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ABSTRACT

Currently, the use of secondary agricultural raw material is a topical issue. There are various applications
of agricultural crop residues possible, but they are finance- and energy-consuming. Burning crop residues is
very harmful for the environment. One of the ways to solve the problem is the production of solid biofuel that
can be used to heat buildings. The authors suggest producing solid biofuel in the form of small-sized fuel rolls
/ pellets (SFR), which are made of oleaginous flax residues. As a result of the conducted experimental
investigations, the authors have proved the efficiency and the environmental safety of SFR consumption. The
new fuel can be recommended if the requirement of efficient and ecologically safe combustion is met. Thus,
the influence of small-sized fuel rolls’ properties on the process of their combustion as well as quantitative and
qualitative analysis of the combustion gases from burning solid fuel made of oleaginous flax residues have
been investigated. The paper presents the results proving that SFR combustion is the most efficient on
condition of providing reduced moisture (10-12%) and reasonable density (80 kg/m?3) in the process of pellet
production. In addition, it has been determined that there is a significant reduction of harmful CO emissions
and normalization of CO2 concentration. The application of the suggested solid biofuel can make it possible to
solve the problem of using oleaginous flax residues and provide cheap fuel for household purposes.

PE3IOME

Ha cboeo0Hi akmyarnbHe 6UKOpuCmaHHs 8MOPUHHOI CiflbCbKO20Crno0apChbKoi CcUpO8UHU. € pi3HI
MOX/1UBOCMI 3aCcmoCy8aHHSI POCIIUHHUX CillbCbKO20CrodapchbKux ei0xodis, rnpome 80HU (hiHaHCO80- ma
eHepeosumpamHi. CrianoeaHHs 3asullKi8 CiflbCbKO20Cno0apChKUX Kybmyp WKOOUMb Ha8KOIUWHLOMY
cepedosuwy. Llnaxom eupiweHHs npobraemMu € eu2omoesieHHsT meepdoz2o b6ionanuea Ons onaneHHs
bydisesib. Aemopu nporioHyrmb 8UKOpUCcmMosysamu y sskocmi meepdoeo bionanusa MasozabapumHi nanugHi
pynoHu (MFIP), ski euecomoensiome i3 8i0x00ie, W0 3anuwaromscs ricas 3bupaHHs oniliHo2o f1boHY. B
pesynbmami npogedeHUX ekcrnepumMeHmarsnbHUXx O0cCiOXeHb, asmopu 8CcmaHosunu epeKkmusHicmb ma
8UCOKY eKoroeidyHy besneyHicms criamoeaHHs MIP. Hoee nanueo moxe 6ymu pekomeHO08aHUM, SIKUWO 80HO
3a0080JIbHSIE YMO8Y e(heKmuUBHO20 ma €eKOJ102iYHO20 20piHHS. TomMy OocrnidxXeHHs ennusy enacmusocmel
Maroz2abapumHux rnasiueHUX PYJIOHI8 Ha 4Yac iXx eheKmueHO20 20pIiHHS ma KiflbKicHUU U sIKicHUU aHari3
Oumosux easie 8i0 320psiHHS Meepdoeo nasnuea 3 8i0xodie 3bupaHHS OilIHO20 NIbOHY € akmyarnbHUM. B
cmammi HaeedeHi pe3ynbmamu siki 00800smb, WO Halbinbwoi egpekmusHocmi 2opiHHA (MI1P) moxHa
docsiemu 3HUXXEHHSIM 80/1020Cmi ma 0ompuMaHHSIM pauioHanbHOI winsHocmi id yac eupobHuumea. Takox
8USIBIIEHO, WO Crato8aHHs1 Xapakmepu3syembCs CYmMme8UM 3HUXEHHS wkionueux eukudie CO, 3HUXEHHAM
koHueHmpauii CO2, npusedeHoi 00 HopmarbHUX yMo8. BukopucmaHHsi 3anpornoHo8aHo20 H08020 Meep0oao
bionanuea do3eosiumb eupiuumu 3adaqy SUKOPUCMaAaHHS 3alulKie POCIUHHOI CiflbCbKo20crnodapChKol
CUPOBUHU 011ilIHO20 /IbOHY ma 3abe3neyums HacesleHHs1 OewesuM suOOM nasuea.

INTRODUCTION
A large amount of plant residues remain in the field after crops harvesting. By now, the farmers have not
found many ways to utilize these residues. Burning them is the fastest and easiest way to dispose of plant
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agricultural waste. This is a standard practice for different countries around the world. As a result of agricultural
residues burning, there can be two problems: air pollution and damage to fertile soils. At the same time, there
is a steady increase in the cost and reduction of existing energy resources. Therefore, more and more attention
is paid to modern, "green" technologies.

The burning of plant agricultural waste is also an urgent problem for Ukraine. During the harvesting done
by the oleaginous flax harvester, windrows of the stem fibre mass, that are of a considerable size, remain on
the field. That is why conversion of oleaginous flax stem fibre mass to solid biofuel is a good opportunity to
overcome the energy crisis in Ukraine. Production of such fuel from oleaginous flax residues will improve
environmental safety and does not require large financial costs. As a result of research this type of fuel was
produced (Yaheliuk S. et al., 2019). Solid biofuel obtained from oleaginous flax residues is in the form of dense
small-sized fuel rolls of a small diameter, which can be used for heating buildings during the cold season. They
are suitable for all boilers that are designed to use solid fuel.

Most boilers normally produce carbon monoxide as a part of their operation. Such emissions must
comply with the European Commission's ambient air quality requirements (Air Quality Standards, 2019) and
international requirements for boilers (Technical Safety BC, 2018).

In order to use a new type of solid biofuel effectively, it is necessary to experimentally study the
performance characteristics, namely the effective combustion time, as well as the environmental safety of
smoke gas emissions produced by the combustion of this biofuel. This type of studies have not been conducted
before and this article is dedicated to them.

Conservation of energy and the environment, the search for new environmental types of fuel are the
important challenges of our time. At the same time, the production of plant raw materials is a significant factor
in environmental pollution. After all, combustion remains the main mean of plant residues disposal. Nowadays
a lot of attention is paid to air pollution throughout the world. The World Health Organization has highlighted
the damage that air pollution causes to humankind (WHO, 2018). The Fact Sheet of the Commission for
Environmental Cooperation stated that combustion emission of agricultural raw materials contained an
unacceptable amount of dioxins. Prospects for reduction of flue gas from agricultural waste are to be analysed
(CEC, 2014).

A majority of EU Member States have implemented the ban of open air burning of agricultural plant
waste according to Amann M., (2017). Especially hazardous is air pollution with carbon monoxide, carbon
dioxide and other chemicals emitted by the combustion processes (Gaba A., lordache S.F., 2011). The effects
of agricultural waste incineration related to soil, air, water and health were examined by Kumar P., (2015).
There are many studies on the potential uses of plant agricultural waste. The manufacture of fuel briquettes
from various plant wastes was proposed except for oleaginous flax (Gregory M., 2016). Oleaginous flax is an
important industrial culture. It has a worldwide distribution and it is rapidly developing in Ukraine (Yaheliuk S.
et al., 2018). However, there is a problem of processing stem fibre mass (SFM) after collecting seeds. The
definition of problems and directions of use can be found in Berglund D.R. (2002).

The use of flax waste as a component of composite materials was suggested by Baley C., et al. (2019).
There are also attempts to use the oleaginous flax waste collection to manufacture fibre. The results of a study
of the possibility of fibre extraction from oleaginous flax were obtained by Ouagne P. et al., (2017). The studies
of oleaginous flax fibres were conducted thorough out by Tuluchenko N.et al., (2016). An innovative technology
to obtain such fibre was proposed by Chursina L., (2019). There have been attempts to use oleaginous flax
for the production of biodiesel (Dixit S. et al., 2012). However, all scientists note the high-energy consumption
of such production and the need for significant financial costs.

The production of solid biofuel from oleaginous flax does not require significant financial costs and can
provide the solutions to many problems. Until now, this kind of production was not possible, since modern
means of forming rolls from agricultural materials were solely able to produce the rolls of a huge diameter up
to 3.5 m (Gummert M. et al., (2020). This makes them impossible to be used as a fuel for modern boilers, since
the dimensions of boilers fuel holes are limited in diameter (up to 0.9 m).

The authors proposed a technology and equipment for manufacturing small-sized fuel rolls (SFR) as a
solid fuel from oleaginous flax waste (Didukh V. et al., 2019).

However, the dependency of the effective time of the small-sized fuel rolls combustion on their
technological parameters has not been determined. There is also no assessment on such fuel combustion
environmental safety. Smoke gases in the solid fuel boilers chimneys during the combustion of oleaginous flax
waste SFR have not been analysed. The authors consider the raised questions in this article.
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MATERIALS AND METHODS

The research was conducted to justify the feasibility of producing a new type of biofuel - SFR based on
the study of its effective combustion time and the quantitative and qualitative composition of smoke gases from
combustion in solid fuel boilers.

The factors that influence the efficient combustion of solid biofuel are the geometric dimensions
(diameter X1), the humidity (Xz2), and the density of the material (X3). Therefore, the small-sized fuel rolls made
of oleaginous flax residues, with a diameter of 300, 400, 500 (mm) were produced for the research; the roll
density was 80, 95, 110 (kg/m3); the SFR humidity was changed by 10, 15, 20 (%). The experimental
combustion was performed in the KALVIS 400 boiler (Lithuania).

The experimental study of the effective time of combustion was conducted by the method of experiment
mathematical planning. We used a symmetric non-positional Box-Behnken Experimental Design (Aslan N.,
Cebeci Y., 2007). In order to implement a three-factor experiment up to this plan, it is necessary to conduct 15
experiments.

For the purpose of compiling the factors and levels of variation table (Table 1) we took into account the
previous studies’ results and information available from written sources. The Box-Behnken plan is designed to
use three levels for each factor: upper (+1), main (0), and lower (-1).

Table 1
Variables and their levels in Box-Behnken design
Levels of variation X1 - Roll diameter Xz - Material humidity X3 - Roll density
D, mm W, % p, kg/m3
Upper (+1) 500 20 110
Main (0) 400 15 95
Lower (-1) 300 10 80
Range of variation 100 5 15

The experiment planning matrix is presented in Table 2 in a coded form. The order of experiments was
established using a table of random numbers. The response function (effective burning time) in the area of
factor, space is presented as a nonlinear regression equation (1):

@)

The obtained data were processed using the developed program in the Mathcad environment.

During the experiments, both the qualitative and quantitative composition of smoke gas emission produced by
the combustion of each variant of oleaginous flax waste SFR were controlled.

A portable gas analyser Testo 350 was used for the analysis of smoke gases from the combustion of
oleaginous flax waste SFR (www.testo350.com). It has everything required to study the parameters of the
combustion process of oleaginous flax waste SFR.

The device can be used in the adverse environmental conditions. The Testo 350 gas analyser consists
of three separate parts: a control unit, an analyser unit and measuring probes. The main parameters of Testo
350 include the oxygen Oz, carbon monoxide CO and nitrogen oxides NOx volume fractions measurements.
The qualitative and quantitative composition of the oleaginous flax SFR combustion products’ residues were
measured using a portable Testo 350 gas analyser (Fig. 1).

Table 2
Design of experiment
Experiment number Roll diameter D, mm Material humidity W, % Roll density p, kg/m?®
1 500 20 95
2 300 20 95
3 500 10 95
4 300 10 95
5 500 15 110
6 300 15 110
7 400 15 80
8 400 15 80
9 400 20 110
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Experiment number Roll diameter D, mm Material humidity W, % Roll density p, kg/m?®
10 400 10 110
11 400 20 80
12 400 10 80
13 400 15 95
14 400 15 95
15 400 15 95

The oxygen Oz, carbon monoxide CO and nitrogen oxides NOx volume fractions in smoke gases were
measured. These parameters of the gas-air environment make it possible to determine rational modes of fuel
combustion with a maximum coefficient of performance (COP) and with minimal emission of harmful gases
into the atmosphere. Smoke gases from the combustion of oleaginous flax SFR samples were studied. An
ordinary firewood was burned and smoke gases were studied as well. A KALVIS-400 boiler was used for the
purpose of research. It is an industrial solid fuel boiler with manual fuel loading.

Fig. 1 - A study of the qualitative and quantitative composition of the smoke gases
obtained from the combustion of oleaginous flax SFR waste
a) The scheme of analysis of smoke gases produced by conventional wood combustion:
1. Sensor probe of gas analyser Testo 350, 2. The chimney of the boiler, 3. Gas analyser Testo 350, 4. Tube,
5. The motion of smoke gases; b) picture of the study process

The investigation was carried out in the following order. Firstly, the sensors were put into thermal mode,
and the presence of an indication of the volume fraction of oxygen Oz and carbon monoxide CO was checked.
Secondly, the installation of zero value for the carbon monoxide CO sensor was controlled. In order to make
it, the hose to supply the mixture from the gas duct was disconnected from the CO sensor. Lastly, the gas
analyser was ready to take measurements after monitoring the condition of the oxygen Oz and carbon
monoxide CO channels.

RESULTS AND DISCUSSION

The experiment conducted according to the Box-Behnken design allows to obtain a mathematical model
in the form of a regression equation that allows us to set the effective combustion time of SFR based on its
technological characteristics: diameter, humidity and density. An analysis of the regression equation makes it
possible to evaluate the performance characteristics of the new type of solid biofuel.

Processing data from the results of a three-factor experiment using a three-level second-order plan and
using a program created in Mathcad - 2015 allowed us to obtain the regression equation for the effective
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combustion time of SFR from flex stem fibre mass at different values of its technological characteristics (2).
The adequacy of the received regression equation was checked using the F - Fischer criterion according
to (Aslan N., Cebeci Y., 2007). The calculated value of the Fisher criterion is Fcount =6.642 with the variance of
inadequacy S? =3.417 and the variance of reproducibility Sy?=0.514. The tabular value of the Fisher criterion
at the accepted 5% significance level and degrees of freedom f1=2, f=9 was Ftavle = 19.4. Since Fcount = 6.642,

Franie = 19.4 the resulting model is adequate.
Finally, the regression equation for the effective combustion time of flex stem fibre mass SFR due to

different values of its technological characteristics with natural factors was (2):

Y(D,W,p)= 7690 + 0.10p +1.98W + 0.24D + 0.001 p? + 0.07 W2 + 0.0003 D? (2)
where: D — roll diameter, mm; W — material humidity, %; p — roll density, kg/m3
The response surfaces (Fig. 2) and their contour plots (Fig. 3) are constructed using the regression equation
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Fig. 2 - The surface response characterizing the effective combustion of SFR, taking into account:
a) the diameter of the SFR and humidity of the SFM from oleaginous flax waste; b) the density of SFR and humidity of the SFM

As can be seen from the graphs, the optimal effective combustion time of the rolls (25-35 minutes) will
be provided if the humidity of the flax stem fibre mass (SFM) from oleaginous flax is within 10-12%. In Fig. 2,
it is shown that the SFR diameter does not significantly affect the effective combustion time. However, it is
limited by the technological characteristics of the heating boiler. In turn, according to Fig. 3, the rational value
of the SFR density is within 80 kg/m®. Ensuring rational SFR parameters depends on the quality of the

manufacturing process and the quality of the oleaginous flax harvesting.
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Fig. 3 - The contour plot of the response surfaces

a) diameter of SFR and humidity of flax stem fibre mass (SFM) from oleaginous flax;
b) density of SFR and humidity of flax stem fibre mass (SFM) from oleaginous flax
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An analysis of the surfaces in Fig. 2a shows that the diameter of the SFR does not affect the effective
burning time. Therefore, according to Yaheliuk S et al, (2019), the SFR diameter of 40-45 cm can be
recommended. One of the important indicators for evaluating the quality of SFR from oleaginous flax waste is
the quantitative and qualitative analysis of flue gases from combustion. The research was carried out in the
boiler room of the sports complex of the Lutsk National Technical University. The boiler room is equipped with
a typical KALVIS-400 hot water boiler. It is adapted for the combustion of firewood, wood waste, briquettes,
coal, etc. For comparison, the combustion was carried out and the flue gases of the combustion of conventional
firewood were studied. The results of the study of flue gases from the combustion of SFR from oleaginous flax
waste and conventional firewood are presented in Table 3.

Table 3
Parameters of flue gases from the combustion of SFR from oleaginous flax waste and firewood
- . Regular SF.R from
Parameter Description Unit Firewood oleaginous flax
waste

Boiler heat output Gcal/h 0.341 0.447
Flue gas temperature in the stack mouth °C 111.1 112.6
Concentration in the flue gas:
CO2 % 4.27 6.6
02 % 16.6 14.2
(6]0) ppm 3822 92
NOx ppm 25 38
Excess air ratio 4.75 3.07
Heat loss:
— with flue gases % 16.01 11.00
— with chemical undersupply % 5.003 0.085
— to the environment % 0.55 0.48
Boiler COP % 78.44 88.44
Fuel consumption kg/h 120 120
Specific fuel consumption per 1 Gceal of heat produced: kg/Gcal 182.12 161.52
Saving specific fuel equivalent kg/Gcal 20.60
Number of boiler hours h. 4380 4380
Annual equivalent fuel savings tons/year. 40.31
NOx concentration reduced to normal conditions and 02=3% mg/m?3 209.46 205.84
CO concentration reduced to normal conditions and O2=3% mg/m?3 19590.91 304.89
Annual fuel economy m3/year 34.367

According to the data obtained, it was found that SFR from oleaginous flax waste during combustion in
solid fuel boilers of the KALVIS-400 type give a heating capacity (boiler capacity) higher 0.1 Gcal/hour than in
the case of firewood. The experiments showed that the SFR from oleaginous flax waste is characterized by a
significant decrease in the content of carbon monoxide CO (up to 92 ppm). The CO content for firewood is
3822 ppm. A significant decrease in the concentration of CO2 was established, reduced to normal conditions
and O2 = 3%. This means that less soot will form on the walls of the boiler, which in turn increases the efficiency
and reduces labour costs for cleaning the boiler. It is also a reduction in heat loss from 21.69% for firewood to
11.56 %for SFR from oleaginous flax waste. However, there is a slight increase in nitrogen oxides NOx in the
SFR from oleaginous flax waste. The results of the study showed that the flue gases from the combustion of
SFR from oleaginous flax waste comply with the environmental standards.

CONCLUSIONS

Studies have shown the prospects of using small-sized fuel rolls. After all, their production and use as a
new type of solid biofuel makes it possible to solve several important tasks at once: processing stem fibre
mass that remains in the field after harvesting oleaginous flax, providing the population with fuel to heat
buildings, and obtaining new innovative products from ecological plant raw materials.

A regression equation (mathematical model) can assist to determine the effective combustion time of
SFR. The model takes into account the technological parameters of small fuel rolls: diameter, density, humidity.
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The analysis of the response surfaces and their contour plots shows that SFR humidity is the parameter
that affects the most the combustion time.

Considering the conditions for manufacturing and storage of this type of fuel, it is recommended to keep
the humidity within 10-12% to achieve maximum efficiency.

The rational density of the roll is considered to be 80 kg/m?. The reduction of harmful emission of carbon
monoxide CO and the concentration of carbon dioxide CO2 has been established. It has been proved that SFR
obtained from oleaginous flax waste is characterized by an increase in heating capacity of the boiler by 0.1
Gcal/h and a reduction of harmful CO emission of up to 92 ppm compared to firewood (3822 ppm).

The paper proves the sufficiency and environmental safety of using SFR made of oleaginous flax waste.
In the future, the authors would recommend to develop technical regulations for small fuel rolls. This would
allow producers to efficiently produce and consumers to use this type of solid biofuel.
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