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Abstract  
The prospects for expanding the market of smokeless fuels require them both to have high thermal and mechanical charac-
teristics and to minimize harmful emissions during combustion, regardless of the feedstock type. The aim of this work is to 
experimentally study the production of bio-coal pellets from pine nut shells with the addition of potato dextrin considered 
as a binder. As a result of the studies performed, a method for producing the high-strength smokeless solid biofuel in the 
form of pellets from char of pine nut shells and a solution of potato dextrin was proposed. The technological parameters of 
pellet molding were experimentally established using laboratory stands and include the following points: the proportion of 
potato dextrin in the binder composition is 10–12 wt. %, the proportion of the binder in the molding mixture is 30–40 wt. 
%, molding pressure is 150 MPa, allowed drying temperature is up to 160 °C. The possibility of implementing the proposed 
method on industrial equipment is also shown. The developed method makes it possible to obtain smokeless biofuel from 
pine nut processing wastes, thereby contributing to the reduction of the negative impact of energy sector on the environment.

Keywords Pine nut shells · Smokeless fuel · Low-temperature pyrolysis · Biochar · Pelletizing · Potato dextrin

1  Introduction 

Air pollution is a global problem in many regions, especially 
with a highly developed industrial sector [1–4]. According 
to estimates [5], in 2017, worldwide emissions of pollutants 
into the atmosphere amounted to 11.4 million tons of  SOx, 
25 million tons of  NOx, and 79 million tons of CO. Green-
house gas  CO2 emissions from coal combustion for electric-
ity and heat production in 2017 amounted to 98 billion tons 
worldwide [6]. Other controlled air pollutants associated 
with the combustion of fossil fuels are  PM10 and  PM2.5, the 
total amount of which in 2017 in the EU was estimated at 2.6 
million tons of  PM10 and 1.6 million tons of  PM2.5 [6]. Thus, 
it is necessary to reduce the negative impact of the energy 
industry on the environment.

The use of smokeless fuels instead of traditional coal and 
firewood could be one of the solutions to the problem of 
air pollution [7]. Moreover, the inclusion of biochar-based 
smokeless fuels in the fuel and energy balance reduces  CO2 
emissions, which makes it possible to make a significant 
breakthrough in reducing greenhouse gas emissions and pre-
venting global warming [8]. This fuel can be used in existing 
installations designed for conventional fuels.

Highlights  
- Smokeless fuel was obtained from pine nut shell biochar and 
dextrin.
- 10–12 wt. % of dextrin in an aqueous solution ensures high 
strength of the pellets.
- Pellets drying is possible at 80–160 °C, but their DUr reduces to 
88%.
- Studied the effect of molding pressure on the strength of 
smokeless fuel.
- High-strength smokeless fuel production was successfully tested 
at a pilot scale.

 * Roman Tabakaev 
 TabakaevRB@tpu.ru

1 Institute of Environmental and Agricultural Biology 
(X-BIO), University of Tyumen, 6 Volodarskogo Street, 
Tyumen 625003, Russian Federation

2 School of Energy and Power Engineering, National Research 
Tomsk Polytechnic University, 30 Lenin Ave, Tomsk 634050, 
Russian Federation

3 Boreskov Institute of Catalysis SB RAS, 5 Lavrentiev Ave, 
Novosibirsk 630090, Russian Federation

4 Laboratory of Catalysis and Conversion of Carbonaceous 
Materials to Obtain Useful Products, Gorbachev 
Kuzbass State Technical University, Kemerovo 650000, 
Russian Federation

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-022-02820-7&domain=pdf


 Biomass Conversion and Biorefinery

1 3

Comparison of the smokeless fuel combustion with the 
combustion of traditional bituminous (hard) coal showed 
that the emission of pollutants into the atmosphere in the 
first case decreases. Studies have shown that by replacing 
traditional fuels with smokeless ones, CO emissions were 
reduced by 30 vol. %, benzo(a)pyrene by 90 vol. %, volatile 
organic compounds (VOC) by 80 vol. %, and solid particles 
by 90 wt. % [9]. In addition, for smokeless fuel combustion, 
a reduction in the content of polycyclic aromatic hydrocar-
bons (PAH) and NOx has been observed when compared 
with traditional fuels such as wood and coal combustion 
[10]. Smokeless char is characterized by the absence of tar 
and soot after the pyrolysis process. This keeps the exhaust 
channels and plant components cleaner than for conventional 
processes and ensures a more uniform combustion process, 
making it easier to regulate the airflow and ember transpor-
tation. After heat treatment, the calorific value of smokeless 
char is higher than that of traditional hard coal or wood, and 
was approximately 28–33 MJ  kg−1 [8, 11–13].

The raw material (biochar) base used for the production 
of smokeless fuel is closely related to regional conditions, 
in particular, the type of biomass grown and the way it is 
processed. At the same time, the most common type of raw 
material is wood, the world leaders in the export of which 
(round timber) are New Zealand, Russia, the USA, the Czech 
Republic, and Canada [14]. In addition to wood, shells of 
various nuts can act as an alternative raw material for the 
manufacture of biochar [15–19], the advantage of which is 
the annual replenishment of the raw material base without 
harming the forest fund. Despite the territorial localization 
of origin and the limited amount of produced nut shells rela-
tive to the volume of the logging industry, its involvement 
in the raw material complex of biochar production can help 
reduce the accumulation and subsequent disposal of this type 
of waste.

One example of this type of raw material base is pine 
nut shells, which are produced in large-tonnage volumes in 
China and in the Siberian forests (Russian Federation). Cur-
rently, the Russian Federation is one of the largest producers 
of pine nuts in the world [20]. One of the advantages of nut 
shells as a raw material base for the manufacture of charcoal 
is the logistical aspect, because most of it is formed on the 
specialized enterprises with transport links.

The main requirements for smokeless fuel are low vol-
atiles, ash and moisture content, high calorific value, and 
integrity. Thus, the requirement for the content of volatiles 
is due to the presence of hazardous to human health com-
ponents formed in the gas phase during the combustion 
of smokeless fuel [8, 21, 22]. Including the high-quality 
removal of volatile substances from biochar in the process 
of its pyrolysis contributes to an increase in the content of 
fixed carbon and, as a result, to an increase in the calorific 
value [19, 23]. According to the literature [24], obtaining 

the largest amount of charcoal is possible through the use of 
slow pyrolysis technology (heating rate up to 60 °C  min−1) 
at temperatures of 400–660 °C.

Since biochar can have an increased logistic leg, which 
is compensated by its added value [25], it is necessary to 
provide high characteristics of its integrity [26], which also 
include strength and abrasion. To ensure high abrasion and 
fracture resistance of the raw material, it is often subjected 
to molding (briquetting or granulation). Molded fuels (pel-
lets and briquettes) have special mechanical requirements. 
For example, according to the Russian standard GOST R 
57,016–2016 “Coal briquettes for power supply and domes-
tic purposes. Specifications” [27], the mechanical strength 
of the molded fuel after the drop test should be at least 85%, 
and the mechanical strength after the abrasion test should 
be at least 80%. As a result, molded fuel manufacturers are 
striving to achieve such high strength values by using of 
various types of binders.

As a rule, the addition of a binder increases the cost of 
the fuel being molded or reduces its thermal properties; 
therefore, efforts are made to minimize the amount of binder 
added to the raw material. While reducing the costs of the 
molding process, manufacturers tend to use waste from vari-
ous industries as a binder, for example, biomass, sulfite liq-
uors, oil sludge, coal tar pitch and fluxes, lignin (waste from 
the pulp and paper industry), etc. [25, 28–30]. Thus, two 
tasks are solved—the production of standardized fuel and 
the disposal of waste from a specific industry. However, it 
should be noted that additional requirements are imposed 
on the binder in case of using it for the fuel production: the 
binder should not form harmful substances during combus-
tion, and also it should not increase the ash content [25].

From the point of view of ensuring environmental friend-
liness of combustion, it is advisable to consider binders 
based on natural raw materials—biomass. In works [31], 
the possibility of joint molding of raw biomass and coal is 
shown, as a result of which a durable fuel is obtained. How-
ever, such fuel has a high volatile matter yield (Vdaf = 45–50 
wt. %). In this connection, products of biomass processing, 
for example, starch or dextrin, are of particular interest for 
use as a binder. These substances are used to prepare adhe-
sives [32–34]. Given that dextrin, unlike starch, has a higher 
calorific value and a lower volatile yield, and is also soluble 
in cold water (which allows it to be used with lower energy 
costs), it is advisable to use it as a binder [35].

However, the use of dextrin as a binder in the production 
of smokeless fuel from biochar of pine nut shells remains 
poorly studied. For example, earlier studies [11] showed that 
the use of dextrin as a binder imposes significant restrictions 
on the drying temperature of the obtained pellets: it should 
not exceed 80 °C. In addition, these works do not show the 
effect of molding pressure on the properties of dextrin-based 
granules.
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In connection with the above, the purpose of this work 
is to experimentally study the production of biochar pel-
lets from pine nut shells with the addition of potato dextrin, 
considered as a binder. Utilization of the cedar nut shell 
is an urgent task for the Siberian region (Russian Federa-
tion), on the territory of which about 80% of the total world 
amount of Siberian cedar pine are located. Due to this, the 
production of pine nuts in Siberia averages 10–12 million 
tons annually, while the shell, which is a waste, accounts for 
up to 60% of the weight of the whole nut [36].

2  Materials and methods

2.1  Raw materials

The shell of Siberian cedar (Pinus sibirica) nuts was con-
sidered as the object of research. Pine nut shells were kept 
in the laboratory at room conditions until the air-dry state 
is reached, after which they were crushed to a fraction size 
of 0.2–1.0 mm.

The study of the pine nut shell characteristics was car-
ried out after it reached an air-dry state in laboratory con-
ditions. Proximate analysis was determined according to 
ASTM E1755-01 [37], EN ISO 18123:2015 [38], and EN 
ISO 18134–1:2015 [39]. The calorific value and the elemen-
tal composition of shells were determined using an ABK-1 
calorimeter (RET, Russia) and a Vario Micro Cube analyzer 
(Elementar, Germany), respectively.

2.2  Biochar production

2.2.1  Material balance

Thermal processing of pine nut shells was carried out by 
low-temperature pyrolysis in a laboratory setup (Fig. 1), con-
sisting of a retort 1, a water-cooled fume trap 2, a cooling 
vessel 3, a connecting tube 4, and a thermocouple 5 [40].

During the experiment, the shells were preliminarily 
crushed to a size of 0.2–1.0 mm and analyzed on an Elvis-2S 
moisture meter (Russia). Then, it was weighed, loaded into a 
retort, and heated to 600 °C at a heating rate of 10 °C  min−1.

When heated, the shell decomposed, forming a solid bio-
char and volatile products (vapors of tar and pyrogenetic 
water, gas), which left retort 1 and were sent through a con-
necting tube 4 to a water-cooled fume trap 2, placed in a ves-
sel for cooling 3. The vapors condensed, forming a pyrolysis 
condensate, and the cooled gas left the unit to the atmos-
phere. At the end of the experiment, the installation was 
cooled in a natural way, and the products were removed and 
weighed. On the basis of the obtained experimental results, 
the material balance of thermal processing was compiled, 
referred to the mass of dried feedstock.

The biochar characteristics were studied similarly to the 
initial feedstock.

2.2.2  Pyrolysis gas analysis

The study of the composition of gaseous products released 
during the feedstock pyrolysis was carried out on the labora-
tory setup described above (Fig. 1), which was additionally 
equipped with a system of coolers 3 and 4 and filters 5–8, 
and a TEST-1 gas analyzer 9 (BONER, Russia) (Fig. 2).

To carry out the experiment, the raw material was loaded 
into the reactor 1 and heated under identical conditions with 
the determination of the material balance: the heating rate 
was 10 °C  min−1, the process termination temperature was 
600 °C. Gas for cleaning from tars passed through a system 
of coolers 2–4 and filters 5–8 and was fed to the input of 
the TEST-1 gas analyzer 9. The measuring ranges for the 
TEST-1 gas analyzer are shown in Table 1. The recording 
was switched on after reaching the heating temperature equal 
to 200 °C, which, according to the performed differential 
thermal analysis and literature data [37, 41], corresponds 
to the beginning of active biomass decomposition, and was 
carried out until the end of the process.

2.3  Pelletizing

2.3.1  Determination of optimal process parameters

The resulting biochar was additionally milled in a Pul-
verisette 6 planetary mill (Fritsch, Germany) to a pulver-
ized state (particle size less than 200 µm). The binder was 

Fig. 1  Laboratory setup for the pine nut shells thermal processing: 
1—retort; 2—water-cooled fume trap; 3—cooling vessel for the tars 
condensation; 4—connecting tube; 5—thermocouple with TM5104 
temperature recorder (ELEMER, Russia)
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prepared by dissolving potato dextrin (the product of potato 
starch processing at 210 °C for 3 h) in a pre-heated to 60 °C 
water. Next, the crushed biochar and the binder were mixed 
with an MX-800 mixer (DEXP, China) for 5 min to obtain a 
molding mixture for granulation.

Pellet molding was carried out in a laboratory granulation 
machine (Fig. 3). The molding mixture was loaded into a 
mold (1) (inner diameter of 20 mm) in an amount of 5 g. The 
mold 1 was placed in a T61220F hydraulic press (AE&T, 

China) 4, where pressure was generated up to 30–300 MPa, 
after which the pellet was removed and dried. The size of 
the obtained granules was 20 mm in diameter and 10 mm 
in length.

During the determination of the optimal molding param-
eters, the influence of the ratio of components in the molding 
mixture and molding pressure on the strength characteristics 
of biochar pellets was studied.

2.3.2  Industrial approbation

To test the results of laboratory studies in relation to indus-
trial use, a granulation unit (Fig. 4) with a feedstock capacity 
of 1 ton per hour was manufactured. The installation consists 

Fig. 2  Outline of experimental 
device modified for the pyroly-
sis gas analysis: 1—reactor, 
2—water-cooled fume trap, 3 
and 4—coolers, 5—Raschig 
ring glass filter, 6—activated 
carbon filter, 7—cotton wool 
filter, 8—fluoroplast filter, 9—
gas analyzer

Table 1  The measuring ranges 
for the TEST-1 gas analyzer

Gas Oxygen  (O2) Hydrogen  (H2) Carbon 
monoxide 
(CO)

Carbon 
dioxide 
 (CO2)

Methane  (CH4)

Measuring range, vol. % 0–21 0–40 0–50 0–100 0–50
Measurement error, vol. %  ± 0.2  ± 0.3  ± 0.6  ± 0.9  ± 0.6

Fig. 3  Laboratory pelletizing unit: 1—mold, 2—molding mixture, 
3—T61220F hydraulic press, 4—pressure gauge

Fig. 4  Pilot unit for biomass pelleting: 1—die (8 holes with a diam-
eter of 20 mm), 2—screw press, 3—coupling, 4—reducer, 5—electric 
motor, 6—control panel, 7—feed hopper
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of a die 1, a screw press 2 with feed hopper 7, a coupling 3, 
a reducer 4, an electric motor 5, and an automatic control 
panel 6.

The installation was operated as follows. The molding 
mixture with the composition determined during laboratory 
tests (Sect. 2.3.1) was loaded into feed hopper 7, after which 
the mixture entered the screw press 2. Screw press 2 was 
set in motion by a signal from the control panel 6 using an 
electric motor 5, a reducer 4, and a connecting coupling 3. 
The pellets produced during the operation of the installation 
were collected, laid out on a metal grid with a mesh size 
of 8 mm, and dried in a drying cabinet “ShS-80–01 SPU” 
(Smolensk SKTB SPU, Russia) at a temperature of 80 °C 
according to [11].

2.4  Pellet characteristics

2.4.1  Proximate analysis

The proximate analysis of the pellets was determined simi-
larly to the feedstock, according to the relevant standards: 
moisture—EN ISO 18134–1:2015 [39], ash content—ASTM 
E1755-01 [37], volatile matter yield—EN ISO 18123:2015 
[38], calorific value—using an ABK-1 adiabatic bomb calo-
rimeter (RET, Russia).

2.4.2  Mechanical strength of pellets

The destruction of molded fuel (pellets and briquettes) dur-
ing transportation and handling reduces the efficiency of 
its use during combustion and complicates the automation 
of the fuel supply process. In this regard, the molded fuel 
is subject to requirements for mechanical characteristics 
according to GOST R 57,016–2016 “Coal briquettes for 
power supply and domestic purposes. Specifications” [27]. 
These requirements include the strength of the molded fuel 
after drop and after abrasion tests.

Drop tests The tests were carried out according to the meth-
odology GOST 21,289–75 “Coal briquettes. Methods for 
the determination of mechanical strength” [42]: pre-weighed 
molded fuel is loaded into a box with an opening bottom. 
The box is placed above a metal plate at a height of 1.5 m. 
By opening the bottom flaps of the box, the molded fuel is 
dropped onto the plate. Having collected the fuel from the 
plate, including their individual pieces that have fallen over 
the side of the plate, the box is loaded again and the test is 
repeated. After the fourth drop, the pieces of fuel are col-
lected and weighed. The mechanical strength of the molded 
fuel after the drop test ( SM ) in percent is calculated by the 
formula:

where m is the mass of molded fuel (kg) after testing 
(according to ISO 17831–1:2015 [43], the size of the parti-
cles taken into account after testing the pellets should be no 
less than 3.15 mm) nad M is the mass of molded fuel before 
testing, kg.

Attrition tests The essence of the method according to ISO 
17831–1: 2015 “Solid biofuel. Determination of mechani-
cal durability of pellets and briquettes. Part 1. Pellets” [43] 
is that the sample is subjected to impacts under controlled 
conditions by colliding the fuel pellets with each other and 
with the walls of the rotating box of the test apparatus. The 
mechanical strength is calculated on the basis of the initial 
mass of the test sample, from which small particles (less 
than 3.15 mm) were previously removed, and the mass of 
the sample after testing and removal of small particles from 
it. The mechanical strength of pellets during attrition test 
in terms of the working state (DUr, %) is calculated by the 
formula:

where m
A
 is the mass of the sample after processing in a 

rotating box and sieving, kg; m
E
 is the initial sample mass, 

kg.

2.5  Differential thermal analysis

Differential thermal analysis (synchronous thermogravi-
metric analysis TG and differential scanning calorimetry 
DSC) was used to save labor costs when determining the 
final pyrolysis temperature of pine nut shells. The analysis 
was carried out on a STA 449 F5 Jupiter synchronous ther-
mal analyzer (Netzsch, Germany). The analysis parameters 
included the fo: the sample weight was 20 mg, the sample 
heating rate was 10 °C  min−1, and the heating temperature 
range was 40–1000 °C. The analysis was carried out in an 
inert argon atmosphere (flow rate was 20 ml per minute) in 
order to simulate the conditions of pyrolysis.

Differential thermal analysis was also used to study the 
ignition temperature of biochar and pellets made from it. 
For this, the following analysis parameters were selected: 
sample heating rate was 10 °C  min−1, heating temperature 
range was 40–1000 °C, gas analysis medium was air (flow 
rate of 20 ml per minute).

Before the experiments, the thermal analyzer was cali-
brated using the standard samples, supplied with the 
device: indium (melting point 156.6 °C), tin (melting point 
231.9 °C), bismuth (melting point 271.4 °C), zinc (melting 

(1)SM =
m

M
∙ 100%

(2)DU
r
=

m
A

m
E

∙ 100%
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point 419.5 °C), aluminum (melting point 660.3 °C), sil-
ver (melting point 951.5  °C), and gold (melting point 
1064.2 °C). The baseline correction of the TG was per-
formed according to the data obtained for an empty alun-
dum crucible.

2.6  Investigation of the pellet sample structure

The structure of the pellets after destruction was investigated 
by scanning microscopy on a VEGA 3 SBU electron micro-
scope (TESCAN, Czech Republic).

3  Results and discussion

3.1  Utimate and proximate analysis

Table 2 shows the values  of proximate analysis of pine nut 
shells, as well as potato dextrin, considered as a binder in the 
manufacture of fuel. It can be seen that the ash content for 
pine nut shells (Ad = 0.6 wt. %) is lower than the average ash 
content for biomass, which is equal to 4.9 wt. % according 
to [44]. The volatile content for the dry ashless mass of pine 
nut shells (Vdaf = 77.2 wt. %) is close to the average value, 
typical for most types of biomass. The high contents of car-
bon (Cd = 51.89 wt. %) and hydrogen (Hd = 6.15 wt. %), as 
well as the low ash content of the shells, determine a rather 
high calorific value (Qi

r = 18.8 MJ  kg−1).

Potato dextrin has a high volatiles yield (over 95 wt. %), 
but its calorific value was only 14.2 MJ  kg−1. This can be 
explained by the high oxygen content in the dextrin compo-
sition, which reduces the calorific value of the fuel.

It should be noted that pine nut shells and potato dextrin 
do not contain sulfur. Harmful emissions of sulfur oxides 
and unpleasant odor are not formed during the combustion 
of such fuel.

The obtained thermotechnical characteristics of pine nut 
shells and potato dextrin are typical for many types of bio-
mass and, in terms of calorific value, are significantly infe-
rior to charcoal (Qi

r ≈ 28 MJ  kg−1 [11, 40, 45, 46]), which is 
the most widespread as a basis for smokeless fuel.

3.2  Thermal processing of pine nut shells

Figure 5 shows the results of differential thermal analysis 
of pine nut shells. As can be seen from the TG curve, in the 
temperature range from 30 to 140 °C, the water contained in 
the shells evaporates. Thermal decomposition of the shells 
begins at a temperature of 210 °C, accompanied by a sharp 
decrease in weight up to 370 °C. This stage is characterized 
by an average rate of weight loss equal to 0.31% °C−1. The 
end of the shells’ thermal decomposition was observed in the 
temperature range of 370–600 °C (the average rate of weight 
loss was 0.06% °C−1). There was practically no change in 
mass with a further temperature increase. Thus, it can be 
concluded that the thermal processing of pine nut shells 

Table 2  Ultimate and proximate analyses of the initial raw materials

Sample Moisture Wa, 
wt. %

Ash content on dry 
matter Ad, wt. %

Volatile sub-
stances Vdaf, wt. %

Low calorific value 
Qi

r, MJ  kg−1
Elemental composition on dry matter, wt. %

Cd Hd Nd Sd Od

Pine nut shells 8.1 0.6 77.2 18.8 51.89 6.15 0.95 0.00 40.41
Potato dextrin 9.2 0.3 95.1 14.2 42.93 6.24 0.04 0.00 50.49

Fig. 5  DTA curves for the pine 
nut shells. The material balance 
(Table 6), compiled from the 
results of slow pyrolysis of 
the shells on an experimental 
setup (Fig. 1), showed that 
during thermal processing up 
to 600 °C, the yields of biochar 
and pyrogenetic water are close 
to each other (35.6 and 34.7 wt. 
%, respectively).
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must be carried out up to a temperature of 600 °C. Further 
increase in the processing temperature is impractical.

It should be noted that the shells’ thermal decomposition 
is characterized by the occurrence of exothermic reactions 
in the entire temperature range of 210–600 °C (Fig. 5, DSC 
curve), which indicates the possibility of pyrolysis in auto-
thermal mode due to its own heat release [47]. This process-
ing option will significantly reduce the costs of the pyrolysis 
process.

It was found during the characterization of the pine nut 
shells pyrolysis products that the resulting biochar has a 
low ash content (Ad = 1.5 wt. %) and a high carbon content 
(Cd = 87.94 wt. %), which together leads to a high calorific 
value, equal to 31.5 MJ  kg−1 (Table 3). The presence of vola-
tiles in the biochar (Vdaf = 6.9 wt. %) can be explained by the 
uneven heating of the shells in the reactor. In addition, the 
tars passing through a dense layer of heated raw materials 
partially polymerize, precipitating on its surface, which does 
not occur during analytical measurements (Fig. 5). Thus, the 
characteristics of the biochar obtained from pine nut shells 
indicate that it is comparable to charcoal and can be con-
sidered as a raw material for the manufacture of smokeless 
fuels.

The amount of pyrolysis tars is 11.7 wt. % relative to the 
dried mass of the initial shells, which is comparable to the 
tars yield from woody and agricultural biomass species. The 
calorific value of the tars is also high (26.3 MJ  kg−1), which, 
combined with the absence of ash, indicates its suitability 
for energy use, for example, to replace low-quality boiler 
fuel [48].

According to its characteristics, pyrolysis gas can be 
divided into two types (Fig. 6): the first is obtained at 
200–325 °C, the second—at 325–600 °C. The gas obtained 
in the temperature range of 200–325 °C mainly consists 
of carbon oxides (CO and  CO2), and therefore has a low 
calorific value (less than 4 MJ  m−3). With an increase in 
the pyrolysis temperature (over 325 °C), methane begins to 
evolve from the shells, and the proportion of carbon oxides 
decreases, which is typical for lignin decomposition [49, 50]. 
An increase in the proportion of methane leads to an increase 
in the calorific value of the gas product up to 18 MJ  m−3.

The value of the gas yield and its characteristics indi-
cate the possibility of using it as a resource that ensures the 
coverage of own needs in thermal energy. This approach 

is used in a number of works [51] and shows its economic 
feasibility. The need to loop pyrolysis gas in the technologi-
cal process, in addition to the economic component, is also 
provided by the environmental factor: the gas contains a high 
amount of carbon monoxide (the proportion of CO reaches 
36% of the total gas volume at 370 °C).

3.3  Fuel molding

3.3.1  Pelletizing at laboratory‑scale equipment

The production of fuel granules (pellets) from the biochar 
of the shells was carried out with the addition of a binder 
obtained by dextrin dissolving in water in an amount of 6–15 
wt. %. The proportion of the binder in the molding mixture 
was 30–40 wt. %. The molding pressure was 150 MPa. With 
a smaller amount of binder, granules could not be formed; 
with higher content, the binder excess was squeezed out of 
the mold through the gaps in it. Pellets were dried at a tem-
perature of 80 °C for 3 h, according to the recommendations 
of [11].

The results of measuring the thermal and mechanical 
characteristics of the pellets obtained with different propor-
tions of dextrin are presented in Table 4. It can be seen that 
when the proportion of dextrin in the binder is 10 wt. % or 
more, the mechanical characteristics of the obtained pel-
lets meet the requirements of the standard [27]. At the same 
time, the abrasion strength of the pellets increases with an 
increase in the proportion of dextrin in the binder up to 12 
wt. %. A further increase in the proportion of dextrin did not 
improve the pellets’ characteristics. Considering that with an 
increase in the proportion of dextrin in the composition of 
the pellets, their calorific value decreases and the yield of 
volatile substances increases (Table 4), the optimal amount 
of dextrin in the binder is 10–12 wt. %. In addition, it can be 

Table 3  Material balance of pine nut shells slow pyrolysis at a tem-
perature of 600 °C

Raw material The yield of pyrolysis products, wt. % (on dry 
matter)

Char Tar Pyrogenetic water Gas

Pine nut shells 35.6 11.7 34.7 18.0

Fig. 6  Composition of pyrolysis gas and its calorific value in the tem-
perature range of 200–600 °C
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noted that with an increase in the proportion of the binder, 
the ash content of the pellets decreases. This is due to the 
fact that the ash content of dextrin (Table 2), which is the 
basis of the binder, is lower than the ash content of biochar 
(Table 3). Accordingly, an increase in the proportion of the 
binder leads to the observed effect of reducing the ash con-
tent of the granules.

The ignition temperature of pellets with an increase in the 
proportion of dextrin changes insignificantly (Fig. 7): the 
values are in the range of 320–330 °C. However, there is a 
general trend: with an increase in the proportion of dextrin 
in the composition of the binder (as well as in the composi-
tion of the pellet), the ignition and combustion delay times 
decrease.

The influence of the molding pressure on the mechanical 
characteristics of the pellets was also investigated (Table 5). 
It can be seen that with an increase of up to 150 MPa, the 

mechanical characteristics of the pellets improve, but then 
there is a decrease in strength. This is due to the fact that 
when the pressure increases, the material is compacted due 
to the removal of voids between the particles, and the contact 
of the compressed material with the binder increases. High 
molding pressure (over 150 MPa) leads to the squeezing 
out of the binder from the inter-piece space; the binder is 
mostly concentrated on the surface of the pellets, as a result 
of which their mechanical strength decreases (Table 6).

Drying parameters are one of the most energy-intensive 
stages of fuel molding, which makes their study an impor-
tant task in granulation. It should be noted that, as a rule, 
the industrial implementation of granulation technology 
requires an increase in the temperature of the drying agent 
in order to reduce the drying time and the stay of products 
in the production cycle. In this regard, the effect of drying 
temperature on the strength and appearance of the granules 

Table 4  Ultimate and proximate analyses of the biochar obtained from the pine nut shells

Sample Ash content on dry matter 
Ad, wt. %

Volatile substances Vdaf, 
wt. %

Low calorific value Qi
r, 

MJ  kg−1
Elemental composition on dry 
matter, wt. %

Cd Hd Nd Sd Od

Biochar from the pine nut 
shells

1.51 6.9 31.5 87.94 2.64 0.59 0.00 7.32

Fig. 7  Differential scanning 
calorimetry (DSC) curves in 
oxygen of pellets with different 
dextrin contents in the binder 
(molding pressure—150 MPa, 
drying temperature—80 °C)

Table 5  Fuel pellet test results 
(molding pressure—150 MPa, 
drying temperature—80 °C)

Binder content in 
the pellets, wt. %

Ash content on dry 
matter Ad , wt. %

Volatile sub-
stances Vdaf, 
wt. %

Net calorific 
value Qr

i
 , 

MJ  kg−1

Mechanical strength, %

Drop SM Attrition DUr

6 1.54 8.93 32.52 98.2 33
8 1.53 9.88 32.52 99.5 75
10 1.45 10.19 32.35 99.1 92
12 1.40 10.84 32.11 99.6 95
15 1.28 11.90 31.73 99.5 95
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was studied (Fig. 8). It can be seen that with an increase in 
the drying temperature, the number of cracks and their size 
(on the surface of the pellets) increase. This is due to the fact 
that the pellet is heated unevenly: from the outer surface of 
the pellet to its center. There comes a time when the outer 
surface dries and hardens, while there is still moisture inside 
the granule. Gradually warming up, the moisture remain-
ing inside the granule comes out, and cracks form on the 
dried outer surface. However, as shown by the results of 
the abrasion test (DUr, Fig. 8), a 100 °C increase in drying 
temperature resulted in a 5% reduction in pellet strength. At 
the same time, the mechanical characteristics of the smoke-
less fuel dried at 160 °C still comply with the requirements 
of GOST R 57,016–2016 [27].

3.3.2  Pelletizing at the pilot‑scale equipment

The obtained molding parameters were tested on an industrial 
screw press with a productivity of 1 ton of pellets per hour. 

Drying of pellets was carried out under similar conditions with 
samples obtained on laboratory equipment. A comparison of 
the pellets obtained on laboratory and industrial equipment 
is shown in Fig. 9. The strength of the industrially obtained 
pellets exceeded the mechanical characteristics of pellets with 
a similar dextrin content obtained on laboratory equipment: 
SM = 99.7%, DUr = 98%.

The increase in strength can be explained by the fact that 
in the industrial method of manufacturing, the samples of 
the required length were cut. In the process of cutting, the 
edges of the pellets, which are the least strong part of them, 
were subjected to mechanical stress, as a result of which 
weight loss occurred at this stage, and not during mechani-
cal strength tests. In addition, pellets made on a screw press 
have a more monolithic, integral structure (Fig. 10) in com-
parison with laboratory samples, which also has a positive 
effect on the mechanical characteristics.

Table 6  Mechanical strength of fuel pellets (10% of dextrin in binder, 
drying temperature—80 °C) obtained at different molding pressures

*The pellet was completely destroyed during testing

Mechanical strength Molding pressure, MPa

30 75 150 225 300

Drop test SM, % 95.4 99.5 99.5 99.2 96.4
Attrition DUr, % 0* 80 92 59 0*

Fig. 8  Pellets (10 wt. % of dextrin in binder, molding pres-
sure—150 MPa) dried at different temperatures and their mechanical 
characteristics

Fig. 9  Pellets manufactured using a pilot-scale equipment (left) and 
in laboratory conditions (right)

Fig. 10  SEM images of pellets at the site of destruction: (a) labora-
tory sample; (b) a sample made using an industrial screw press
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4  Conclusions

As a result of the studies performed, a method for pro-
ducing fuel for cooking in the form of pellets from char 
of pine nut shells and a solution of potato dextrin was 
proposed. The technological parameters of pellet molding 
were established on laboratory experimental stands and 
include the following: the proportion of potato dextrin in 
the binder composition is 10–12 wt. %, the proportion of 
the binder in the molding mixture is 30–40 wt. %, mold-
ing pressure is 150 MPa, drying temperature allowed up 
to 160 °C.

The possibility of implementing the proposed method 
on industrial equipment with a capacity of 1 ton of pel-
lets per hour is shown. It is noted that the strength of the 
pellets obtained by an industrial method exceeded the 
mechanical characteristics of pellets with a similar dextrin 
content obtained on laboratory equipment. The strength of 
the pellets meets the requirements for molded fuel (GOST 
R 57,016–2016), the volatile yield does not exceed 12 wt. 
%, while the calorific value is more than 31.73 MJ  kg−1.

The developed method makes it possible to obtain 
smokeless biofuel from pine nut processing waste, thereby 
contributing to the reduction of the negative impact of 
energy sector on the environment. The high strength of 
the obtained granules allows them to be transported over 
long distances with minimal loss, and the established opti-
mal molding parameters help to minimize the cost of the 
resulting products.
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