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Abstract

Perennial industrial crops represent an important renewable resource for
sustainable bioenergy production, providing high biomass yields with lower
environmental impacts compared to conventional annual crops. Sida
hermaphrodita (Virginia mallow) has attracted increasing attention as a promising
biomass feedstock due to its high productivity, adaptability to diverse climatic and
soil conditions, and ability to grow on marginal or degraded lands.

This study evaluates the energy potential and emission-related properties of
Sida hermaphrodita biomass to assess its suitability for combustion-based
bioenergy applications. Proximate and ultimate analyses were performed to
determine moisture, ash, volatile matter, fixed carbon, and elemental composition
(C, H, N, S, O). Higher and lower heating values (HHV and LHV) were measured
using standard calorimetric methods. Emission factors for CO, CO,, NOy, SO,, and
particulate matter were estimated based on the physicochemical characteristics of
the biomass.

The results indicate that Sida hermaphrodita exhibits favorable fuel
properties, including satisfactory heating values and low ash content. The low
nitrogen and sulfur concentrations suggest reduced NOx and SO, emissions during
combustion, while heavy metal contents in the ash remain below internationally
accepted limits.

Overall, the findings confirm that Sida hermaphrodita represents an efficient,
low-emission, and environmentally sustainable biomass source with strong
potential for renewable energy production.

Keywords: Sida hermaphrodita, biomass characterization, energy crops, emission
factors, calorific value, renewable energy

INTRODUCTION
In line with the objectives of the 2030 Climate and Energy Policy Framework,
the Paris Agreement (COP 21), the ILUC Directive, and the Renewable Energy
Directive (RED Il) (EC Commission, 2010; EC Communication, 2014; COM, 2016;
Paris Agreement, FCCC/CP/2015/, 2018), biomass and biofuels represent vital
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components in Europe's transition toward a low-carbon and energy-independent
society. Replacing fossil fuels with bioenergy offers both climate mitigation benefits
and opportunities for rural development (Zhou & Thomson, 2009).

Thermochemical conversion processes are among the most widely used
methods for utilizing biomass from dedicated energy crops and agricultural
residues (Tanger et al., 2013). These technologies are generally considered
environmentally friendly and support sustainable resource utilization (Mladenovic et
al., 2017). For efficient application in energy systems, detailed knowledge of the
biomass supply potential and fuel characteristics is required (Kumar et al., 2010).

Fuel properties - such as elemental composition, heating value, moisture
content, volatile matter, and ash content - play a critical role in determining
combustion efficiency and environmental performance (Barglowicz, 2014; Alvarez-
Alvarez et al., 2018). Biomass quality is strongly influenced by plant genetics,
environmental conditions, soil fertility, and harvest time.

Perennial energy crops are considered among the most promising biomass
feedstocks due to their high productivity, low input requirements, and ability to be
cultivated on marginal land (Demirbas, 2017). Among them, Sida hermaphrodita
stands out for its high regrowth capacity, drought tolerance, and suitability for
various soil types.

Originating from North America, Sida hermaphrodita was introduced to
Europe in the 1930s and is currently cultivated across Central Europe for research
and energy production purposes (Borkowska & Molas, 2012). The species
produces tall, woody-herbaceous stems suitable for direct combustion and pellet
production. Previous studies have highlighted its high calorific value, favorable
chemical composition, and potential for phytoremediation of contaminated soils
(Borkowska &Wardzinska, 2003; Borkowska, 2007; Tworkowski et al. 2014).

The aim of this study is to evaluate the energy potential of Sida
hermaphrodita, focusing on fuel quality and emission performance, to assess its
feasibility as a renewable energy crop for combustion applications.

MATERIALS AND METHODS

Field Experiment

Field trials were established using a randomized block design with four
replications. Each plot measured 100 m2. Seedlings were planted in May at a
spacing of 0.75 m between and within rows. Biomass samples (three plants per
replicate) were collected in mid-November prior to frost.

Sample Preparation

Plant material was dried at 105°C to constant mass and ground using a
laboratory mill. Moisture, ash, and volatile matter were determined according to EN
standards (BDS EN ISO 18134-3, 2015; BDS EN ISO 18122, 2015; BDS EN ISO
18123, 2015). Heating value (HHV) was measured following EN ISO 18125 (IKA
C6000 calorimeter)( BDS EN ISO 18125, 2017). Total carbon, hydrogen, nitrogen,
and sulphur contents were determined by dry combustion using a Vario Macro
CHNS analyzer (Elementar GmbH, Germany)(BDS EN ISO 16948, 2015).
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Emission Factor Calculations

Emission factors for CO, CO,, CH,, NOx, SO,, and particulate matter were
calculated using standard stoichiometric equations (1-7) described in the
methodology section (Borycka, 2008). The calculations were based on the
elemental composition of the biomass (C, H, N, S, O) and incorporated oxidation
coefficients, molar mass ratios, and ash release factors. For reference, equivalent
emission factors for coal were also included to provide a comparative assessment
of combustion performance.

CO emission factor

€O =2 xEcx (C.L0/C) (1)

where: CO — Carbon monoxide emission factor (kg/kg); 28/12 — Molar mass
ratio of carbon monoxide to carbon; Ec — Emission factor of chemically pure coal
(kg/kg); C_COI/C — Proportion of carbon emitted as CO (for biomass: 0.06).

Emission factor of chemically pure coal

Ec =c.uc (2)

where: ¢ — Carbon content in biomass (kg/kg); uc — Proportion of carbon
oxidized during combustion (for biomass: 0.88).

CO; emission factor

COz= Zx (Ec — = x CO — == xECHa— 222 x ENMVOC) (3)

where: CO, — Carbon dioxide emission factor (kg/kg); 44/12 — Molar mass
ratio of carbon dioxide to pure coal; 12/28 — Molar mass ratio of carbon to carbon
monoxide; 12/16 — Molar mass ratio of carbon to methane; ECH4 — Methane
emission factor; ENMVOC — Non-methane VOC emission index (for biomass:
0.009).

Methane emission factor:

ECHa= = xEc x (C_CH4/C) (4)

where: ECH4 — Methane emission factor (kg/kg);16/12 — Molar mass ratio of
methane to carbon; C_CHa4/C — Proportion of carbon emitted as CH, (for biomass:
0.005).

NOx emission factor

NOx = Z2x Ec X N/C x (N_NOx/N) (5)

where: NOx — Emission factor for nitrogen oxides (kg/kg); 46/14 — Molar
mass ratio of nitrogen dioxide to nitrogen (NO in air oxidizes to NO,); N/C —
Nitrogen to carbon ratio in biomass; N_NOx/N — Proportion of nitrogen released as
NOx (for biomass: 0.122).

Emission factor of SO»

SO= 2= (6)
where: SO, — Sulfur dioxide emission factor (kg/kg); 2 — Molar mass ratio of

SO, to sulfur; S — Sulfur content in the fuel (%).

Dust emissions:

Edust = 1,5 x A x 22210 (7)
100 -k
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where: Edust — Dust emission factor (kg/Mg); 1.5 — Coefficient denoting 15%
of ash released as volatile dust; A — Ash content in the fuel (%); no — Dust removal
efficiency (for biomass: 20%); k — Combustible component content in the dust (for
biomass: 5%).

RESULTS AND DISCUSSION

Proximate Analysis

Table 1 shows that the moisture content of the November-harvested Sida
hermaphrodita biomass was 7.4%, fully meeting the EN ISO 17225-6 requirement
for non-wood pellets (£12%). Moisture content is a key parameter determining
biomass quality for combustion and is strongly influenced by harvest time. Previous
studies have reported moisture values ranging from 6.9% to 32.2% (Stolarski et al.,
2014; Stolarski et al., 2018; Zachar et al.,, 2018; von Gehren et al, 2019;
Jankowski et al., 2019). It is generally recommended that stems intended for
combustion be harvested after late September or in early spring (Siaudinis et al.,
2015), as natural field drying during winter reduces moisture from 28-40% in
November to 14-20% in February—March (Bilandzija et al., 2018), thereby lowering
drying costs.

Ash content reached 6.53%, which falls within the acceptable range for non-
wood pellets (6-10%). High ash content may reduce combustion efficiency, but the
measured values are comparable to or better than those reported in previous
studies. Fixed carbon content was 14.27%, contributing positively to fuel quality.
Volatile matter was high (79.2%), consistent with typical biomass values (75—90%)
(Garcia et al., 2012). The lower heating value (LHV) reached 17.02 MJ/Kkg,
exceeding the EN ISO 17225-6 minimum requirement (=214.5 MJ/kg) and aligning
with literature data (14-17.7 MJ/kg) (Borkowska et al., 2009; Wroblewska et al.,
2009; Szyszlak-Barglowicz et al., 2012; Siaudinis et al., 2017; Jablonowski et al.,
2017).

Overall, the proximate and ultimate analysis results presented in Tables 1
and 2 confirm that the biomass harvested in late autumn exhibits favorable
characteristics for direct combustion, comparable to biomass produced in other
countries and compliant with international solid fuel standards.

Table 1. Proximate analyses and lower heating value of Sida hermaphrodita

biomass
Parameter Moisture,%  Ash, % FC, % VM, % LHV, MJ/kg
Sida 7.4 6.53 14.27 79.2 17.02
Reference 6.9-32.2 1.57-6.07 9.28 77.45 14.0-17.7
Standard <12 <6 - - =145

Ultimate Analysis

The ultimate analysis of Sida hermaphrodita biomass confirmed that its
elemental composition falls within the typical ranges reported for this species. The
carbon content (45.9%) corresponds well to literature values (44.1-48.5%) [33-37],
while the hydrogen content (5.7%) is also consistent with previously published
findings (5.9-7.22%). The oxygen level (46.03%) indicates good combustibility, as
oxygen-rich biomass tends to burn efficiently.
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Nitrogen (0.658%) and sulfur (0.0909%) were low and below the maximum
allowable limits specified for solid fuels, indicating a reduced potential for NOx and
SO, formation during combustion. The chlorine content (0.156%) was slightly
above the EN ISO 17225-6 threshold (<0.1%) but remained comparable to values
observed in similar biomass materials grown under various soil conditions.

Ash content is a key indicator of biomass quality because ash has no
calorific value and negatively affects combustion efficiency. The measured ash
content of 6.53% complies with the EN ISO 17225-6 standard for non-wood pellets
(6—10%). Similar values were reported for biomass harvested in autumn (Siaudinis
et al., 2015). The fixed carbon reached 14.27%, further contributing to the heating
value and burn stability of the fuel.

Volatile matter content, which typically ranges between 75% and 90% for
lignocellulosic biomass (Garcia et al.,, 2012), reached 79.2%, aligning well with
expected values. The lower heating value (LHV) of 17.02 MJ/kg exceeds the
minimum requirement for solid biofuels (14.5 MJ/kg) and corresponds to previously
published ranges for Sida hermaphrodita (14.0-17.7 MJ/kg) [29-32]. Studies have
shown that harvest timing can influence energy parameters; for example,
Franzaring et al. (2015) observed a decrease in LHV from 17.4 to 15.8 MJ/kg when
stems were harvested in early December rather than mid-April.

Carbon is the most important element determining fuel quality, and its
consistent concentration across studies highlights the species’ stability as an
energy crop. Reported values typically range from 44.10% to 48.5% (Wroblewska
et al., 2009; Werle, 2019; von Gehren et al., 2019; Jablonowski et al., 2020),
closely matching the value obtained in this study (45.9%). Hydrogen levels were
similarly consistent, and the calculated oxygen fraction aligns with the literature
range (41.96-45.80%).

From an environmental perspective, low nitrogen and sulfur contents are
highly desirable, as they reduce the formation of harmful gaseous emissions. The
measured values are comparable to those in other studies (0.14-0.75% N; 0.003—
0.23% S). Although chlorine content (0.156%) exceeded the recommended limit
(Table 2), it remained within the range reported for this species, particularly under
conditions of soil contamination or nutrient variation.

Table 2. Ultimate analysis of Sida hermaphrodita biomass

N,% C, % S, % H, % 0, % Cl,%
Sida 0.658 459 0.0909 57 46.03 0.156
Reference 0.14-0.75 44.10-48.5 0.003-0.23 5.9-7.22 41.96-48.5 0.005-0.054
Standard <1.5 - <0.2 - - <0.1

Previous research (Stolarski et al., 2014; Bilandzija et al., 2018) indicates
that spring-harvested biomass often contains lower moisture, ash, and sulfur
levels, resulting in improved combustion characteristics. However, the biomass
harvested in late November in the present study still demonstrates high quality—
characterized by elevated carbon and hydrogen levels and low concentrations of
ash, nitrogen, sulfur, and chlorine—making it suitable for direct combustion.
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Overall, the results confirm that Sida hermaphrodita biomass harvested in
late autumn exhibits excellent fuel properties and strong energy potential,
positioning it as a promising perennial crop for sustainable bioenergy production.

Emission Factors

Table 3 presents the emission factors for carbon monoxide (CO), carbon
dioxide (CO,), nitrogen oxides (NOx), sulfur dioxide (SO,), and particulate matter
(dust) obtained from the combustion of Sida hermaphrodita biomass, with coal
used as a reference fuel. The results clearly demonstrate the environmental
advantages of this species as a bioenergy feedstock.

Table 3. Emission factors (kg/Mg) for analysed plant and coal

CcO CO2 NOx SO2 Edust
Sida 56.55 1480.76 0.23 0.12 8.25
Hard coal 82.01 1969.00 4.09 5.20 23.57

The emission factors show that SO, emissions were very low, consistent
with the low sulfur content measured in the biomass. NOx emissions were
significantly lower than those typically reported for straw pellets, sunflower stalks,
corn stalks, and wood pellets (Krugly et al., 2014), as well as Eucalyptus globulus
(Mateos & Ormaetxea, 2019). CO and CO, emissions were comparable to those
observed for mint waste (Maj et al., 2020), larch needles (Maj, 2018), and hazelnut
biomass (Maj, 2018; Borkowska et al., 2024), indicating clean and stable
combustion behavior. Dust emissions were considerably lower than those
associated with coal, highlighting the superior air-quality performance of the
biomass.

The overall emission profile of Sida hermaphrodita aligns closely with other
herbaceous and woody plant-based fuels such as mint waste (Maj et al., 2020),
Eucalyptus globulus (Mateos & Ormaetxea, 2019), and larch needles (Maj, 2018).
Notably, the low SO, and NOx values confirm the low environmental burden
associated with the combustion of this species, while the moderate CO and CO,
emissions are typical for well-performing lignocellulosic fuels.

These findings clearly indicate that Sida hermaphrodita is a cleaner-burning
fuel compared with conventional solid biomass sources and dramatically cleaner
than fossil fuels. In addition, the methodology used for emission factor
determination provides an efficient and accessible approach for environmental
assessment. Because it does not require advanced analytical instrumentation, this
method serves as a practical tool for rapid evaluation of biofuel emissivity—an
important but often overlooked aspect of biomass suitability for energy use.

CONCLUSIONS

1. Sida hermaphrodita biomass harvested in late autumn exhibits excellent
fuel characteristics, including low moisture content, moderate ash percentage, and
high carbon and hydrogen levels.

2. The obtained lower heating value (17.02 MJ/kg) confirms the crop's strong
energy potential, comparable to other leading perennial biomass species.

3. Low nitrogen and sulfur contents result in reduced emissions of NOx and
S0O,, supporting environmentally sustainable combustion.
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4. Estimated emission factors indicate that Sida hermaphrodita produces
significantly fewer pollutants than coal and performs competitively with other
herbaceous biomass sources.

5. The species demonstrates high suitability for renewable energy
production, especially within sustainable agriculture systems and bioeconomy
strategies.

6. Sida hermaphrodita can be recommended as a dual-purpose crop for both
biomass energy and potential phytoremediation applications, enhancing land-use
efficiency and contributing to circular economy models.
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