementation of BC in energy
technologies in Serbia should be considered extensively in the near future. However, in order to
create adequate conditions for this, systematic research in this area will be crucial.

4, Conclusion

As a transition country, the Republic of Serbia is obliged to enhance the production of its
energy from renewable sources to speed up the development and implementation of the circular
economy model on the domestic market. In this sense, the potential applications of biochar (BC) in
many sectors of Serbia’s economy can boost the aforementioned process. In order to make a
comprehensive analysis of BC’s sustainable future application in Serbia, various biomass residues
originating in Serbia were collected and the corresponding BC samples were produced by
lab/industrial scale pyrolysis. After the systematic examination of physicochemical properties of the
obtained chars, it can be suggested that BCs exhibited a wide range of elemental and mineralogical
composition, morphology, porosity, surface functionality, aromatization degree, and polarity. Since
different thermochemical treatment conditions and feedstock sources were applied to design certain
BC features, it can be expected that this material will be a highly promising option for addressing
various environmental concerns in Serbia in the future. Based on the current situation regarding the
development of the Serbia’s industrial and agricultural sector, the utilization of BC has the highest
perspectives in the field of soil amendment and carbon sequestration, animal feed, anaerobic
digestion processes, water and wastewater treatment, and energy production. However, prior to its

implementation in real practice, economic advantages and environmental impacts must be evaluated
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by the performed techno-economic and life-cycle analysis of BC. The prospective long-term
exploitation of BC in Serbia will imply the mutual collaboration between material scientists,
environmental scientists, chemists, technologists, economists, and social scientists. Thus, it is
needed to facilitate the finding of new opportunities in the field of BC research in Serbia and to
motivate the official representatives of the economy sector to consider its practical applications,

consequently increasing future sustainability and embracing a zero-waste philosophy.

Disclosure statement

The authors report there are no competing interests to declare.

Acknowledgement

This work is funded by the European Union. Views and opinions expressed are however
those of the author(s) only and do not necessarily reflect those of the European Union or EU
executive agency. Neither the European Union nor the granting authority can be held responsible
for them. This study is conducted under the project TwiNSol-CECs that has received funding from
Horizon Europe programme under grant agreement no.101059867.

The authors wish to thank Mr. Balz Baur, BASNA d.0.0. company (Ca¢ak, Serbia) for
providing the BC samples based on woody biomass.

The part of the experimental work has been done at the University of Szeged, Department
of Applied and Environmental Chemistry, Szeged, Hungary (Project TKP2021-NVA-19 of the
Hungarian National Research, Development and Innovation Office and Project no. 2019-2.1.11-
TET-2020-00152 of the Ministry of Innovation and Technology of Hungary, National Research,

Development and Innovation Fund).

References

Abbas, Z., Ali, S., Rizwan, M., Zaheer, |.E., Malik, A., Riaz, M.A., Shahid, M.R., Rehman, M.Z.
ur, Al-Wabel, M.1., 2018. A critical review of mechanisms involved in the adsorption of
organic and inorganic contaminants through biochar. Arab J Geosci 11, 448.
https://doi.org/10.1007/s12517-018-3790-1

Ahuja, V., Palai, A.K., Kumar, A., Patel, A.K., Faroogque, A.A., Yang, Y.-H., Bhatia, S.K., 2024.
Biochar: Empowering the future of energy production and storage. Journal of Analytical
and Applied Pyrolysis 177, 106370. https://doi.org/10.1016/j.jaap.2024.106370

Amalina, F., Razak, A.S.A., Krishnan, S., Zularisam, A.W., Nasrullah, M., 2022. A comprehensive

assessment of the method for producing biochar, its characterization, stability, and potential

28



applications in regenerative economic sustainability — A review. Cleaner Materials 3,
100045. https://doi.org/10.1016/j.clema.2022.100045

Ambaye, Teklit Gebregiorgis, Rene, E.R., Nizami, A.-S., Dupont, C., Vaccari, M., van Hullebusch,
E.D., 2021. Beneficial role of biochar addition on the anaerobic digestion of food waste: A
systematic and critical review of the operational parameters and mechanisms. Journal of
Environmental Management 290, 112537. https://doi.org/10.1016/j.jenvman.2021.112537

Ambaye, T. G., Vaccari, M., van Hullebusch, E.D., Amrane, A., Rtimi, S., 2021. Mechanisms and
adsorption capacities of biochar for the removal of organic and inorganic pollutants from
industrial  wastewater. Int. J.  Environ. Sci. Technol. 18, 3273-3294.
https://doi.org/10.1007/s13762-020-03060-w

Barreto, R.A., 2018. Fossil fuels, alternative energy and economic growth. Economic Modelling 75,
196-220. https://doi.org/10.1016/j.econmod.2018.06.019

Chamber of Commerce RS, 2022. Chamber of Commerce and Industry of Serbia, Association of
Stockbreeding and Livestock Product Processing [WWW Document]. URL
https://pks.rs/udruzenje/udruzenje-za-stocarstvo-i-proizvodnju-stocarskih-proizvoda
(accessed 11.4.22).

Chen, M., Liu, S., Yuan, X., Li, Q.X., Wang, F., Xin, F., Wen, B., 2021. Methane production and
characteristics of the microbial community in the co-digestion of potato pulp waste and
dairy manure amended with biochar. Renewable Energy 163, 357-367.
https://doi.org/10.1016/j.renene.2020.09.006

Chiappero, M., Norouzi, O., Hu, M., Demichelis, F., Berruti, F., Di Maria, F., Masek, O., Fiore, S.,
2020. Review of hiochar role as additive in anaerobic digestion processes. Renewable and
Sustainable Energy Reviews 131, 110037. https://doi.org/10.1016/j.rser.2020.110037

Dawodu, F.A., Ayodele, O., Xin, J., Zhang, S., Yan, D., 2014. Effective conversion of non-edible
oil with high free fatty acid into biodiesel by sulphonated carbon catalyst. Applied Energy
114, 819-826. https://doi.org/10.1016/j.apenergy.2013.10.004

De la Rosa, J.M., Sanchez-Martin, A.M., Campos, P., Miller, A.Z., 2019. Effect of pyrolysis
conditions on the total contents of polycyclic aromatic hydrocarbons in biochars produced
from organic residues: Assessment of their hazard potential. Science of The Total
Environment 667, 578-585. https://doi.org/10.1016/j.scitotenv.2019.02.421

Dodi¢, S.N., Zeki¢, V.N., Rodi¢, V.O., Tica, N.Lj., Dodi¢, J.M., Popov, S.D., 2010. Situation and
perspectives of waste biomass application as energy source in Serbia. Renewable and
Sustainable Energy Reviews 14, 3171-3177. https://doi.org/10.1016/j.rser.2010.06.012

Dragovic, N., Vukovic, M., Riznic, D., 2019. Potentials and prospects for implementation of
renewable  energy  sources in  Serbia.  Therm sci 23,  2895-2907.
https://doi.org/10.2298/TSCI1170312056D

29



Dume, B., Mosissa, T., Nebiyu, A., 2016. Effect of biochar on soil properties and lead (Pb)
availability in a military camp in South West Ethiopia. AJEST 10, 77-85.
https://doi.org/10.5897/AJEST2015.2014

Durisié-Mladenovi¢, N., Skrbi¢, B.D., Zabaniotou, A., 2016. Chemometric interpretation of
different biomass gasification processes based on the syngas quality: Assessment of crude
glycerol co-gasification with lignocellulosic biomass. Renewable and Sustainable Energy
Reviews 59, 649-661. https://doi.org/10.1016/j.rser.2016.01.002

EIA, 2019. International Energy Outlook 2019 [WWW Document]. U.S. Energy Information
Administration. URL https://www.eia.gov/outlooks/ieo/pdf/ie02019.pdf (accessed 8.1.22).

Ekapija, 2020. Biogas i biomasa veliki potencijal za Srbiju [WWW Document]. URL
https://www.ekapija.com/where-to-invest/3012867/biogas-i-biomasa-veliki-potencijal-za-
srbiju (accessed 11.4.22).

Energetski portal, 2013. Biomasa - Energetski Portal. URL https://energetskiportal.rs/obnovljivi-
izvori-energije/biomasa/ (accessed 10.1.22).

Energy Saving Group, 2007. Studija opravdanosti kori$¢enja drvnog otpada u Srbiji. Energy Saving
Group, Belgrade.

ETIP, 2020. Bioenergy in Serbia. Bioenergy Fact Sheet, 2020. ETIP Bioenergy, Austria.

EU, 2023. Renewable energy statistics Wwww Document]. URL
https://ec.europa.eu/eurostat/statistics-
explained/index.php?title=Renewable_energy_statistics (accessed 8.8.23).

EU, 2018. Directive (EU) 2018/2001 of the European Parliament and of the Council of 11
December 2018 on the promotion of the use of energy from renewable sources (No. L 238),
Official Journal of the European Union.

Gabhane, J.W., Bhange, V.P., Patil, P.D., Bankar, S.T., Kumar, S., 2020. Recent trends in biochar
production methods and its application as a soil health conditioner: a review. SN Appl. Sci.
2, 1307. https://doi.org/10.1007/s42452-020-3121-5

Hamid, Y., Liu, L., Usman, M., Naidu, R., Haris, M., Lin, Q., Ulhassan, Z., Hussain, M.l., Yang,
X., 2022. Functionalized biochars: Synthesis, characterization, and applications for
removing trace elements from water. Journal of Hazardous Materials 437, 129337.
https://doi.org/10.1016/j.jhazmat.2022.129337

Hammerschmiedt, T., Holatko, J., Kucerik, J., Mustafa, A., Radziemska, M., Kintl, A., Malicek, O.,
Baltazar, T., Latal, O., Brtnicky, M., 2022. Manure Maturation with Biochar: Effects on
Plant Biomass, Manure Quality and Soil Microbiological Characteristics. Agriculture 12,
314. https://doi.org/10.3390/agriculture12030314

30



Huang, X., Cao, J.-P., Zhao, X.-Y., Wang, J.-X., Fan, X., Zhao, Y.-P., Wei, X.-Y., 2016. Pyrolysis
kinetics of soybean straw using thermogravimetric analysis. Fuel 169, 93-98.
https://doi.org/10.1016/j.fuel.2015.12.011

Inyang, M., Dickenson, E., 2015. The potential role of biochar in the removal of organic and
microbial contaminants from potable and reuse water: A review. Chemosphere 134, 232—
240. https://doi.org/10.1016/j.chemosphere.2015.03.072

IRENA, 2019. Global Energy Transformation: A Roadmap to 2050 (2019 Edition). IRENA
(International Renewable Energy Agency), Abu Dhabi.

Kapoor, R.T., Ahmad, P., Rafatullah, M., 2024. Insights into Biochar Applications: A Sustainable
Strategy toward Carbon Neutrality and Circular Economy, in: Catalytic Applications of
Biochar for Environmental Remediation: Sustainable Strategies Towards a Circular
Economy (Vol 2), ACS Symposium Series. American Chemical Society, pp. 1-30.
https://doi.org/10.1021/bk-2024-1479.ch001

Kosakowski, W., Bryszewska, M.A., Dziugan, P., 2020. Biochars from Post-Production Biomass
and Waste from Wood Management: Analysis of Carbonization Products. Materials 13,
4971. https://doi.org/10.3390/mal3214971

Kumar, M., Dutta, S., You, S., Luo, G., Zhang, S., Show, P.L., Sawarkar, A.D., Singh, L., Tsang,
D.C.W., 2021. A critical review on biochar for enhancing biogas production from
anaerobic digestion of food waste and sludge. Journal of Cleaner Production 305, 127143.
https://doi.org/10.1016/j.jclepro.2021.127143

Lao, E.J., Mbega, E.R., 2020. Biochar as a feed additive for improving the performance of farm
animals. Malays. j. sustain. agric. 4, 86-93. https://doi.org/10.26480/mjsa.02.2020.86.93

Li, S., Chan, C.Y., Sharbatmaleki, M., Trejo, H., Delagah, S., 2020. Engineered Biochar Production
and Its Potential Benefits in a Closed-Loop Water-Reuse Agriculture System. Water 12,
2847. https://doi.org/10.3390/w12102847

Li, X., Hayashi, J., Li, C.-Z., 2006. FT-Raman spectroscopic study of the evolution of char structure
during the pyrolysis of a Victorian brown coal. Fuel 85, 1700-1707.
https://doi.org/10.1016/j.fuel.2006.03.008

Libra, J.A., Ro, K.S., Kammann, C., Funke, A., Berge, N.D., Neubauer, Y., Titirici, M.-M., Fihner,
C., Bens, O., Kern, J., Emmerich, K.-H., 2011. Hydrothermal carbonization of biomass
residuals: a comparative review of the chemistry, processes and applications of wet and dry
pyrolysis. Biofuels 2, 71-106. https://doi.org/10.4155/bfs.10.81

Liu, W.-J.,, Jiang, H., Yu, H.-Q., 2015. Development of Biochar-Based Functional Materials:
Toward a Sustainable Platform Carbon Material. Chem. Rev. 115, 12251-12285.
https://doi.org/10.1021/acs.chemrev.5b00195

31



Lowell, S., Shields, J.E., Thomas, M.A., Thommes, M., 2004. Characterization of Porous Solids
and Powders: Surface Area, Pore Size and Density, Particle Technology Series. Springer
Netherlands, Dordrecht. https://doi.org/10.1007/978-1-4020-2303-3

MAEPRS, 2014. Agriculture and rural development strategy of the Republic of Serbia for the
period 2014-2024 (No. 85/2014). Republic of Serbia, Ministry of Agriculture and
Environmental Protection, Belgrade.

MAFWMRS, 2010. National strategy for the inclusion of the Republic of Serbia in the clean
development mechanism of the Kyoto protocol for the waste management, agriculture and
forestry sectors. Republic of Serbia, Ministry of Agriculture, Forestry and Water
Management, Belgrade.

Man, K.Y., Chow, K.L., Man, Y.B., Mo, W.Y., Wong, M.H., 2021. Use of biochar as feed
supplements for animal farming. Critical Reviews in Environmental Science and
Technology 51, 187-217. https://doi.org/10.1080/10643389.2020.1721980

Martinov, M., Viskovic, M., Bojic, S., Dumnic, B., Golub, M., Krstic, J., 2016. Study of the Spatial
Distribution of Dedicated Public Storage Facilities for Agricultural Biomass in the
Territory of AP Vojvodina. Faculty of Technical Sciences, University of Novi Sad, Novi
Sad, Serbia.

Méndez, A., Gomez, A., Paz-Ferreiro, J., Gasco, G., 2012. Effects of sewage sludge biochar on
plant metal availability after application to a Mediterranean soil. Chemosphere 89, 1354—
1359. https://doi.org/10.1016/j.chemosphere.2012.05.092

Mensah, R.A., Vennstrdm, A., Shanmugam, V., Forsth, M., Li, Z., Restas, A., Neisiany, R.E.,
Sokol, D., Misra, M., Mohanty, A., Hedengvist, M., Das, O., 2022. Influence of biochar
and flame retardant on mechanical, thermal, and flammability properties of wheat gluten
composites. Composites Part C: Open Access 9, 100332.
https://doi.org/10.1016/j.jcomc.2022.100332

Mensah, R.A., Wang, D., Shanmugam, V., Sas, G., Forsth, M., Das, O., 2024. Fire behaviour of
biochar-based cementitious composites. Composites Part C: Open Access 14, 100471.
https://doi.org/10.1016/j.jcomc.2024.100471

MEP-EPA, 2022. Report on the State of the Environment in the Republic of Serbia for 2021.
Republic of Serbia, Ministry of Environmental Protection, Environmental Protection
Agency, Belgrade.

MEPRS, 2020. Draft of the Second biennial updated Report to United Nations Framework
Convention on Climate Change 2021-2030. Republic of Serbia, Ministry of Environmental
Protection, Belgrade, Serbia.

MERS, 2024. Draft - Energy Sector Development Strategy of the Republic of Serbia up to 2040
with Projections up to 2050. Republic of Serbia, Ministry of Mining and Energy.

32



MERS, 2013. National Renewable Energy Action Plan of the Republic of Serbia. Republic of
Serbia, Ministry of Energy, Development and Environmental Protection, Belgrade.
MMERS, 2022. Integrated National Energy and Climate Plan of the Republic of Serbia for the
period from 2021 to 2030, including the perspective until 2050. Republic of Serbia,

Ministry of Mining and Energy, Belgrade, Serbia.

MMERS, 2016. Energy sector development strategy of the Republic of Serbia for the period by
2025 with projections by 2030. Republic of Serbia, Ministry of Mining and Energy,
Department for strategic planning in energy sector, Belgrade.

Mussatto, S.I., Dragone, G., Roberto, 1.C., 2006. Brewers’ spent grain: generation, characteristics
and  potential  applications.  Journal of  Cereal Science 43, 1-14.
https://doi.org/10.1016/j.jcs.2005.06.001

Obnovljivi  izvori  energije. Biomasa u Srbiji [WWW Document], n.d. URL
https://obnovljiviizvorienergije.rs/bio-energija/biomasa/ (accessed 8.1.22).

Osman, A.l, Fawzy, S., Farghali, M., El-Azazy, M., Elgarahy, A.M., Fahim, R.A., Maksoud,
M.LAA., Ajlan, AA., Yousry, M., Saleem, Y., Rooney, D.W., 2022. Biochar for
agronomy, animal farming, anaerobic digestion, composting, water treatment, soil
remediation, construction, energy storage, and carbon sequestration: a review. Environ
Chem Lett 20, 2385-2485. https://doi.org/10.1007/s10311-022-01424-x

Paris, O., Zollfrank, C., Zickler, G.A., 2005. Decomposition and carbonisation of wood
biopolymers—a microstructural study of softwood pyrolysis. Carbon 43, 53-66.
https://doi.org/10.1016/j.carbon.2004.08.034

Perroud, T., Shanmugam, V., Mensah, R.A., Jiang, L., Xu, Q., Neisiany, R.E., Sas, G., Forsth, M.,
Kim, N.K., Hedengvist, M.S., Das, O., 2022. Testing bioplastic containing functionalised
biochar. Polymer Testing 113, 107657.
https://doi.org/10.1016/j.polymertesting.2022.107657

Petronijevi¢, M., Pani¢, S., Savi¢, S., Agbaba, J., Molnar Jazi¢, J., Milanovi¢, M., Purisi¢-
Mladenovi¢, N., 2021. Characterization and application of biochar-immobilized crude
horseradish peroxidase for removal of phenol from water. Colloids and Surfaces B:
Biointerfaces 208, 112038. https://doi.org/10.1016/j.colsurfb.2021.112038

Phyllis, 1999. Phyllis2 - Database for the physico-chemical composition of (treated) lignocellulosic
biomass, micro- and macroalgae, various feedstocks for biogas production and biochar
[WWW Document]. URL https://phyllis.nl/ (accessed 3.1.22).

Placek, A., Grobelak, A., Kacprzak, M., 2016. Improving the phytoremediation of heavy metals
contaminated soil by use of sewage sludge. International Journal of Phytoremediation 18,
605-618. https://doi.org/10.1080/15226514.2015.1086308

33



Pomoriski, Z., 2020. Biogas kao potencijal za razvoj lokalnih samouprava. Deutsche Gesellschaft
flr Internationale Zusammenarbeit (G1Z) GmbH, Belgrade, Serbia.

Puga, A.P., Abreu, C.A., Melo, L.C.A., Beesley, L., 2015. Biochar application to a contaminated
soil reduces the availability and plant uptake of zinc, lead and cadmium. Journal of
Environmental Management 159, 86-93. https://doi.org/10.1016/j.jenvman.2015.05.036

Pusceddu, E., Montanaro, A., Fioravanti, G., Santilli, S.F., Foscolo, P.U., Criscuoli, I., Raschi, A.,
Miglietta, F., 2017. Comparison between Ancient and Fresh Biochar Samples, A Study on
The Recalcitrance of Carbonaceous Structures During Soil Incubation. Int. J. New Technol.
Res. 3, 39-46.

Rajendran, S., Palani, G., Shanmugam, V., Kanagaraj, A., Veerasimman, A., Marimuthu, U.,
2024a. Comparative analysis of mechanical and erosion performance of cashew and
sugarcane waste based biochar-reinforced polyester composites. Cleaner Engineering and
Technology 18, 100718. https://doi.org/10.1016/j.clet.2023.100718

Rajendran, S., Palani, G., Veerasimman, A., Marimuthu, U., Kannan, K., Shanmugam, V., 2024b.
Biochar from cashew nut shells: A sustainable reinforcement for enhanced mechanical
performance in hemp fibre composites. Cleaner Engineering and Technology 20, 100745.
https://doi.org/10.1016/j.clet.2024.100745

Rajpoot, S.K., Sharma, Ph.R., Singh, J., Kumar, A., Vijayakumar, S., Chaudhary, R., Kumar, D.,
2024. Biochar as a Novel Feed Additive for Ruminants, in: Mahesh, M.S., Yata, V.K.
(Eds.), Feed Additives and Supplements for Ruminants. Springer Nature, Singapore, pp.
423-435. https://doi.org/10.1007/978-981-97-0794-2_18

Regional Cooperation Council, 2021. Action Plan for the Implementation of the Sofia Declaration
on the Green Agenda for the Western Balkans 2021-2030. Regional Cooperation Council.

RSGov, 2022. Energy balance of the Republic of Serbia for the year 2022 (No. 4/2022). The
Government of the Republic of Serbia, Belgrade.

RSGov, 2021a. Energy balance of the Republic of Serbia for the year 2021. The Government of the
Republic of Serbia, Belgrade.

RSGov, 2021b. Nationally Determined Contribution (NDC) of the Republic of Serbia to Global
GHG Emissions Reduction 2021-2030. The Government of the Republic of Serbia,
Belgrade.

RSGov, 2015. Intended Nationally Determined Contribution of the Republic of Serbia to Global
GHG Emissions Reduction 2021-2030 [WWW Document]. URL https://klimal01.rs/wp-
content/uploads/2020/12/Nameravani-nacionalno-odredeni-doprinosi.pdf (accessed
11.1.22).

34



Sajjadi, B., Zubatiuk, T., Leszczynska, D., Leszczynski, J., Chen, W.Y., 2019. Chemical activation
of biochar for energy and environmental applications: a comprehensive review. Reviews in
Chemical Engineering 35, 777-815. https://doi.org/10.1515/revce-2018-0003

Shanmugam, V., Sreenivasan, S.N., Mensah, R.A., Forsth, M., Sas, G., Hedenqgvist, M.S., Neisiany,
R.E., Tu, Y., Das, O., 2022. A review on combustion and mechanical behaviour of
pyrolysis biochar. Materials Today Communications 31, 103629.
https://doi.org/10.1016/j.mtcomm.2022.103629

Singh, B., Fang, Y., Johnston, C.T., 2016. A Fourier-Transform Infrared Study of Biochar Aging in
Soils. Soil Science Society of America Journal 80, 613-622.
https://doi.org/10.2136/sss5aj2015.11.0414

Smith, A.M., Ross, A.B., 2016. Production of bio-coal, bio-methane and fertilizer from seaweed via
hydrothermal carbonisation. Algal Research 16, 1-11.
https://doi.org/10.1016/j.algal.2016.02.026

Song, B., Almatrafi, E., Tan, X., Luo, S., Xiong, W., Zhou, C., Qin, M., Liu, Y., Cheng, M., Zeng,
G., Gong, J., 2022. Biochar-based agricultural soil management: An application-dependent
strategy for contributing to carbon neutrality. Renewable and Sustainable Energy Reviews
164, 112529. https://doi.org/10.1016/j.rser.2022.112529

StatOfficeRS, 2024. Projekcije stanovnistva Republike Srbije 2022-2052. Belgrade, Serbia.

StatOfficeRS, 2022a. Konacni rezultati Popisa stanovniStva, domacinstava i stanova 2022. |
Republicki zavod za statistiku Srbije [WWW Document]. URL https://www.stat.gov.rs/sr-
latn/vesti/20230428-konacnirezpopisa/ (accessed 12.25.24).

StatOfficeRS, 2022b. Statistical Yearbook of the Republic of Serbia. Statistical Office of the
Republic of Serbia, Belgrade.

StatOfficeRS, 2022c. Livestock breeding, Statistical Office of the Republic of Serbia [WWW
Document]. URL https://www.stat.gov.rs/sr-Latn/oblasti/poljoprivreda-sumarstvo-i-
ribarstvo/stocarstvo (accessed 11.4.22).

StatOfficeRS, 2022d. Drinking water supply and urban wastewater, 2021, Statistical Release |
Statistical Office of the Republic of Serbia [WWW Document]. URL
https://www.stat.gov.rs/en-us/vesti/statisticalrelease/?p=8968&a=25&s=2501 (accessed
8.8.23).

StatOfficeRS, 2017. Municipalities and regions of the Republic of Serbia, 2016. Statistical Office
of the Republic of Serbia, Belgrade.

Tan, X, Liu, Y., Zeng, G., Wang, X., Hu, X., Gu, Y., Yang, Z., 2015. Application of biochar for
the removal of pollutants from aqueous solutions. Chemosphere 125, 70-85.
https://doi.org/10.1016/j.chemosphere.2014.12.058

35



Tsai, W.-T., Liu, S.-C., Chen, H.-R., Chang, Y.-M., Tsai, Y.-L., 2012. Textural and chemical
properties of swine-manure-derived biochar pertinent to its potential use as a soil
amendment. Chemosphere 89, 198-203.
https://doi.org/10.1016/j.chemosphere.2012.05.085

Uday, V., Harikrishnan, P.S., Deoli, K., Zitouni, F., Mahlknecht, J., Kumar, M., 2022. Current
trends in production, morphology, and real-world environmental applications of biochar for
the promotion of sustainability. Bioresource  Technology 359, 127467.
https://doi.org/10.1016/j.biortech.2022.127467

UN DESA, 2019. Growing at a slower pace, world population is expected to reach 9.7 billion in
2050 and could peak at nearly 11 billion around 2100 | UN DESA | United Nations
Department of Economic and Social Affairs [WWW Document]. URL
https://www.un.org/development/desa/en/news/population/world-population-prospects-
2019.html (accessed 8.1.22).

Vasi¢, V., Kukié¢, D., S¢iban, M., Purisié-Mladenovi¢, N., Veli¢, N., Pajin, B., Crespo, J., Farre,
M., & Seres, Z., 2023. Lignocellulose-Based Biosorbents for the Removal of Contaminants
of Emerging Concern (CECs) from Water: A Review. Water 15(10), 1853.
https://doi.org/10.3390/w15101853

Vidojevi¢, D., Damnjanovi¢, D., 2020. Report on the condition of the soil in the Republic of Serbia.
Republic of Serbia, Ministry of Environmental Protection, Environmental Protection
Agency, Belgrade.

Vujovic, S., Stanisavljevic, N., Fellner, J., Tosic, N., Lederer, J., 2020. Biodegradable waste
management in Serbia and its implication on P flows. Resources, Conservation and
Recycling 161, 104978. https://doi.org/10.1016/j.resconrec.2020.104978

Wantaneeyakul, N., Kositkanawuth, K., Turn, S.Q., Fu, J., 2021. Investigation of Biochar
Production from Copyrolysis of Rice Husk and Plastic. ACS Omega 6, 28890-28902.
https://doi.org/10.1021/acsomega.1c03874

Wagas, M., Aburiazaiza, A.S., Miandad, R., Rehan, M., Barakat, M.A., Nizami, A.S., 2018.
Development of biochar as fuel and catalyst in energy recovery technologies. Journal of
Cleaner Production 188, 477-488. https://doi.org/10.1016/j.jclepro.2018.04.017

Waters, C.L., Janupala, R.R., Mallinson, R.G., Lobban, L.L., 2017. Staged thermal fractionation for
segregation of lignin and cellulose pyrolysis products: An experimental study of residence
time and temperature effects. Journal of Analytical and Applied Pyrolysis 126, 380-3809.
https://doi.org/10.1016/j.jaap.2017.05.008

Woolf, D., Amonette, J.E., Street-Perrott, F.A., Lehmann, J., Joseph, S., 2010. Sustainable biochar
to mitigate global climate change. Nat Commun 1, 56. https://doi.org/10.1038/ncomms1053

36



Yaashikaa, P.R., Kumar, P.S., Varjani, S., Saravanan, A., 2020. A critical review on the biochar
production techniques, characterization, stability and applications for circular bioeconomy.
Biotechnology Reports 28, €00570. https://doi.org/10.1016/j.btre.2020.e00570

Yaashikaa, P.R., Senthil Kumar, P., Varjani, S., 2022. Valorization of agro-industrial wastes for
biorefinery process and circular bioeconomy: A critical review. Bioresource Technology
343, 126126. https://doi.org/10.1016/j.biortech.2021.126126

Yang, X., lgalavithana, A.D., Oh, S.-E., Nam, H., Zhang, M., Wang, C.-H., Kwon, E.E., Tsang,
D.CW.,, Ok, Y.S., 2018. Characterization of bioenergy biochar and its utilization for
metal/metalloid immobilization in contaminated soil. Science of The Total Environment
640-641, 704-713. https://doi.org/10.1016/j.scitotenv.2018.05.298

Zeng, D., Liu, S., Gong, W., Wang, G., Qiu, J., Chen, H., 2014. Synthesis, characterization and acid
catalysis of solid acid from peanut shell. Applied Catalysis A: General 469, 284-289.
https://doi.org/10.1016/j.apcata.2013.09.038

Zhang, J., Zhao, W., Zhang, H., Wang, Z., Fan, C., Zang, L., 2018. Recent achievements in
enhancing anaerobic digestion with carbon- based functional materials. Bioresource
Technology 266, 555-567. https://doi.org/10.1016/j.biortech.2018.07.076

Zhang, P., Duan, W., Peng, H., Pan, B., Xing, B., 2022. Functional Biochar and Its Balanced
Design. ACS Environ. Au 2, 115-127. https://doi.org/10.1021/acsenvironau.1c00032

Zhang, Z., Zhu, Z., Shen, B., Liu, L., 2019. Insights into biochar and hydrochar production and
applications: A review. Energy 171, 581-598. https://doi.org/10.1016/j.energy.2019.01.035

Zhao, W, Yang, H., He, S., Zhao, Q., Wei, L., 2021. A review of biochar in anaerobic digestion to
improve biogas production: Performances, mechanisms and economic assessments.
Bioresource Technology 341, 125797. https://doi.org/10.1016/j.biortech.2021.125797

Zhu, G., Wen, C,, Liu, T., Xu, M., Ling, P., Wen, W., Li, R., 2024. Combustion and co-combustion
of biochar: Combustion performance and pollutant emissions. Applied Energy 376,
124292. https://doi.org/10.1016/j.apenergy.2024.124292

Zhu, X., Chen, B., Zhu, L., Xing, B., 2017. Effects and mechanisms of biochar-microbe interactions
in soil improvement and pollution remediation: A review. Environmental Pollution 227,
98-115. https://doi.org/10.1016/j.envpol.2017.04.032

All authors declare that:
« the work described has not been published previously except in the form of a pre-
print, an abstract, a published lecture, academic thesis or registered report;
« the article is not under consideration for publication elsewhere;
 the article's publication is approved by all authors and tacitly or explicitly by the re-
sponsible authorities where the work was carried out;
37



o if accepted, the article will not be published elsewhere in the same form, in English
or in any other language, including electronically without the written consent of the
copyright-holder.

Declaration of Interest Statement

All authors declare that they have no known competing financial interests or personal rela-
tionships that could have appeared to influence the work reported in this paper.

Highlights

e  Pyrolytic biochar (BC) was produced from different biomass sources from Serbia

e  Composition, structure and texture of BCs were examined by standard techniques

e  Current state regarding renewable energy sources in Serbia was surveyed

e  BC structure-potential sustainable application relationship was proposed for directions to sus-

tainable future BC utilization in Serbia
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