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Abstract: This article focuses on an examination of the possibility of using potatoes as a binder in
the production of heating pellets from flax stalks. This research was carried out in the form of an
experimental production, laboratory analyses, and combustion tests of pellets with the Biltstar variety
of flax stalks. The production was carried out using an MGL 200 pelletizing line. Adéla potatoes
were used as a binder at a dose of 10%. The results were compared to the control variant without the
addition of potatoes. Potatoes had a positive effect on the mechanical properties of the pellets as well
as on carbon monoxide emissions. A positive effect of the addition of potatoes was recorded by an
increase in specific weight (599.2 kg/m3 for the potato-free variant and 1092.3 kg/m3 for the variant
with potatoes) and a significant increase in mechanical durability (4.39% for the potato-free variant
and 0.71% for the variant with potatoes). The biggest difference was measured in carbon monoxide
emissions (13,082 mg/m3

N for the potato-free mg/m3
N ariant and 5186 mg/m3

N for the variant with
potatoes). The values were converted to a reference oxygen content of 10%.
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1. Introduction

Agricultural production is a basic source of organic products. While priority is given to the
production of food for human consumption, a significant part of the production is raw materials
that are used for technical purposes. Recently, agriculture has become an important source of raw
materials for energy. The demand for green energy and biomass-based fuels is increasing. From an
environmental and social point of view, the use of residual biomass is especially desirable. Given that
its further use in agriculture is problematic or undesirable [1], it is increasingly more used for the
production of fuel.

An example of such raw material is flax stalks. In the production of pressed biofuels from flax, it is
difficult to achieve the required properties, especially mechanical ones (e.g., specific weight, mechanical
durability, and uniformity of dimensions) [2,3]. Incorporation of a flax stalk into the soil often poses
a problem for subsequent tillage. According to reference [4], undecomposed fiber parts commonly
cause clogging of the working organs of pre-sowing preparations and sowing machines. Moreover,
incorporated stalk residues are often a source of pests.

The demand for flax is declining worldwide. However, the literature describes alternative and
newly developed ways of using it. For example, some authors have achieved good results using flax as
part of composites [5,6]. These are interesting and progressive methods of use. Unfortunately, they do
not yet have the potential to use flax stalks to the required extent. Therefore, its use for energy seems
like a promising option.
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Due to the long-term unfavorable situation on the vegetable fiber market, it is ideal to use flax
stalks to produce biofuels. However, the disadvantage from this point of view, according to reference [7],
is the physical properties of the stem, which, in addition to lumps, contains a high proportion of fibers
that are very flexible and difficult to compress. When compressed, enhanced increased elasticity causes
partial loosening of the material and poor durability of the final product.

The proposed solution suggests adding suitable additives that will improve the mechanical
and fuel energy properties of the final product [8]. The utilization of additives that do not impose
significant technological and economic requirements for their acquisition is particularly advantageous.
The mechanical properties of the final product can be improved by adding suitable raw materials to the
molding compound. For example, Polish researchers [9] verified the possibilities of using apple waste.

According to reference [10], one of the solutions is adding dry coniferous wood in the form of
sawdust or shavings. The addition of wood improves the properties of the final product. Unfortunately,
it is not always enough to meet the mechanical properties required by the standards. Processing a
larger number of flax stalks can present a logistical problem in terms of securing and storing the
required amount of suitable wood. This can have a significant impact on production costs [11].

The work of some authors [12] shows that starch is a suitable binder for solid biofuels. Starch is
an important raw material for gluing. It is used as a part of adhesives and is an adhesive itself that
dissolves in moisture. Additionally, the possibilities of using low-quality flour or bran [13,14] are
known from practice. However, the possibility of using potatoes as an additive in the production of
pellets from oil flax stalks has not been described in the literature.

The idea of using potatoes as a biofuel is based on the nature of potatoes as a raw material rich in
starch. The issue of the use of energy from potatoes has been addressed by several authors [15–17] in
terms of its use for biogas production. Other authors [18,19] have described the possibility of using
potatoes as a solid biofuel as problematic. Regarding the use of potato waste, the production of pellets
from potato peel has been described in the literature [20]. According to reference [21], the use of potato
pulp as part of pressed biofuels is a suitable solution, especially for the use of overproduced potatoes.
However, no information can be found in the literature on experiments with the addition of whole
disintegrated potatoes as a binder for the heating pellets from flax stalks.

In addition to mechanical properties, the properties of heating pellets in terms of energy and fuel
are important, especially high heating value (HHV), low heating value (LHV), and moisture content [22].
From a qualitative point of view, understanding the analytical composition [23] is necessary.

In fuel testing, this is a way to determine the amount of emissions from fuel combustion [24].
These are mainly emissions of carbon monoxide, carbon dioxide, and nitrogen oxide (NOx). The results
of combustion tests and the determination of harmful emissions have been published in the works
of researchers in many countries [25–28]. The possibility of pelleting post-harvest tobacco residues
and pellets and comparing the combustion properties to wood pellets has been investigated by
reference [29].

The aim of this work was to evaluate the influence of the use of potatoes as a binder in the
production of pellets from residual flax stalks on their mechanical and fuel energy properties. The goal
was to expand the possibilities of using flax stalks and potatoes in the field of energy, as this would
create better conditions for their cultivation and stabilization of production on the market. From an
energy point of view, the aim was to verify the possibilities of expanding the biofuels’ portfolio and,
thus, to contribute to increasing the share of renewable sources of energy.

2. Materials and Methods

The aim of the research was to determine the influence of the addition of potatoes on the properties
of heating pellets produced from flax stalks. For this purpose, 10 batches of flax stalk pellets without
added potatoes and 10 batches of flax stalk pellets with added potatoes were produced. One batch
consisted of approximately 50 kg of pellets. Both variants of the pellets were compared in terms of
their production parameters and in terms of their mechanical and energy properties.
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The stalks of the Biltstar flax oil variety were used for the experimental production of pellets.
The flax stalks obtained from large straw bales were shredded using a cutting shredder RS 650
(Kovo Novák, Czech Republic) with an installed sieve with holes of 8 mm in diameter. Batches of
raw material were inserted manually. The average particle length of the used biomass crumb was
12.3 ± 4.49 mm. The device parameters can be found in Table 1 [30].

Table 1. KovoNovák RS 650 parameters.

Parameter Value

Power consumption 5.50 kW
Input voltage 400 V/25 A

Weight 185 kg
Dosing hole diameter 76 mm

Shredding performance (4 mm sieve) 300–600 kg/h

Potatoes of the Adéla variety (Selekta Pacov, a.s., Czech Republic) were used as binders in the
pressing mixture. This is an early variety of starch potatoes intended for technical use. It is highly
resistant to viral diseases and potato blight (Ro1) and achieves a high yield of oval tubers with a deep
yellow flesh that are resistant to mechanical damage and general scab. Moreover, it is suitable for
storage and consumption all year round [31].

A Retsch SM 300 (Retsch GmbH, Germany) [32] shearing mill was used to prepare the potatoes.
The particle size of the crushed potatoes ranged from 2 to 4 mm. Potatoes, including their skins,
were crushed and washed to remove unwanted impurities. The starch content in the potatoes was
12.3% and the nitrogen content was 0.93%.

Compressed flax stalk mixtures were prepared from the crushed material by homogenization.
Potatoes were added, 10% by weight, to the mixture. The homogenized mixtures were used for the
production of pellets on the MGL 200 (Kovo Novák, Czech Republic) production line, which was
equipped with a dosing worm conveyor, a compounder, a horizontal matrix granulation press, and a
rotary screen cooler (sorting apparatus). The press was equipped with two rollers and a rotating matrix.
The diameter of the press holes was 6 mm and the length (matrix thickness) was 30 mm. The main
operating parameters of the whole line provided by the manufacturer are shown in Table 2, and its
scheme is presented in Figure 1 [33].

Table 2. Kovo Novák MGL 200 parameters.

Parameter Value

Power consumption 8.85–10.85 kW
Input voltage 400 V/25 A

Performance of wooden pellets 50–100 kg/h
Performance of bio pellets 50–150 kg/h

The following parameters were measured during all the operations with the abovementioned
machines: electric energy consumption, operating time, and total weight of the final products.
A programmable electrical power and energy analyzer, PROWATT-3, Chauvin Arnoux, was used
to measure the energy consumption. The weight was determined using KERN FKB-30K1A balance
(with the weighing capacity of 30 kg and the error of 20 g) [34]. The values of these indicators per
unit of production were calculated based on the obtained data (i.e., specific electricity consumption
and efficiency).
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Figure 1. MGL 200 scheme.

The following parameters were monitored and calculated: total weight of the pellets produced,
electricity consumption, one-hour capacity of the line, specific electricity consumption, combustion
heat and heating value of pellets, and mechanical durability and moisture content of the pellets.
Additionally, the following parameters were determined in the laboratory for the final products:

• Specific weight (about EN 15150:2011) [35];
• Mechanical durability (about ISO 17831-1: 2015) [36];
• Moisture content (about ISO 18134-3:2015) [37];
• Calorific value and combustion heat (about ISO 18125:2018) [38];
• Analytical composition (about EN 15297:2011, ISO 16948:2015) [39,40].

A KERN 572 Max. (weighing capacity 3030 g and error 0.01 g) laboratory balance was used
to measure the weight in the determination of dry matter, specific weight, and durability. A KERN
PNS (weighing capacity 620 g and error 0.001 g) analytical laboratory balance was used for analytical
analysis. The durability was determined as well. The FD-S 115 Solid Line drying binder with a volume
of 115 L was used to dry the samples. An IKA C 6000 calorimeter was used to determine the heat
combustion. A LECO CHN 628 analyzer was used for analysis of the content of carbon, nitrogen,
and hydrogen. An AMA 254, Altec Praha analyzer was used for analysis of the mercury content.
The flame atomic absorption spectrometry (AAS) method (AAS GBC) was also used for the analysis of
the elements. A regulator Ht Industry laboratory oven was used to determine the ash content.

Emissions of carbon monoxide, nitrogen oxide (NOx), and carbon dioxide from the combustion of
the produced pellets were measured in a hot air boiler with a KNP 3 (Kovo Novák, Czech Republic).
The boiler was equipped with an automatic burner that had an output of 9.5 kW. The combustion plant
was equipped with a fixed burner that had a top screw fuel supply. The device included a flue gas
exhaust fan with adjustable speed. The emissions were measured in the fume duct with Testo 350xl
device (TESTO GmbH, Germany) and counted over to a referential oxygen content of 10%. During the
tests, the amount of oxygen in the flue gas and the flue gas temperature were measured.

The values were converted to the reference oxygen content according to the formula:

Cre f = Cmea
21−Ore f

21−Omea

(
mg/m3

N

)
(1)

where Cre f is the referential concentration (mg/m3
N), Cmea is the concentration measured (mg/m3

N),
Ore f is the referential amount of oxygen (%), Omea is the measured amount of oxygen (%).
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The properties of the pellets that were important from the research point of view were selected
based on ISO 17225-6: 2014 standard [41]. Statistical analysis was carried out using the software
package “Statistica 12.0” (StatSoftInc., Tulsa, OK, USA). Analysis of variance was performed and the
results were compared using Tukey’s multiple range test (α = 0.05).

Production of pellets, determination of their properties, and the combustion tests took place in the
laboratories of the Research Institute of Agricultural Engineering, p. r. i. and the analytical tests were
performed by an accredited laboratory.

3. Results and Discussion

3.1. Energy Consumption and Production Efficiency

The flax stalks were crushed in the same way for both variants using an RS 650 shredder with
an 8 mm diameter sieve. The specific energy consumption of the crushing was 0.194 MJ/kg with an
efficiency of 101.3 ± 8.29 kg/h. The calorific value of the crushed stalks was 18.2 MJ/kg and the moisture
content was 10.8%. The specific energy consumption of the potato crushing was 0.05 MJ/kg.

The specific energy consumption and the performance of the MGL 200 pressing line when pressing
the pellets were different for the tested variants. The difference in performance was caused by a larger
number of fractions and debris in the output of the press. They fell through the cooler sieve and were
not part of the final product. The specific energy consumption ranged from 0.089 to 0.125 MJ/kg when
only flax stalks without potatoes were pressed. The efficiency of the line when pressing the stalks
without potatoes was 123 ± 15 kg/h. Meanwhile, when pressing the flax stalks with the addition of
potatoes, the specific energy consumption ranged from 0.078 to 0.106 MJ/kg and the efficiency value
increased to 146 ± 12 kg/h. The values for the individual variants are graphically presented in Figure 2.

Figure 2. Specific energy consumption when testing the crushed and pressed pellet variants.

The specific energy consumption to produce both variants was similar (0.305 and 0.286 MJ/kg)
and within the range reported in the literature [1,3,21] (from 0.148 to 0.327 MJ/kg). The indicated
values of efficiency are comparable with the results in references [1,3], where measurements were
performed on the same type of lines. The measured performance values were lower than the reference
values provided by the manufacturer [7]. However, these values are given for the production of wood
sawdust pellets, for which the line is primarily designed.
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3.2. Selected Mechanical Properties

Differences between the observed variants were also recorded in terms of mechanical properties.
Higher values of specific weight (by 1092.28 kg/m3) and better durability (by 0.714%) were recorded in
the variant with the addition of potatoes. The specific weight of the potato-free variant was 599.17 kg/m3

and the durability was 4.39%. The values of the specific weight and durability are graphically shown
in Figures 3 and 4.

Figure 3. Specific weight of the pellet variants tested.

Figure 4. Mechanical durability of the pellet variants tested.

3.3. Analytical Properties of the Produced Pellets

The specific weight of the pellets with the addition of potatoes increased by an average of 82%.
The durability was reduced to 0.714%, which is in line with the conditions of the standard for the
properties of non-wood pellets [40]. The variance of the measured values also decreased significantly.
Both results show that this indicator improved and stabilized with the addition of potatoes. Compared
to the results of Soucek et al. [1], which focused on the pressing of pellets with the addition of
sawdust, the durability was 3–5% lower. The specific weight of the pellets with the addition of
sawdust ranged from 1150 to 1200 kg/m3 and, therefore, was approximately 100 kg/m3 higher [2].
However, the specific weight of the pellets obtained by adding the potatoes meets the conditions of the
standard [40]. Comparable values were also achieved for pellets pressed from post-harvest tobacco
residues (1060–1260 kg/m3) [24].

The produced biofuel samples were analyzed in a laboratory, and the analytical composition of
both variants is presented in Table 3.
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Table 3. Analytical composition of the pellet variants tested.

Parameters
Value, %

Flax Stalk Flax Stalk + Potatoes

C, % 43.55 ± 1.12 43.36 ± 1.14
H, % 5.34 ± 0.45 5.36 ± 0.42
O, % 38.69 ± 0.91 38.85 ± 0.90
S, % 0.09 ± 0.001 0.11 ± 0.001
N, % <0.1 <0.1
CI, % 0.050 ± 0.004 0.051 ± 0.004
Si, % 0.045 ± 0.003 0.049 ± 0.004
Ca, % 0.375 ± 0.025 0.329 ± 0.027
Mg, % 0.035 ± 0.002 0.036 ± 0.003
Na, % 0.015 ± 0.001 0.017 ± 0.002
K, % 0.343 ± 0.016 0.321 ± 0.020
P, % 0.051 ± 0.004 0.058 ± 0.006

Zn, mg/kg 11.3 ± 0.75 14.8 ± 0.96
Cd, mg/kg <0.2 <0.2
Cr, mg/kg <0.5 <0.5
Cu, mg/kg 5.4 ± 0.096 6.2 ± 0.102
As, mg/kg <0.5 <0.5
Hg, mg/kg 0.0067 ± 0.0004 0.0060 ± 0.0005

Ash content, % 2.90 ± 0.06 3.05 ± 0.18

It is clear from Table 3 that the two pellet variants produced are very similar. The only small
differences would be in the content of ash, silicon, nitrogen, and zinc, due to the addition of potatoes
with a small proportion of impurities.

High heating values (HHVs), moisture content, and low heating values (LHVs) were determined
for the produced pellets. High heating values were similar in both variants, ranging from 18.17 to
18.26 MJ/kg. The variant of pellets with the addition of potatoes had a slight increase in moisture
content (8.43%) in comparison to the variant without potatoes (8.10%). This is also related to the low
heating value, which is slightly lower in the variant with potatoes (15.34 MJ/kg) than in the variant
without potatoes (15.49 MJ/kg). These values are in line with the results in reference [42], in which the
experimental production of a mixture of straw and wood was carried out, reaching a low heating value
from 17.3 to 20.1 MJ/kg. High heating values, moisture content, and low heating values are shown
graphically in Figure 5.

Figure 5. High heating values (HHVs), moisture content, and low heating values (LHVs) of the pellet
variants tested.
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It is clear from the given values that the analytical and energy properties of the pellets produced
are similar. Compared to the literature [1,19,24], the values do not differ significantly. The high
heating value corresponds to standard solid biofuels produced from plant biomass made from wood
or herb stems. Due to a similar amount of hydrogen, the low heating value depends mainly on the
moisture content.

3.4. Combustion Tests and Measurement of Emissions

As part of the combustion tests, the emissions arising from the combustion were determined for
the different pellet variants. The largest difference was found in carbon monoxide emissions (Figure 6).
For pellets without added potatoes, the average emission value was 13,082.16 mg/m3

N and the range
was very wide—from 2787.41 to 57,560.75 mg/m3

N. The average value of the pellets with potatoes was
found to be 5186.07 mg/m3

N and all values ranged from 1024.26 to 12,644.79 mg/m3
N.

Figure 6. Average carbon monoxide emissions from the pellet variants tested.

It is clear from the graph in Figure 7 that higher carbon monoxide emissions of the potato-free
variant were caused by poor combustion stability, especially in the first part of the combustion test.
Throughout the test, the burning of the pellets with the addition of potatoes was even with only
small fluctuations.

Figure 7. Duration of the carbon monoxide emissions from the pellet variants tested during the
combustion test.
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The occurrence of the same problems has also been described by other authors [2,28],
who investigated the combustion of imperfectly compressed materials. When burning in batches,
the non-uniformity of the combustion with an abrupt increase in carbon monoxide emissions typically
occurred in the case of briquettes from stalked materials [7].

The NOX emissions (Figure 8) are similar in both variants. The average value of the potato-free
variant was 559.46 mg/m3

N, while for the variant with potatoes, a slightly increased value was
measured (567.83 mg/m3

N); however, a narrower range of measured values was recorded for the latter,
indicating a more stable course of the combustion process. The values determined can be seen in
Figure 9.

Figure 8. Average nitrogen oxide (NOx) emissions of the pellet variants tested.

Figure 9. Duration of the NOx emissions of the pellet variants tested during the combustion test.

The carbon dioxide emissions (Figure 10) also did not show a significant difference in average
values (1.81% for the variant without potatoes and 1.87% for the variant with potatoes). As in the
case of NOx emissions, the range of measured values was narrower for the latter, which supports the
assumption of a better combustion process stability for the potato variant. Graphical representation
of the emission concentrations during the combustion test (Figure 11) shows an evident decrease in
carbon dioxide emissions concentration in the first half of the test, which corresponds to an increase in
the concentration of carbon monoxide emissions.
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Figure 10. Average carbon dioxide emissions of the pellet variants tested.

Figure 11. Duration of the carbon dioxide emissions of the pellet variants tested during the
combustion test.

The results of the combustion tests show that the combustion of pellets with the addition of
potatoes resulted in a higher concentration of carbon monoxide emissions, especially in the initial
phase of combustion. The emission concentrations of other measured gases (i.e., NOX and carbon
dioxide) were different in both variants. Compared with the results of other researchers, lower NOx

values were found [22]. However, on closer comparison, only NO is included in the NOx emissions.
In addition, the authors’ results are converted to an oxygen content of 10%.

When testing biofuels from hemp, which is closest in type to flax stalks, other authors have
presented these research results [21,25]. When converted to a reference oxygen content of 10% according
to the stated average value, the carbon monoxide concentration ranged from 3240.8 to 10,261.3 mg/m3

N,
the NOx concentration ranged from 554.3 to 682.5 mg/m3

N, and the carbon dioxide concentration
varied from 3.1% to 5.0%. Compared to these values, in the case of pellets with the addition of potatoes,
lower emission concentrations of all of the monitored elements were achieved. In the variant without
potatoes, lower emission values were also achieved, except for the concentration of carbon monoxide
in the initial combustion phase. Comparable emission values of the monitored substances were
also achieved during the combustion of post-harvest tobacco residues: the concentration of carbon
monoxide was 8243.3 mg/m3

N and the concentration of NOx was 224.3 mg/m3
N [29].

The limit values of the emitted pollutants from fuel-burning devices are regulated by the norms
of emitted pollutants from fuel-burning devices, as outlined by the Ministry of Environment of the
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Czech Republic (Act No. 201/2012, Decree No. 415/2012) [43]. According to this valid legislation,
appliances (sources of pollution) are assessed in terms of emissions, not fuel. Herein, this was assessed
in terms of the analytical and mechanical properties that flax pellets with the addition of potatoes
meet. The emission limit used by the combustion plant was exceeded during the combustion tests.
From the aforementioned legislation, the carbon monoxide emission limit for appliances up to 65 kW
is 5000 mg/m3

N (manual application) and 3000 mg/m3
N (automatic application). The NOx emission

limit for this type of appliance is set to 200 mg/m3
N. According to the legislation, the stated limits are

related to a reference oxygen content of 13%. Due to the unsuitable type of appliance for the tested
type of fuel, further research will be focused on finding a suitable design solution for a small appliance
and testing the quality of the combustion and co-combustion in higher output boilers.

4. Conclusions

In the described research, the possibility of using potatoes as an additive in the production of
heating pellets from flax stalks was tested and the properties were determined. Based on the results
obtained, it is clear that potatoes can be used as a binder in the 10% fraction tested. The tested variant
with an addition of 10% of potatoes was compared on different criteria to the control variant without
potatoes. The addition of potatoes mainly improved the mechanical properties and the burning
stability of the pellets.

As part of the verification experiments, the specific energy consumption for the preparation of
raw material and the production of pellets on an MGL 200 pelletizing line was determined. In this
respect, both variants turned out to be similar. The consumption of specific energy to produce the
pellets was 0.305 MJ/kg (potato-free variant) and 0.286 MJ/kg (variant with potatoes).

The largest difference between the pellet variants was recorded in terms of mechanical properties.
A positive effect of the addition of potatoes was indicated by an increase in specific weight (599.2 kg/m3

for the potato-free variant and 1092.3 kg/m3 for the variant with potatoes) and a significant increase in
mechanical durability (4.39% for the potato-free variant and 0.71% for the variant with potatoes).

Analytical properties of the pellets produced were also investigated. The pellets with potatoes
had a slight increase in moisture content and, therefore, a slightly lower low heating value. Due to the
addition of potatoes, the content of silicon, ash, and zinc also increased slightly. However, this difference
was small and insignificant in terms of properties.

Carbon monoxide, NOx, and carbon dioxide emissions were measured during the combustion
tests. The values were converted to a reference oxygen content of 10%. The largest difference in the
measured emission concentrations found in carbon monoxide was in favor of the variant with potatoes
(13,082 mg/m3

N for the potato-free variant and 5186 mg/m3
N for the variant with potatoes). This was

especially the case in the initial phase of combustion. In other cases, the results obtained were similar.
Moreover, similar or lower values were obtained in comparison to the values reported in the literature.

These results show that potatoes can be used as a binder for heating pellets. In the case of the
verified variant with the addition of 10% of potatoes to pellets produced from oil flax stalks, no negative
effect on any of the examined parameters was observed. The addition of potatoes had a positive effect
mainly on the increase in specific weight and mechanical durability. A positive effect was also recorded
in terms of reducing carbon monoxide emissions.

Further research will be focused on finding a suitable design solution for a small appliance and
on testing the quality of combustion and co-combustion in higher output boilers. It is also possible to
investigate the addition of other additives, coming primarily from agricultural residual raw materials.

This research has verified the possibility of using flax stalks for energy purposes with the addition
of potatoes. The proposed solution is particularly advantageous for flax and potato growers. Flax stalks
that are not economically beneficial to sell can be used to produce heating pellets that meet the required
standards. The proposed solution will also allow for efficient use of overproduced potatoes or their
unused stocks.
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