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Abstract. Due to the fact that the world's energy resources are declining, various alternative 
energy sources are being sought. One such source of energy is solar energy. However, due to the 
large size of solar photovoltaic panels, solar energy is not widely used in mobile vehicles. In some 
electric automobiles, solar energy is used as an additional energy source, yet usually the sun is 
not able to provide more than 15–20% of the energy needed for their propulsion. There are some 
experimental design solutions for water vessels that are propelled by solar energy only. A 
recumbent electric tricycle was designed, constructed and tested within the present research. The 
recumbent electric tricycle used a 330 W solar battery, which was designed as a tricycle roof. 
During the tests with the solar battery, the electric tricycle reached a maximum speed of 
32 km h-1. On a sunny day in May under the conditions in Latvia, a distance of 50.20 km was 
experimentally covered without battery recharging, compared with a distance of 17.14 km 
covered without the use of a solar battery. By skilfully operating the solar electric tricycle and 
limiting the speed to 20 km h-1 on a sunny day, the expected distance covered could be unlimited. 
The acceleration and braking parameters of the solar electric tricycle were identified by using a 
scientific radar Stalker ATS. 
 
Key words: acceleration, distance, range, solar tricycle, solar energy. 
 

INTRODUCTION 
 
There are many known solutions for internal combustion engines that use fossil 

fuels. In recent years, however, there has been a trend towards the development of 
vehicle propulsion technologies relying less on fossil fuels or replacing them with other 
forms of energy such as electrical energy. In the last decade, the use of electric 
automobiles has become more widespread, and now almost every auto manufacturer 
supplies electric or hybrid automobiles. Electric drive technology significantly reduces 
harmful emissions at the place of exploitation of the vehicles; however, the total 
emission balance depends on the way electricity is produced from renewable or fossil 
energy sources. The introduction of electric automobiles can reduce CO2, CnHm, NOx, 
CO and other exhaust components of internal combustion engines. The main advantages 
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of using electric drive are the quiet emission-free operation, yet the disadvantages are 
the relatively long charging time and the high price. 

When introducing electric automobiles, scientists have also considered using 
alternative energy sources to charge the electric automobiles, e. g. solar and wind power. 
The first experimental solar charging station in Latvia, designed to charge electric 
automobile batteries, was opened in 2011. After successfully testing the solar station, 
experiments were done on the use of a solar battery in slow-moving vehicles for 
shopping, placing the solar battery on the roof of the electric automobile for shopping. 
On a sunny day, such an electric automobile can travel at a speed of 7 km h-1, and a 
180 W solar battery provides a practically unlimited operating time on a sunny summer 
day (Berjoza & Misjuro, 2014). However, the vehicles of this design reach a low speed, 
which limits their use. 

Solar energy is widely used in water vessels. Design solutions have been found 
both for the development of water vessels for scientific research purposes and for 
commercial uses. The requirements and operational characteristics for water vessels 
(maximum speed, weights of engine and batteries, area occupied by solar panels and 
their weight) are usually not as high as for automobiles. Therefore, solar-powered 
commercial and experimental boats are found in latitudes closer to the equator. The solar 
energy available is enough to propel such boats (Kurjakov et al., 2012; Nobrega & 
Rossling 2012; Mahmud et al., 2014; Kurniawan, 2016; Rodrigues et al., 2016; Sunaryo 
& Ramadhani, 2018). In some countries, e.g. the Netherlands, solar boat races involving 
several student teams are held. (Sutherlanda et al., 2017). 

It is difficult for ground vehicles, i. e. electric automobiles, to create a sufficiently 
powerful solar battery for propelling them well. With the current technologies, it is 
difficult to achieve it because even the most modern solar cells have only a 24% 
efficiency factor. By fully covering the entire useful surface of an electric automobile 
with solar panels, it is usually possible to generate no more than 1,500 W of electricity, 
which is not enough to reach high speeds. Even a small electric automobile needs a 
1.5 kW power supply to ensure smooth propulsion at a speed of 50 km h-1. The solar 
batteries of this capacity could not be placed on an electric vehicle. Accordingly, in 
modern solar electric automobiles, solar energy is usually used as a partial energy source 
to increase the distance covered by the traditional electric automobiles. In 2016, Toyota 
tested the solar hybrid car Prius, which aimed to generate 1,000 W of energy from solar 
panels located throughout the car’s horizontal body. The best solar cells are expected to 
have an efficiency factor of up to 34%. Solar panels not only charge the electric car 
batteries in stationary conditions but also increase the driving range by 45 km (Future 
car; Casey, 2019; Bellini, 2020). Some prototypes of solar energy use have also been 
developed by the automobile manufacturer Tesla. 

The angle of sunlight falling on the ground can significantly affect the efficiency 
of non-adjustable angle photovoltaic panels, which makes solar electric automobiles 
more suitable for operation in countries closer to the equator. To popularize solar energy 
uses, Australia holds international car races for student-designed solar electric cars that 
travel 3,022 km, crossing Australia from north to south. The average speed of such cars 
specially designed for the race exceeds 80 km h-1. 

The prototypes of solar-propelled vehicles are studied by scientists from various 
countries. During a sunny day, solar electric vehicles have no driving range restrictions 
and dependence on charging infrastructure. Hydrogen fuel cells could also be used as an 
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additional source of energy. The efficiency of a solar electric vehicle could be affected 
by several road infrastructure factors, e. g. trees, the height of buildings and other 
elements that obscure sunlight. In their research studies, scientists have developed an 
optimal route planning model, which takes into account both electric vehicle operating 
parameters and environmental parameters. The accuracy of the model was tested on a 
slow-moving electric automobile at a campus. The electric automobile used a 270 W 
solar battery placed on its roof solar and a 2.2 kW electric motor. The experiments were 
done at a 41.75-degree latitude. The experiments were carried out both in sunny 
conditions when the solar battery power supply reached 180−210 W and in cloudy 
conditions when the solar battery power supply was only 60 W. 

In the countries where bicycles are popular, e. g. the Netherlands (almost 1 million 
bicycles are exploited), it has been found that the use of solar energy can significantly 
reduce CO2 emissions from energy production, as almost a quarter of the bicycles were 
electric ones. The prototypes of solar electric bicycles were also developed, with a  
small-capacity solar battery (66−72 W) mounted on the front wheel. The solar battery 
charged the bicycle when it was not ridden. An experiment involving 79 individuals 
working at two universities was carried out, in which 5 test bicycles were used; the 
average distance covered was 10.3 km, while the largest distance covered was 56 km (a 
total of 327 experimental rides were made), and the average speed was 17.3 km h-1 
(Apostolou et al., 2018). 

The total surface area of a car that could be covered with solar panels is quite large. 
For a middle-class car, the area of the bonnet is about 1.6 m2, the total area of the right 
and left doors is about 3.4 m2, the area of the roof is about 2 m2, the area of the boot lid 
is about 0.6 m2. If solar panels are installed on all the mentioned places, there might be 
a problem with energy flow management because in a particular position of the car, the 
solar panels are exposed to different, even very different intensities of solar radiation 
and also generate very different energy amounts (Kim et al., 2014). In order for an 
electric car equipped with solar photovoltaic panels to operate in several modes, e. g. 
solar electric car mode in combination with battery mode, charging mode during the day 
and night and regenerative braking mode, the development of a complex control 
algorithm with a superboost converter is required (Kumar et al., 2019). In most modern 
electric cars, the prototypes of which use photovoltaic panels experimentally, the panels 
can provide only a part of the energy required for their propulsion. Therefore, scientists 
propose to employ mathematical models for optimizing the energy flow, which manage 
the flow in different operating modes of the electric car and also while stopping at a 
charging station (Hu et al., 2016). 

There are available many research studies on the use of solar energy to charge 
electric automobiles, which reduces CO2 emissions. No additional energy transmission 
is required at such charging stations. Simulations were performed for Italy, the 
Netherlands, Norway, Brazil and Australia (Longo et al., 2015; Rodriguez et al., 2019). 

With the emergence of technologies for the use of solar panels on automobile roofs, 
it is also necessary to consider the standardization of these technological devices. Testing 
electric vehicle solar panels should include an alternating voltage tests, a temperature 
change test, a temperature-humidity change test, a dew test, a vibration test, an  
impact test, a water jet-moisture insulation test, a salt water test, a dust and oil resistance 
test to determine solar panel readiness for real operating conditions in vehicles  
(Araki et al., 2018). 
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At latitudes greater than 55 degrees, the use of solar energy to propel mobile 
vehicles might be constrained, especially the use of solar energy for full propulsion. 
Therefore, a solar electric tricycle prototype was developed to experimentally identify 
the possibility of using solar energy in latitudes exceeding 55. The aim of the research 
is to develop a workable, environment-friendly solar electric tricycle, which could 
operate autonomously, and to experimentally identify its key operating characteristics. 
 

MATERIALS AND METHODS 
 

Research object and experimental equipment 
For the experimental examination of solar energy used in mobile vehicles, a three-

wheeled recumbent tricycle was constructed, which was the main object of the present 
research. For the electric tricycle conversion, a standard set of components was used,  

21.3×2 round tubes, as well as 20×20×2 square tubes. The key technical parameters of 
the electric tricycle are summarized in Table 1. Laser cutting technology was used to 
make the components made of sheet steel. 

The solar battery frame was designed to be easily removed from the tricycle, and 
the frame was designed to be disassembled for easy storage. The electronics related to 
the solar control were mounted on the solar battery frame. The solar electric tricycle was 
equipped with a battery Canadian Solar Mono Cs1h-330MS and a controller Epever 
MPPT. 

A Stalker ATS scientific radar was used to measure the acceleration and braking 
parameters. The key technical characteristics of the radar are as follows: 

 accuracy ± 0.1 km h-1; 
 speed range 1–480 km h-1; 
 data logging frequency 0.03 s; 
 range up to 2,500 m; 
 weight 1.45 kg. 

which included a rear-wheel drive 
electric motor, front and rear brake 
levers with built-in switches, an 
accelerator handle, a controller and a 
control panel with a speedometer and 
an odometer. Two 20-inch front 
wheels and a 26-inch rear wheel 
were used to construct it (Fig. 1). 

The tricycle is equipped with 3 
lead gel batteries with a capacity of 
12 Ah each. The batteries are 
connected in series, providing a 
nominal voltage of 36 V. The front 
and rear lamps with a nominal 
voltage of 6 V are used for lighting; 
the voltage is provided by a voltage 
converter 36 to 6 V. The frame of the 
tricycle was made of 33.7×3.2 and 

 

 
 
Figure 1. Solar energy-powered recumbent 
tricycle: 1 – solar panel; 2 – rear wheel; 
3 – electric motor; 4 – battery box; 5 – seat; 
6 – front wheel; 7 – electric tricycle controller; 
8 – pedals; 9 – steering handle; 10 – solar 
controller. 
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Table 1. Key technical parameters of the recumbent tricycle 

No. Parameter Value and measurement unit 
1. Nominal system voltage 36 V 
2. Batteries 3×12 V, 12 Ah 
3. Brushless DC motor nominal power 500 W 
4. 
5. 
6. 
7. 

Motor power limitation for road traffic 
Motor nominal voltage 
Number of permanent magnets 
Motor max current 

250 W 
36 V 
46 
22 A 

8. Solar panel: 
maximum power; 
nominal voltage; 
efficiency factor; 
dimensions 

 
330 W 
36 V 
19.86%  
1,700×922×35 mm 

9. Battery pack energy capacity 0.38 kWh 
10. Dimensions (length, width, height) mm  1,850×992×1,020 mm 
11. Wheelbase, mm 1,110 mm 
12. Track width, mm  765 mm 
13. Solar electric tricycle weight 79.4 kg 
14. Maximum speed 32 km h-1 
15. Brakes Cable-operated disc brakes 

 
The data logger Holux GPSport 245 was used to measure the distance covered. The 

main technical characteristics of the data logger are as follows: 
 saves log data and 200,000 waypoints;  
 operating temperature: -10 °C to +60 °C;  
 lithium-ion battery, 1,050 mAh, 18-hour operating time. 
The electricity consumed and the battery charging process was recorded by means 

of an energy consumption measuring device REV Ritter Gmbh TYP: 9126. The device 
recorded energy consumption at an increment of 0.01 kWh and the maximum current 
consumed during the measurements. 

 
Methodology of the experiment 
All experiments were performed using an electric drive, without the use of pedals. 

The range experiment was carried out in two cycles - with and without using a solar 
battery. The range experiment was carried out in real traffic conditions on tricycle lanes, 
including areas exposed to sunlight and areas with shade from trees and buildings. The 
experiment was carried out on a dry asphalt road and a concrete paving block road with 
an average rolling resistance coefficient of 0.008, the air temperature ranged from 
+12 °C to +18 °C, the wind speed was less than 3 m s-1. The experiment was done with 
fully charged batteries. The experimental data were recorded by a data logger Holux 
GPSport. The experiment was done at a variable speed within a range of 20–28 km h-1 
according to the road conditions. The experiment without using the solar battery was 
stopped when the speed of the electric tricycle was less than 15 km h-1. The experiment 
had 3 replications and was carried out in the period 1−9 May 2020 at a 56.65 - degree 
latitude. Both cycles of the experiment involved tricycle rides back and forth on a lane 
route. 
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The acceleration and braking parameters such as the acceleration time and the 
acceleration distance were determined on an asphalt road with a rolling resistance 
coefficient of 0.008 and a coefficient of adhesion of 0.70–0.75 by means of the scientific 
radar Stalker ATS. Air temperature during the experiment ranged from +15 °C to 
+17 °C, the wind speed ranged from 1.0 to 3.0 m s-1. The day of the experiment must be 
sunny and without clouds. The experiment was carried out on 10 May 2020 from 10.30 
to 13.00. The experiment was done with fully charged batteries. The road section chosen 
for the experiment had low traffic intensity, not more than 2–3 automobiles h-1. Two 
operators participated in the experiment: one controlled the research object, while the 
other operated the scientific radar, which was connected to a laptop. The acceleration of 
the tricycle was started 5 m behind the scientific radar until the maximum speed was 
reached (Fig. 2). The braking of the tricycle was done when the tricycle moved towards 
and away from the radar, reaching the speed required for braking in a zone of 
approximately 20−50 m from the radar (Fig. 2) and braking as intensively as possible 
with all the wheels. 

 

a) 

b)  
 

Figure 2. Braking a) and acceleration b) scheme: 1 – radar operator working place; 2 – radar gun; 
3, 6 – acceleration start point; 4, 5 – braking start (finish) line; 7 – turning zone. 

 
Each acceleration and braking test was repeated at least 8 times, afterwards 

selecting 5 measurements yielding the most coherent data. The acceleration tests are 
performed first with the highest level of battery charge. The tests were repeated at the 
maximum intensity of solar radiation, which was observed visually. 

The braking tests were done when the tricycle moved towards and away from the 
radar. The braking was started at a speed 2−5 km h-1 higher than the initial braking speed 
required, i. e. 25 km h-1, and continued until the tricycle stopped completely. After the 
experiment, data processing and a comparative analysis of the data were performed. 

The battery charging tests were done after the mileage tests were finished when the 
batteries were practically discharged. During the charging, a meter measuring the 
electricity consumed was connected between the charger and the 230 V AC socket. The 
data were recorded after all the mileage tests. The charging was done indoors, at a room 
temperature of +18 ± 1 °C. 
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RESULTS AND DISCUSSION 
 
The solar electric tricycle was operated in two modes - with and without using a 

solar battery. The data obtained in the mileage tests are summarized in Fig. 3. In both 
modes, the tests were done according to the driving conditions, thereby trying to move 
at the maximum speed. If using the solar photovoltaic panel, the average distance 
covered was 50.20 km. In this experimental regime, the tricycle ride was not stopped 
when the speed dropped below 15 km h-1 as originally planned; however, in the 
acceleration regime, the solar controller started to limit fast acceleration after turning in 
the opposite direction. In this way, it was concluded that the batteries were empty. By 
starting the acceleration of the tricycle very smoothly, even after the batteries were 
completely discharged, it was possible to continue riding the tricycle at a speed of 
20–22 km h-1. The distance covered if using the solar battery was 2.93 times longer than 
that without using it. It could be hypothetically assumed that at the next stages of the 
research, the maximum speed to be identified might be in the range of 
20–25 km h-1, as at high solar intensity, the battery energy is not consumed to ensure 
smooth propulsion. If using the solar battery, the maximum speed was 11.5% higher, 
while the average speed was 22.4% higher. 

 

 
 

Figure 3. Mileage test results for the solar electric tricycle. 
 
The difference between the average speed and the maximum speed in both 

experimental cycles could be explained by the fact that the solar panel in combination 
with charged batteries was able to provide an operating voltage that was higher than the 
nominal system voltage was, i. e. 36 V. It is also useful to test this visually-read 
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measurement at the next stages of the research by installing data logger equipment for 
measuring voltage and current changes. 

New batteries were used in the experiment. Typically, battery performance and 
capacity reach nominal parameters after 2–3 charge cycles. For this reason, the distance 
covered in the first tests (without using the solar panel) with batteries that had several 
charge cycles could be longer. 

The standard error for the mileage test data ranged (chosen confidence level 95%) 
are from 0.22% to 5.30%. 

After each mileage test, the batteries were charged and the charge data were 
recorded. To prevent the solar panel from charging the battery during the transport of 
the electric tricycle, the storage batteries were disconnected from the solar panel 
immediately after each mileage test. The experiment had five replications, which 
allowed us to determine that the electricity consumed was in the range from 0.38 to 
0.41 kW h, with the average energy consumption being 0.394 kW h. The experiment 
was conducted using a new battery pack; therefore, the first charge cycle required the 
largest amount of energy. 

To determine the acceleration parameters for the solar electric tricycle, the 
experiment had 7 replications. Speed-time curves were obtained from the average data 
(Fig. 4). 

 

 
 

Figure 4. Electric tricycle acceleration speed and distance. 
 
The electric tricycle reached a speed of 10 km h-1 fast, in 2.12 s, while 20 km h-1 

was reached in 7.64 s. The permissible speed for road traffic (electric tricycle category), 
25 km h-1, was reached in 11.60 seconds. After reaching this speed, the acceleration was 
very slow, and the maximum speed of 31.79 km h-1 was reached only in 24.48 s. Due to 
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the fact that after reaching the speed of 25 km h-1, the acceleration curve also had a bend 
point, which indicated additional energy was consumed at higher speeds and the 
depletion of electricity reserves. Therefore, the cruise speed of 25 km h-1 could be 
considered to be an optimal operating speed for this kind of solar electric tricycles. 

An analysis of the acceleration of the tricycle revealed that a speed of 10 km h-1 
was reached after covering a distance of 4.05 m, while 25 km h-1 after 52.90 m. Based 
on the acceleration characteristics of such a recumbent tricycle, it is recommended to 
operate it only on tricycle paths or general roads, while sidewalks should be avoided. 
The maximum speed was reached after covering a relatively long distance of 157.21 m. 

The braking of the tricycle was started at a speed of 25 km h-1 and finished when it 
came to a complete stop. In these tests, data were collected from 3 replications. It took 
1.99 seconds to stop the solar electric tricycle (Fig. 5). During the braking, the average 
deceleration was 3.50 m s-2. Taking into account the relatively large weight of the solar 
electric tricycle used for the experiment, i. e. 155 kg, the braking parameters could be 
considered to be good. 

 

 
 

Figure 5. Electric tricycle braking speed and distance. 
 

When braking from a speed of 25 km h-1 until the tricycle came to a complete stop, 
the braking distance was 7.26 meters. When braking from 15 km h-1, the electric tricycle 
could be stopped in a distance of 2.34 meters, while from 20 km h-1– in 4.23 meters. In 
terms of braking distance, very good performance was demonstrated by the tricycle. If 
doing exploitational tests, braking is not recommended with the rear wheel brakes alone, 
as the wheel might slip under low-adhesion conditions. 

The present experiment determined the primary operating parameters of the solar 
electric tricycle, yet at the next stages of the research, it is planned to carry out 
experiments using a data logger recording battery charge-discharge parameters and the 
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electricity consumed by the electric motor operated in different modes. It is also intended 
to determine the maximum speed of a solar electric tricycle at different solar intensities 
and at different angles of sunlight falling on the ground, with the battery not being 
discharged. 

 
CONCLUSIONS 

 
1. The developed prototype of a solar electric tricycle proved to be workable in the 

experiment and could be used for implementing a broader research programme after 
installing a data logger on it. 

2. To charge electric tricycle batteries, 0.394 kW h of electricity is required. 
Charging the batteries from the mains takes on average 7.2 h. It is also possible to charge 
the batteries from the solar panel in stationary conditions by using an environmentally 
friendly kind of energy. 

3. In the experiment, the distance covered if using the solar panel was 2.93 times 
longer than that without using it. The expected distance covered at an optimum speed 
could be much longer. 

4. The characteristics of change in acceleration allows us to conclude that it is not 
useful to increase the operating speed of the solar electric tricycle above 25 km h-1 
because, after reaching this speed, the acceleration decreases significantly due to an 
insufficient power supply. 

5. The braking time of the electric tricycle from 25 km h-1 was 1.99 seconds, yet 
the braking distance was 7.26 meters. The mentioned parameters, given the relatively 
large weight of electric vehicles, could be considered high. 

6. It is appropriate to limit the speed to 25 km h-1 in order for the vehicle to comply 
with the category of electric bicycles, as all the other parameters complied with this 
category. 

7. The design defects identified in the primary tests are intended to fix so that the 
electric tricycle could be used for further research on the use of solar energy in mobile 
technology at latitudes exceeding 55 degrees. 
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Abstract. The output capacity of the machine for top spreading the soil with solid mineral 
fertilisers can be raised by means of increasing its working width. The authors have carried out 
field trials and field experiment investigations with the MVU-8 granulated mineral fertilizer 
spreading machine equipped with two prototype units of the centrifugal fertiliser spreading tool, 
in which the axis can be tilted at different angles to the vertical line. In accordance with the results 
of the completed investigations, it has been established that setting the axial tilt angle of the 
centrifugal operating device in the fertiliser spreading tool within the range of 25–30° provides 
for achieving a productivity of the combined tractor-implement unit for applying mineral 
fertilisers at a level of 35–40 ha per working shift hour. The best performance in the fertiliser 
application with regard to both the working width and the fertiliser placing distribution uniformity 
is ensured at angles of inclination of the disc in the fertiliser spreading tool with respect to the 
horizontal plane within the range of 25–30°. At these angles, the uneven distribution of the 
fertiliser over the working width is equal to 19.2%, the uneven distribution of the fertiliser along 
the unit’s line of travel is equal to 8.9%, while the deviation in the dosage of the applied fertilisers 
from the set value is equal to 7.5%. 
 
Key words: distribution uniformity, inclination angle, fertiliser, spreading disc, uneven 
distribution. 
 

INTRODUCTION 
 

As is known, the output capacity of the machine for top spreading the soil with 
mineral fertilisers and chemical soil improvers equipped with centrifugal fertiliser 
spreading tools depends on its working width, the tractor-implement unit’s operating rate 
of travel and the shift time utilisation rate (Adamchuk, 2002). In view of the fact that the 
resource for improving the productivity by increasing the unit’s operating travel rate as 
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well as the shift time utilisation rate has been used up, the only reserve for its 
improvement is the increase of the working width. That said, the working width of the 
mineral fertiliser top dressing machine, in its turn, depends on the absolute velocity of 
the departure of mineral fertiliser particles from the fertiliser spreading tool and the angle 
between its vector and the horizontal plane as well as the height above the field surface 
level, at which the fertiliser spreading tool is installed (Villette et al., 2005; 2007). 

At the same time, the following circumstances have to be taken into account, when 
analysing the possible ways to design new fertiliser spreading tools for the purpose of 
increasing the mineral fertiliser spreading range and, accordingly, the working width of 
the machine: 

– physical and mechanical properties of the mineral fertilisers supplied by the 
chemical industry currently to both the Ukrainian market and the international one, have 
for the last decades remained unchanged. Therefore, it can be forecasted that in the 
decade to come the physical and mechanical properties of mineral fertilisers, such as the 
dimensions and strength of the granules, the coefficient of friction for fertiliser particles 
on the vane surfaces, which have an effect on the spreading distance, will not change 
(Grift et al., 2006; Van Liedekerke et al., 2009; Biocca et al., 2013); 

– spreading disc vanes manufactured with the use of polymer parts or state-of-the-
art composite materials, on the surfaces of which the mineral fertilisers particles slide, 
have relatively small coefficients of friction, which results in the increased absolute 
velocity of the fertiliser particle departure from the fertiliser spreading tool. However, 
that has already been widely implemented in the engineering of new agricultural 
machinery and, therefore, hardly can be of great importance specifically with regard to 
the mineral fertiliser top dressing (Yildirim, 2006; 2008); 

– raising the absolute velocity of the fertiliser particle departure from the fertiliser 
spreading tool by means of increasing the outer diameter of its spreading disc is in 
practice impossible, since this way, the same as in the preceding item, has been used up 
and the further augmentation of the disc diameter in the tool under consideration is 
restricted by the design layouts of mineral fertiliser top dressing machines (Adamchuk, 
2006; Villette et al., 2008; 2010); 

– raising the absolute velocity of the fertiliser particle departure from the fertiliser 
spreading tool by means of increasing its spreading disc rotation frequency is, again, not 
possible for practical purposes. The research carried out in the recent years has shown 
that the vanes of fertiliser spreading tools, which entrain the mineral fertiliser particles, 
apply to them impact force, which results in the disintegration of the granules and 
production of powder fractions (Adamchuk, 2006). It is to be taken into account that at 
higher rotation frequencies in the fertiliser spreading tool a considerable mass of dust 
and fine fraction is produced, which has a significantly reduced “tossing” property when 
spread in the air. That results in spreading the fertiliser within a much shorter range, than 
in case of spreading intact granules; 

– way of increasing the angle between the vector of the absolute velocity, with 
which mineral fertiliser particles depart from the fertiliser spreading tool, and the 
horizontal plane, by means of increasing the vane setting angle in the horizontal plane, 
has also been used up by now in the existing tools with vertical rotation axes; 

– as regards the height above the field surface, at which the fertiliser spreading 
tool is positioned, it is not much appropriate for two reasons. Firstly, it has no significant 
effect on the increase of the working width in mineral fertiliser top dressing machines. 
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Secondly, the height, at which such fertiliser spreading tools can be installed, is limited 
by the elevation of the process bin’s bottom, which cannot be positioned much higher. 

On the assumption of the above-mentioned limiting factors and after the analysis 
of the above-said, it can be stated that increasing the working width is a topical problem 
in the design of new models of solid mineral fertiliser top dressing machines, which can 
be equipped with centrifugal disc-type fertiliser spreading tools. This problem has to be 
solved by way of carrying out the necessary scientific research. 

The topical issues of raising the efficiency in the application of mineral fertilisers 
and the work processes of their placing in the soil have until now been subjects of study 
for many scientists. For example, in the studies by Scheufle & Bolwin (1991), Frode & 
Lorenzo (2001), Rainer (2001), Yasenetsky & Sheychenko (2002), Lawrence et al. 
(2007, White et al. (2007), Šima et al. (2013), Bulgakov et al. (2017), Marinello et al. 
(2017), Virro et al. (2020), it has been established that the efficiency of using mineral 
fertilisers depends not only on the fertilisers themselves, but also on the methods of their 
placing in the soil. The principal factor that limits the efficiency in the spreading 
application of mineral fertilisers is the uniformity in their distribution over the area of 
the field. This factor has a material effect on the ripening of the plants, the variation of 
the yield within the limits of one field and, overall, its decline. 

Such scientists as Adjetey et al. (1999), Yasenetsky & Sheychenko (2002), White 
et al. (2007), Ma et al. (2009) have proved that the applied mineral fertilisers must be 
the direct source of nutrients for the plants, therefore, during their application they have 
to be placed in the soil in such a way that they become readily available for the active 
parts of the plants’ root systems. Placing mineral fertilisers close to the roots of 
agricultural plants creates the increased nutrient concentration zone for the roots. That 
facilitates the absorption of the fertilisers and improves their application efficiency. 
Fertilisers need be placed as in the top layers of the soil, so in the deeper ones, their 
concentration being in proportion to the development of the plants’ root systems. 

The research carried out by various scientists has also greatly contributed to the 
elaboration of the fundamental principles for modelling the mineral fertiliser spreading 
by centrifugal tools. In particular, Yasenetsky & Sheychenko (2002), Aphale et al., 
(2003), Dintwa et al. (2004), Villette et al. (2007), Jones et al. (2008), Olt & Heinloo 
(2009), Hijazi et al. (2010), Antille et al. (2015), Lü et al. (2016), Kobets et al. (2017), 
Liu et al. (2018), Bulgakov et al. (2020) have carried out in-depth studies on the 
development of the fundamental principles for modelling both the process of top 
dressing with mineral fertilisers and the equipment for its implementation. However, the 
models generated in these studies are based on certain assumptions, which makes their 
practical application problematic. Those deficiencies have been eliminated by Adamchuk 
(2006) in the simulation model that he developed for the mineral fertiliser spreading 
process stipulating that its implementation requires carrying out separate experimental 
investigations. However, his approach did not cover such issues as the schematic model of 
the centrifugal spreading tool, in which the working axis is set with tilt with respect to 
the vertical line. 

Meanwhile, in accordance with the working hypothesis developed by the authors, 
that is exactly the feature that will provide for increasing the mineral fertiliser particle 
spreading range and, accordingly, expanding the working width and improving the 
output capacity of the machines for top dressing with mineral fertilisers. 
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The aim of the paper was to improve the output capacity of the machines for top 
dressing with solid mineral fertilisers by means of increasing their working widths 
through the implementation of new fertiliser spreading tools with tilted axes. 

 
MATERIALS AND METHODS 

 
For the purpose of carrying out field tests and field experiment investigations, the 

authors used the MVU-8 machine for the application of granulated mineral fertilisers 
and chemical soil improvers, which was equipped with two new prototype centrifugal 
fertiliser spreading tools developed by the authors (Bulgakov et al., 2021), the axes of 
which could be set at different angles of tilt with respect to the vertical line (Fig. 1). 

 

 

 

 
 
Figure 1. General appearance of improved-design machine for top dressing with mineral 
fertilisers, lime and gypsum equipped with two fertiliser spreading tools with tilted axes during 
its field testing and field experiment investigation: a – side view; b – rear view. 

 
During the field testing of the above-mentioned machine for top dressing with 

mineral fertilisers, it was equipped with fertiliser spreading tools, the axes of which were 

under consideration travelled forward, the rolling wheels of the machine’s running gear 
drove the closed loop of the fertiliser feeder, the top run of which entrained fertilisers 

tilted at an angle of 30° with respect to 
the vertical line (Fig. 2). 

Both the fertiliser spreading tools 
with tilted axes were kinematically 
linked with the power take-off shaft of 
the carrying tractor, while the fertiliser 
feeder - with the transport wheel of the 
machine. The powering on and off of 
the fertiliser feeder drive was controlled 
by the tractor operator remotely with 
the use of the tractor’s hydraulic system. 

The operation of the machine 
equipped with the fertiliser spreading 
tools with tilted axes proceeded as 
follows. As the tractor-implement unit  

 

 
 
Figure 2. General appearance of prototype 
fertiliser spreading tools with tilted axes 
installed in improved-design machine for top 
dressing with mineral fertilisers. 
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and brought them out from the body through the outlet slot in the form of a layer of a 
certain height. From the feeder the mineral fertilisers arrived to the fertilizer guides, 
which divided them into two equal flows and also forwarded them into the feed zones of 
the fertiliser spreading tools with tilted axes. When the fertilisers departed from the 
fertilizer guides, they were entrained by the vanes of the discs in the fertiliser spreading 
tools with tilted axes that performed rotary motion. Under the action of the centrifugal 
force the fertiliser granules accelerated moving along the vanes in the direction from the 
centre of the fertiliser spreading tool to the peripheral ends of the vanes. After reaching 
the vane ends, the fertilisers departed from the fertiliser spreading tools and flew in the 
set directions. The presence of two fertiliser spreading tools with tilted axes provided for 
the generation of two mineral fertiliser particle seeding fans, each in the form of a sector 
with an angle at centre of 90°. On account of the received reserve of kinetic energy and 
under the action of the gravity force, the fertiliser granules moved in the air in the 
direction from the fertiliser spreading tools to the field surface. The machine propelled  

operations of the basic application of granulated superphosphate and nitroammophoska. 
During the experimental investigations, the following application dosages were 

assumed for the above-mentioned mineral fertilisers: in case of granulated superphosphate, 
the application rate was equal to 400 kg ha-1, in case of nitroammophoska - 300 kg ha-1. 

Prior to carrying out field experiment investigations, the authors performed the 
assessment of the properties of the process material, i.e. the above-mentioned mineral 
fertilisers. During the application, they had the following grain-size compositions: 

– granulated superphosphate: 
≤ 1 mm – 5.0%; 
≥ 1 – ≤ 2 mm – 20.3%; 
≥ 2 – ≤ 3 mm – 40.7%; 
≥ 3 – ≤ 4 mm – 23.4%; 

by the carrying tractor travelled linearly 
forward, therefore, the mineral fertiliser 
granules falling on the soil surface 
formed its continuous sheet cover. 

The distribution uniformity in the 
spreading with fertiliser across the 
machine’s working width and along the 
line of the unit’s travel was determined as 
the coefficient of variation of the 
fertiliser mass distribution over the 
standard trays (GOST 28714-2007) that 
were placed in a horizontal area of the field 
in accordance with the layout presented 
in Fig. 3. During the experiment, the 
wind velocity did not exceed 2 m s–1, its 
value was determined with the use of the 
MS-13 cup anemometer. 

The machine equipped with the 
fertiliser spreading tools with tilted axes 
developed by the authors and carried by  
the tractor was tested with its use for the 

 

 
 
Figure 3. Layout of placing trays in single 
replication for determining values of 
distribution uniformity in spreading with 
mineral fertilisers. 
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5
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≥ 4 mm – 10.6%; 
– nitroammophoska: 

≤ 1 mm – 2.1%; 
≥ 1– ≤ 2 mm – 32.3%; 
≥ 2– ≤ 3 mm – 59.1%; 
≥ 3 mm – 6.5%. 

The investigation of the performance figures of the mineral fertiliser top dressing 
machine with the new fertiliser spreading tools with tilted axes was carried out in field 
conditions in the fields of the Olenevskoye Experimental Farm under the National 
Research Centre of Institute of Agricultural Engineering and Electrification, where the 
machine performed the operation of top dressing the soil with mineral fertilisers before 
its cultivation. 

The mineral fertiliser application machine travelled at a process speed of 12.5 km h-1. 
 

RESULTS AND DISCUSSION 
 
Fig. 4а represents the results obtained when determining how granulated 

superphosphate distributed over the trays placed in accordance with the layout shown in 
Fig. 3. In the course of the field experiment investigations, the total range of the effective 
seeding of granulated superphosphate, that is, the spreading width provided by the 
machine equipped with two fertiliser spreading tools with tilted axes was equal to 58 m. 
At the same time, within the spreading width of 58 m, the uneven application of 
granulated superphosphate was equal to ± 65.4%, which did not meet the agricultural 
engineering requirements to the top dressing of the soil with mineral fertilisers. In view 
of that fact, in order to find out the working width of the machine, it was necessary to 
determine first the size of the overlap between the adjacent runs of the unit, which had 
to be selected so as to ensure that the uneven application of granulated superphosphate 
over the working width did not exceed ± 20%. As is seen in Fig. 4b, the above-mentioned 
condition was met at a working width of 39 m. In that case, the uneven application of 
granulated superphosphate over the working width was equal to ± 18.5%. 

Apart from that, a large series of experiments has been carried out in order to 
investigate the effect of the angle of inclination of the disc in the fertiliser spreading tool 
with a tilted axis with respect to the horizontal plane on the working width of the 
machine. 

In accordance with the design of the multifactorial experiment, the authors have 
carried out such an amount of tests, when each separate test (with one dosage and one 
type of mineral fertiliser) is repeated in three replicates. The triple replication of each 
test is in compliance with the requirements to the accuracy and validity of experimental 
investigations established in this branch of agricultural engineering. 

As a result of the completed research, it has been established (Fig. 5) that increasing 
the angle of the discs’ inclination to the horizontal plane results in the expansion of the 
machine’s working width. However, the above-mentioned relation follows a special 
pattern, that is, increasing the said angle of inclination by the same amounts, but at different 
values of the angle produces different increments in the working width. 

The analysis of the diagram presented in Fig. 5 indicates that the most intensive 
growth of the machine’s working width (84.8%) takes place, when the disc’s angle of 
inclination to the horizontal plane increases from 0 to 10°. In that interval, the working 
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width of the machine increases from 16.5 m to 30.5 m, that is, by a factor of 1.85. The 
further augmentation of the disc setting angle with respect to the horizontal plane from 
10° to 20° results in the increase of the machine’s working width by 14%, i.e. from 
30.5 m to 35.0 m, that is, by a factor of 1.15. Again, further increasing the disc setting 
angle from 20° to 30° brings about a rise in the working width of the machine by a factor 
of 1.11 (or by 11.4%). Finally, when the disc setting angle with respect to the horizontal 
plane is increased from 30° to 40°, that produces no increment in the working width of 
the machine subject to maintaining the uneven application of fertiliser within the range 
of ± 20%. 

 

 
 

 
 

Figure 4. Mass distribution of granulated superphosphate: a – over spreading width (Мd);  
b – over working width (Мz).  

 
On the basis of the above results of field experiment investigations, the following 

conclusion can be made: the rational values of the angle, at which the disc in the fertiliser 

 

spreading tool is inclined to the 
horizontal plane, are found within 
the range of 25–30°. Despite the 
fact that at such a setup the disc in 
the fertiliser spreading tool is 
inclined, unlike the disc in the 
machine of the standard design, the 
experimental investigations carried 
out by the authors have given 
evidence that this new design 
feature has virtually no effect on 
the consumption of energy, as 
compared to the basic machine for 
application of fertilisers, in which the 

 

 
 
Figure 5. Relation between machine’s working 
width and discs’ angle of inclination to horizontal 
plane in application of granulated superphosphate. 

v = ± 65.4% 

v = ± 18.5% 

a) 

b) 
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the spreading disc is set up horizontally. The analysis that has been done by the authors 
has revealed that the improvements ensuring greater mineral fertiliser spreading 
distances are achieved in case of the new setup solely on account of the changes in the 
trajectory of the tossing and the further flight of mineral fertiliser particles. Meanwhile, 
the absolute velocities of the mineral fertiliser particles departing from the horizontally 
positioned disc (commercial machine) and the disc set up at an angle of tilt (machine of 
the authors’ improved design) are equal. And that implies also the equal consumption of 
energy and fuel. The power consumption tests carried out by the authors have resulted 
in establishing that every spreading disc consumes about 0.5 kW of power irrespective 
of its angle of tilt. 

Moreover, it is necessary to note that in the course of the field experiment 
investigations, the uneven application of mineral fertilisers across the working width did 
not exceed ± 20%, along the line of travel - ± 10%, which is in compliance with the 
requirements set for the quality of performing the process of mineral fertiliser application. 

The relation between the working width of the machine and the disc’s angle of 
inclination to the horizontal plane α is best approximated by the quadratic polynomial 
equation of the following form: 

B = -0.0204α2+ 1.3493α + 17.229. (1) 
Taking into account the above expression (1), the output capacity of the tractor-

implement unit per hour of shift time can be determined with the use of the following 
expression: 

W = 0.1(-0.0204α2+ 1.3493α + 17.229)·Vp·τ, (2) 
where Vр – operating speed of the unit (km h-1); τ – the working time usage factor. 

The working time usage factor τ depends on the following two parameters: 
1. Mineral fertiliser application dosage 
2. Operation pattern of the solid mineral fertiliser application unit. 
The unit can operate on either the single-pass pattern or the reload pattern. The 

single-pass pattern implies loading the process bin directly at the mineral fertiliser barn, 
where the unit drives after each pass to load its bin. With this pattern, there is direct 
dependence on the bin capacity and the distance between the place of fertiliser 
application and the barn. In this case, the value of the coefficient under consideration is 
τ = 0.40–0.75. When the reload pattern is used (bin is charged in the field), the value of 
the coefficient is τ = 0.80–0.95. The authors used the single-pass pattern, when carrying 
out the experimental investigations and comparison tests. The value of the coefficient is 
assumed to be τ = 0.7 (distance to the barn was 1.0–1.5 km on the average, bin capacity 
was 400 kg). 

The analysis of the expression (2) has proved that, when the centrifugal tool axis is 
set at an angle of tilt within the range of 25–30°, the output capacity of the tractor-
implement unit for mineral fertiliser application is at a level of 35–40 ha h–1. 

The performance data of the machine recorded in the course of its field testing are 
presented in Table 1. 

The analysis of the field testing results has proved the consistency and efficiency 
in the performance of the work process of granulated mineral fertiliser application by 
the machine equipped with the improved-design fertiliser spreading tool with a tilted 
axis developed by the authors. 
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Table 1. Results of field testing of MVU-8 machine for application of mineral fertilisers, lime 
and gypsum equipped with fertiliser spreading tools with tilted axes 

Indicator 
Fertilizer  
spreader  
MVU-8 

Improved-
design 
machine 

Operating speed (km h–1) 12.0 12.0 
Working width (m) 20.0 39.0 
Uneven distribution of fertiliser across working width (%) 18.3–19.4 18.4–19.2 
Uneven distribution of fertiliser along unit’s line of travel (%) 9.2–9.8 8.9–9.6 
Deviation from pre-set fertiliser application dosage (%) 8.3–8.5 7.2–8.9 
 

In accordance with (GOST 28714-2007), the authors have determined the 
coefficient of variation ν, which specifies the distribution uniformity of mineral 
fertilisers. According to the results of the statistical estimation, it has the following 
values: 

– uneven distribution of mineral fertilisers with regard to the spreading distance is 
equal to 10%; 

– uneven distribution of mineral fertilisers over the effective seeding width does 
not exceed 20%. 

The above figures give evidence of the high quality achieved in the performance of 
the work process under consideration. 

 
CONCLUSIONS 

 
1. The most intensive rise in the working width of the machine for top dressing 

with mineral fertilisers (84.8%) takes place, when the angle of inclination of the disc in 
the fertiliser spreading tool with a tilted axis with respect to the horizontal plane is 
increased up to 10°. Within that range, the machine’s working width expands from 
16.5 m to 30.5 m, that is, by a factor of 1.85. Further increasing the disc setting angle 
with respect to the horizontal plane up to 30° provides for adding another 11.4–14.0% 
to the working width of the machine, i.e. increasing it by a factor of 1.11–1.15. Raising 
the disc setting angle with respect to the horizontal plane from 30° to 40° subject to 
maintaining the uneven application of fertiliser within the range of ± 20% results in 
virtually zero growth of the machine’s working width. 

2. The best performance in the application of fertilisers with regard to both the 
working width and the distribution uniformity in fertiliser spreading is ensured at the 
angles of inclination of the disc in the fertiliser spreading tool with a tilted axis with 
respect to the horizontal plane within the range of 25–30°. Within that range, the 
following is observed: 

– uneven application of fertilisers across the working width is equal to 19.2%; 
– uneven application of fertilisers along the unit’s line of travel is equal to 8.9%; 
– deviation in the dosage of the placed fertilisers from the set value is equal to 7.5%. 
The obtained data on the quality of the application of mineral fertilisers by the 

machine equipped with the new fertiliser spreading tool with a tilted axis developed by 
the authors meet the standard requirements to the quality of performing the work process 
under consideration. 
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Abstract. Production of biogas using bioresources of agricultural origin plays an important role 
in Europe’s energy transition to sustainability. However, many substrates have been denounced 
in the last years as a result of differences of opinion on its impact on the environment, while 
finding new resources for renewable energy is a global issue. The aim of the study is to use a 
carbon balance method to evaluate the real impact on the atmosphere by carrying out a carbon 
balance to objectively quantify naturally or anthropogenically added or removed carbon dioxide 
from the atmosphere. This study uses Latvian data to determine the environmental impact of 
biogas production depending on the choice of substrate, in this case from specially grown maize 
silage. GHG emissions from specially grown maize use and cultivation (including the use of 
diesel fuel, crop residue and nitrogen fertilizer incorporation, photosynthesis), biogas production 
leaks, as well as digestate emissions (including digestate emissions and also saved nitrogen 
emissions by the use of digestate) are taken into account when compiling the carbon balance of 
maize. The results showed that biogas production from specially grown maize can save 
1.86 kgCO2eq emissions per 1 m3 of produced biogas. 
 
Key words: agriculture, bioenergy, biofuels, multicriteria analysis, sustainability. 
 

INTRODUCTION 
 
The European Union is the most progressive global leader on the path to climate 

change mitigation, therefore The European Commission presented the vision for 
climate-neutral economy by 2050 to keep global temperature increase below 2 °C above 
the pre-industrial level (Bereiter et al., 2015), with decarbonising the energy sector as 
one of the key points (European Council, 2019). Production of biogas using bioresources 
of agricultural origin plays an important role in Europe’s energy transition to 
sustainability (European Council, 2014; European Council, 2019) due to the possibilities 
to use it for different purposes - transportation fuel, heat and electricity generation 
(Meyer et al., 2018). 

The biogas production process integrates production (Chen et al., 2015), processing 
and recycling of degradable by-products (Li et al., 2019). Not only does the biogas 
produced by anaerobic digestion prevent greenhouse gas emissions and produce 
renewable energy, but also provides for the production of processed fertilizers, 
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improving nutrient self-sufficiency in the agricultural sector (Timonen et al., 2019). The 
productivity of a biogas plant depends on different aspects, like the type of biomass 
(Melvere et al., 2017; Krištof & Gaduš, 2018; Bumbiere et al., 2020), digestion 
(Meiramkulova et al., 2018; Mano Esteves et al., 2019), availability of biomass, 
impurities that may harm microorganisms (Mehryar et al., 2017; Muizniece et al., 2019) 
and lignin content (Lauka et al., 2019). 

The most important element of the biogas production system, is the choice of a 
substrate, because by knowing the composition of biomass, it is possible to predict the 
yield of biogas and its ratio of methane (Ugwu et al., 2020). Almost any organic material 
can be used for the biogas production, for example, paper, grass, animal waste, domestic 
or manufacturing sewage, food waste, agricultural products (Ugwu et al., 2020), but 
whereas finding new sources of renewable energy production is a global issue (Sauthoff 
et al., 2016; Siddique & Wahid, 2018) at the same time specially grown substrates are 
being rejected for the production of biogas (Schulz et al., 2018). 

One of the substrates being rejected is the use of maize as a result of differences of 
opinion on its impact on the environment (Schulz et al., 2018), even though maize biogas 
yields and characteristics are far superior to other crops for biogas production (Pimentel, 
2003; Gowik & Westhoff, 2011). Not only does maize have a high carbon fixation and 
assimilation capacity (Crafts-Brandner & Salvucci, 2002), but it can also be grown 
worldwide due to its high photosynthesis and resource utilization (Arodudu et al., 2017), 
even in conditions of drought, high temperatures and lack of various nutrients (Patzek, 
2004). In addition, in the process of anaerobic digestion it is very important to use co-
digestion, which allows to increase the productivity of produced biogas from 25 to 400% 
over mono-digestion (Cavinato et al., 2010; Shah et al., 2015). Co-digestion is often used 
for the very reason that the optimal carbon-nitrogen ratio on biogas production is in the 
rage of 20:1 to 30:1, but in general, manure has very low carbon ratio and it is important 
to mix it with other substrates that are carbon-rich like maize to increase the biogas yield. 

Therefore, in this case, a carbon balance was developed and carried out to 
objectively quantify naturally or anthropogenically added or removed carbon dioxide 
from the atmosphere in order to determine the environmental impact of biogas 
production from specially grown substrates, in this case - maize silage.  

Although many authors have acknowledged that, when analyzing biomass life 
cycle analysis, the range of results is quite wide (Murphy et al., 2014) due to the 
differences in various factors and system boundaries (Muench & Guenther, 2013), it is 
considered to be the best method for calculating Greenhouse gas (GHG) balance 
(Cherubini, 2010). 

In this study carbon balance was carried out to determine the environmental impact 
in terms of greenhouse gas emissions by biogas production from specially grown maize. 

The methodology was based on life cycle analysis, which included calculations of: 
emissions from maize silage cultivation due to tillage, mineral nitrogen fertilizers and 
fuel use in heavy machinery (both in the process of growing maize, in the process of 
preparing the substrate for biogas production, and in the process of incorporating 
digestate into the soil); emissions collected due to the photosynthesis process; emission 
leaks from biogas production process; emissions from the use of maize digestate 
fertilizer; emissions saved from the mineral fertilizer replacement with digestate. 
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Although the carbon balance method has been used so far, for example, to model 
the change of land use (Guo et al., 2017) or of forestry under various effects of forestry 
(Zubizarreta-Gerendiain et al., 2006), but there are no studies that have developed carbon 
balances to determine the environmental impact of substrate selection in biogas 
production. 

 
METHODOLOGY 

 
In order to calculate fuel emissions, data from an agricultural farm in Latvia was 

collected. It is important to note that the results of the calculations may differ, if a more 
detailed calculation is made, considering factors such as soil consistency and the 
technologies used, the efficiency of tractors and other indicators. The more efficient the 
techniques and methods used, the lower the emissions from maize production process. 
First, the number of times specific tractor-tillage techniques that use diesel fuel and the 
tons of diesel fuel consumed per 1 ha of the particular activity by off-road vehicles and 
other machinery were collected to an indicator of how many tons of diesel needed per 
hectare and how many tons of diesel fuel are consumed per year to process 1 ha of biogas 
maize fields. In turn, knowing the area of land that was used to grow the biogas maize 
substrate in a given year, can provide an indicator of all year’s fuel consumption for 
biogas maize cultivation per ha (Table 1). Data from company producing biogas from 
maize in was used.  

 
Table 1. Diesel fuel consumption for the production of maize for biogas production 

 
Times 

Fuel needed, 
t ha-1  
at a time 

Fuel  
needed,  
t ha-1 

Area,  
ha 

Fuel consumed 
over the area, 
t yr-1 

Plowing 1 0.025 0.025 5,382 134.335 
Shuffle 1 0.008 0.008 5,382 44.778 
Cultivation 1 0.007 0.007 5,382 40.300 
Sowing 1 0.007 0.007 5,382 35.823 
Plant protection + microelements 3 0.006 0.017 5,382 94.034 
Shredding 1 0.029 0.029 5,382 156.724 
Fertilizer application 3 0.004 0.012 5,382 67.167 
Transportation field-farm 1 0.016 0.016 5,382 85.437 
Compression 1 0.031 0.031 5,382 167.918 
Picking from the pit, pouring, dumping 1 0.017 0.017 5,382 89.556 
Incorporation of digestate into soil 1 0.015 0.015 5,382 80.601 
In total - - 0.185 5,382 996.674 
 

By finding out the lowest combustion heat of diesel fuel, it is possible to obtain 
consumed energy for field treatment (Intergovernmental Panel on Climate Change, 
2006). But, knowing the energy consumed in the process in field cultivation as well as 
using the emission factors of the 2006 Intergovernmental Panel on Climate Change 
(IPCC) guidelines, it is possible to obtain the result in terms of tons of emissions from 
the use of fuel (Central Statistic Bureau, 2018). By determining the annual emissions, 
indicators - emissions from the processing of 1 ha of maize used for biogas production - 
are calculated. 
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During the special cultivation of maize, fuel is not the only source of emissions, it 
is also caused by the incorporation of crop residues into the soil, as well as the use of 
nitrogen, therefore the Tier 1 methodology from the 2006 IPCC guidelines was used to 
calculate nitrous oxide emissions from managed soils (IPCC, 2006). For direct nitrous 
oxide emissions from agricultural soils, the following equation was used. 

N2O - N = [(FSN + FCR) ∙ EF], (1) 

where N2O – N – N2O emissions in units of nitrogen (direct N2O emissions from treated 
soils, kg N2O–N yr-1);  
FSN – the amount of nitrogen in the fertilizer applied to the soil kg N yr-1; FCR – N amount 
of maize residues entering the soil on an annual basis (above and below ground); 
EF – N2O emission factor from N input, kg N2O–N kg-1 N (input = 0.01). 
The following equation was used to report kg N2O–N emissions to N2O emissions: 

N2O = N2O – N ∙ 44/28 (2) 

One of the calculation parameters for estimating the direct nitrogen oxide emissions 
from the use of N in managed soils is the amount of pure nitrogen fertilizers per year. 
Data on the required inorganic fertilizers used in soils are taken from A. Kārkliņš book 
‘Calculation methods and standards for the use of soil treatment and fertilizers’, which 
states that a maize yield of 31.8 t ha-1 requires 0.1 t ha-1 N fertilizer (IPCC, 2006). 
Yield N per year is calculated on the Tier 1 methodology of the 2006 IPCC Guidelines: F�� =  Yield ∙  DRY x Frac�����  ∙  Area x R��  ∙  N��  ∙  Area ∙  R�� ∙  N��, (3) 

where Yield − harvested maize yield (kg fresh maize yield ha-1); DRY – dry matter 
part of harvested maize (kg dry matter kg-1 fresh matter); Frac����� – total area of maize; 
Area – the total part of the area harvested for maize (ha year-1); RAG – terrestrial, 
surface residue solids (AGDM) and maize harvest (Crop), kg dry matter (kg dry matter)-1; N�� – N surface plant residue content in maize (kg N kg-1 dry matter); R�� – ratio of 
underground residues to maize yield (kg dry fraction kg-1 dry fraction); RBG can be 
calculated by multiplying RBG-BIO by the total aboveground biomass to cereal yield 
ratio (RBG = [(AGDM ∙1,000 + Crop Crop)-1]; N�� –  the N content of underground residues 
of maize (kg N kg-1 dry matter) (0.007) (Liu et al., 2019). 

To calculate the annual production of crop residues F��, the following calculation 
is required: R�� = AGDM ∙ 1,000Crop  (4) 

as well as an additional equation to estimate terrestrial surface solids AGDM (Mg ha-1): AGDM = ( Crop1,000) ∙  slope +  intercept. (5) 

And the correction factor for estimating the dry matter yield is determined as: 
Crop = Yield Fresh ∙ DRY, (6) 

where Crop – harvested dry yield fraction T, kg dry matter ha-1; yield Fresh – part of 
fresh harvest T, kg fresh fraction ha-1; DRY – dry matter fraction of harvested crop T, 
kg dry fraction (kg dry fraction)-1 (IPCC, 2006). 
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Although the use of digestate in field fertilization reduces emissions compared to 
synthetic fertilizers, digestion of soil with digestate also generates greenhouse gas 
emissions (Ericsson et al., 2020). The results of analyzes obtained from the farm ‘X’ 
producing biogas from maize indicate that the N content of the digestate fertilizer is on 
average 3.8 kg t-1. By knowing the N content of the digestate and the tons of digestate 
obtained, digestate fertilization emissions were calculated by the 2006 IPCC guidelines. 

When looking at emissions from the biogas production process, it should be 
considered that although biogas is produced from maize, which is a renewable resource 
and recovers the carbon emissions that the plant has absorbed during its growth process, 
emissions from the biogas production process are taken into account. Based on the 
scientific article emission leakages account for 1% of biogas losses in biogas production, 
which includes both the 52% methane in it and the remaining 48%, which is assumed to 
be carbon dioxide (Blumberga et al., 2010). 

Although GHG emissions result from field cultivation during maize cultivation, 
maize growth involves photosynthetic processes that sequester CO4 from the 
atmosphere. In order to calculate the amount of CO4 captured in a year in a certain area 
of biogas maize, the amount of dry matter is multiplied by the CO4 sequestration factor 
(Scarlat et al., 2018). 

 
RESULTS AND DISCUSSIONS 

 
For the analysis of cultivation of maize and GHG emissions related with it, data 

about amount of total cultivated maize from 2017 were used. It can be seen that in 2017, 
GHG emissions are generated for the cultivation of maize, which was used as a substrate 
for biogas production, in total 3.53 kt CO2eq yr-1 to treat it with heavy agricultural 
machinery, which uses diesel fuel. Knowing that 5,382 ha of biogas maize were 
managed in 2017, a result is obtained which shows that 0.66 tCO2eq ha-1 per year of 
GHG emissions are generated in the management of biogas maize fields with agricultural 
machinery. Table 2 show fuel emission indicators per 1 ha of cultivated maize area used 
in calculations. 

 
Table 2. Fuel emission indicators per 1 ha of cultivated maize area (based on IPCC, 2006) 

 CO4 emissions, 
t ha-1 

CH6 emissions, 
kg ha-1 

N4O emissions, 
kg ha-1 

Plowing 0.079 0.004 0.030 
Shuffle 0.026 0.001 0.010 
Cultivation 0.024 0.001 0.009 
Sowing 0.021 0.001 0.008 
Plant protection + microelements 0.055 0.003 0.021 
Shredding 0.092 0.005 0.035 
Fertilizer application 0.040 0.002 0.015 
Transportation field-farm 0.050 0.003 0.019 
Compression 0.099 0.006 0.038 
Picking from the pit, pouring, dumping 0.053 0.003 0.020 
Incorporation of digestate into soil 0.048 0.003 0.018 
In total 0.588 0.033 0.225 
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In order to objectively determine the total greenhouse gas emissions from fuel use, 
it is necessary to convert them into a single unit of measurement - CO2 equivalents. As 
the global warming potential (GWP) of 1 ton of CH4 equals 25 tons of C2 and 1 ton to 
N2O equals 298 tons of CO2, these values are used to produce total greenhouse gas 
emissions (IPCC, 2006). Table 3 shows CO2eq emission indicators per 1 ha of biogas 
produced from specially cultivated maize.  

 
Table 3. Fuel CO2eq emission indicators per 1 ha of biogas produced from specially cultivated 
maize (based on IPCC, 2006) 

 CO4 
emissions, kgCO4eq ha-1 

CH6 
emissions, kgCO4 eq ha-1 

N4O 
emissions, kgCO4 eq ha-1 

Total 
emissions, 
tCO4 eq ha-1 

Plowing 79.28 0.11 9.04 0.09 
Shuffle 26.43 0.04 3.01 0.03 
Cultivation 23.78 0.03 2.71 0.03 
Sowing 21.14 0.03 2.41 0.02 
Plant protection + microelements 55.49 0.08 6.33 0.06 
Shredding 92.49 0.13 10.55 0.10 
Fertilizer application 39.64 0.06 4.52 0.04 
Transportation field-farm 50.42 0.07 5.75 0.06 
Compression 99.09 0.14 11.30 0.11 
Picking from the pit, pouring, dumping 52.85 0.07 6.03 0.06 
Incorporation of digestate into soil 47.57 0.07 5.42 0.05 
In total 588.16 0.82 67.06 0.66 
 

The obtained data show that the highest emissions per ha occur per year due to 
harvesting and shredding to prepare maize for placing in the bioreactor, as well as due 
to compaction. The lowest emissions occur during sowing. Total indicative emissions 

relatively similar, amounting to 0.468 tCO2 eq ha-1 and 0.443 tCO2 eq ha-1. In total 
indicative emissions from biogas production from specially grown maize creates 1.567 t 
CO2 eq ha-1. 

The biogas production process produces a very valuable by-product – digestate. It 
contains significant amounts of nutrients that are suitable for enriching the soil (Brown 
et al., 2010; Pereira et al., 2018). The dry weight of digestate from biogas production 
using only maize is approximately 58.22% (Tambone et al., 2019). Digestion of fields 
with digestate can indirectly reduce greenhouse gas emissions, for example, digestate 
from 1 ha of maize green matter with a yield of 30 t ha-1 fully provides the required 

from biogas production from specially 
grown maize per ha shown in Table 4. 

As a result, it can be seen that the 
highest emissions per ha are caused by 
the use of fuel to perform all the 
necessary treatment operations with 
heavy machinery, which is almost 0.66 
tCO2eq ha-1. Emissions from tillage 
with nitrogen fertilizers and crop residue 
incorporation in soil after harvest are  

 
Table 4. Total indicative emissions from 
biogas production from specially grown maize 
per ha (based on IPCC, 2006) 

Indicative emissions tCO4eq ha-1 

Fuel emissions 0.656 
Crop residue emissions 0.443 
N fertilizer emissions 0.468 
In total 1.567 
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amount of potassium fertilizer and saves 31% phosphorus and 44–45% nitrogen fertilizer 
(Naglis-Liepa et al., 2014; Slepetiene et al., 2020). 

Accordingly, using a maize yield of 31.8 t ha-1, it is possible to provide fertilizer 
for 1.06 ha of maize. As a total of 25,700 ha of maize was grown in Latvia in 2017, the 
use of digestate is topical, as well as interviews with farmers conducted within the 
framework of this study revealed that unfortunately digestate for field fertilization is a 
shortage product, which is why additional synthetic fertilizers are used (Iocoli et al., 
2019; Verdi et al., 2019). 

Using digestate fertilizer in tillage, 1.19 ktCO2eq emissions were saved in 2017, 
while indicative emissions show a reduction of 0.22 tCO2eq ha-1.  

Although the use of digestate in field fertilization reduces emissions compared to 
synthetic fertilizers, digestion of soil with digestate also generates GHG emissions. The 
results of analyzes obtained from a farm producing biogas from maize indicate that the 
N content of the digestate fertilizer is on average 3.8 kg t-1. Assuming that the maize 
harvest in 2017 is 171,147.6 tons and that the amount of digestate from the amount of 
mass fed to the bioreactor usually ranges from 90 to 95%, in 2017 158,311.53 tons of 
maize digestate were obtained, while knowing the N content of digestate per 1 ton, it is 
obtained that the total N per 5,382 ha of the whole maize area was 0.60 kt (Central 
Statistic Bureau, 2021). Based on the level 1 methodology of the 2006 IPCC guidelines, 
it is estimated that digestate fertilization caused 2.82 ktCO2eq emissions in 2017 
indicating on indicative emissions - 0.0005 tCO2eq ha-1. 

The methane content of biogas produced exclusively from maize silage is known 
to be 52%, and the biogas yield per ton of maize is 202 cubic meters, which allows to 
calculate both the total amount of biogas produced from maize harvested in Latvia, 
which is 34,571,815.2 m3 from 171,147.6 t maize (Latvia's National Inventory Report, 
1990). 

At a 1% biogas leak in its production process in 2017, 2.63 ktCO4 eq GHG 
emissions were released into the atmosphere. 
 

CONCLUSIONS 
 
The research proves that carrying out carbon balance by the methodology based on 

life cycle analysis for assessment of the impact of biogas production from maize, it is 
possible to determine the environmental impact in terms of greenhouse gas emissions on 
the atmosphere. Despite the consumption of diesel fuel and emissions from the maize 
production process, maize absorbs much more carbon than is produced during 
photosynthesis, thus, if 1% of biogas leakage is assumed in its production process, as 
well as knowing by previous calculations that 34,571,815.2 m3 of biogas can be obtained 
from 5,382 ha specially grown maize, its production from specially grown maize can 
save 1.86 kg CO2 eq emissions per 1 m3 of produced biogas (in normal conditions, 
pressure 760 mm Hg). 

The carbon balance can be further improved by reducing emissions from the 
agricultural process by growing the substrate, for example, using zero-emission electric 
tractors for soil tillage, could reduce total biogas maize growing emissions by 43%. But 
there are also processes that would not be desirable to reduce emissions, for example, 
the tractor driving frequency reduction in the field - the fertilization process can 
theoretically be carried out immediately and at once, but fertilization is divided into 
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several stages in order to gradually spread the substances for a favorable plant vegetation 
process, as well as not to promote pollution of water due to drainage that leads to erosion 
(Oshunsanya et al., 2019). After harvest, 28% of total emissions come from nitrogen 
emissions from crop residues (above and below ground). Unfortunately, these are 
emissions that cannot be reduced because, although these residues could theoretically be 
used for biogas production, the removal of crop residues from maize fields would have 
a negative impact on the environment and soil quality (Industrial Vehicle Technology 
International, 2021). 

It is essential to combine efficiency in agriculture in order to reduce atmospheric 
emissions without losing sight of sustainable farming, so as not to have a negative impact 
on soil, water and the environment as a whole. 

Results of this study demonstrates that using the carbon balance methodology 
developed in this work, it is possible to calculate the impact of biogas production and 
how the environment is affected as a result of substrate selection. Such calculations can 
be applied to any country or company in the world and it can be an excellent tool for 
political decision making, based not on discussion, but on quantitative calculations. 
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Abstract. Pig facilities foro confined production in tropical countries such as Colombia does not 
specify, in the present moment a typological classification that allows researchers to carry out 
evaluations related to animal comfort and environmental impacts according to the type of 
accommodation. To achieve the objective of this research were developed a survey to a panel of 
experts, a decision sensitivity analysis and the hierarchical analytical method AHP. Parameters 
that allowed to describe the concept of a technified pig farm were obteined, where the most 
relevant were: biosecurity measures, measurement of zootechnical parameters, training for 
workers and legal fulfilment. Additionally, ranges were defined to establish the production size 
in small, medium and large according to the number of animals. The results obtained per group 
were: 1) breeding small (50–200), medium (201–1,000) and large (1,001–5,000); 2) growth small 
(60–200), medium (201–800) and large (801–5000); and 3) finishing stage small (50–500), 
medium (501–1,000) and large (2,001–5,000). A total of 948 typological combinations were 
initially determined. Finally, the construction characteristics with the greatest technical and 
operational feasibility were prioritized for each group achieving 36 typologies that can represent 
the typological pig facilities not only in the state of Antioquia but also in many others states in 
Colombia. 
 
Key words: tropical country, natural ventilation, swine production, animal comfort. 
 

INTRODUCTION 
 
Pork is the second most consumed meat in the world, representing 43% of the 

world's meat production for human consumption (OCDE/FAO, 2013), the worldwide 
distribution is mainly concentrated in Asia 59%, Europe 22% and North and Central 
America with 11%. China, the European Union and the United States produce more than 
86% of pig cattle (USDA, 2011). In America, the highest production occurs in countries 
such as the United States, Canada, Brazil and Mexico. Colombia only produces 1% of 
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the meat in the American continent (Porkcolombia & PigCHAMP, 2015) with 14,000 
pig farms (Departamento Administrativo Nacional de Estadística (DANE), 2016). The 
steady growth of the productive sector has aroused keen interest worldwide on issues of 
animal welfare and environmental impact assessment, both widely studied for pig 
production systems, to find better management practices at commercial level (Rhodes et 
al., 2005). 

Most of the production systems of northern and southern countries are developed 
in closed buildings (Reimert et al., 2014). In a multidisciplinary review developed by 
CIGR (2006) regarding the differences in constructive characteristics of greater 
relevance for animal comfort between zones with very marked seasons and subtropical 
or tropical countries, it was found that for countries with seasons is easy to find climate 
control systems to maintain the interior temperature and relative humidity, however, for 
hot summer days, the acclimatization problems are identical to the problems in equatorial 
areas (Jackson et al., 2018), where the main cause of thermal discomfort is due to the 
amount of heat, from solar energy, absorbed by the facilities. This is the reason why 
most of the facilities are equipped with natural ventilation and open systems in side walls 
and ceilings, and in few cases hybrid systems that combine natural and mechanical 
ventilation, searching lower operating costs and less greenhouse gas emissions 
(Reckmann et al., 2013 and Osorio et al., 2017). Due to the above, thermal stress should 
be the first attribute to take into account in a bioclimatic design, together with the gas 
emission (Pietrosemoli & Tang, 2020). 

Regarding environmental impacts, those associated with manure management have 
been extensively studied. Contamination of soil, water and generation of atmospheric 
emissions were mainly evaluated. The latter in relation to toxicity in the biotic 
environment and contribution of gases with global warming potential GWP (Castrillón 
et al., 2020). However, there are other sources of impact related to accommodation. The 
most relevant of which are water management, feeding, energy consumption, 
management of liquid and solid manure, management of other waste, infrastructure 
design and thermal comfort characteristics (Reckmann et al., 2013). 

The advantage that climate control systems have for research and legal policy 
management is that they have detailed definitions and defined typological classifications 
allowing efficient comparisons between the different systems. (Jackson et al., 2018). On 
the contrary, in tropical countries, the confined production of pigs does not have a 
specific classification in terms of its construction type, farm size, or a specific definition 
that allows identifying when a farm is technified. 

Resolution 2640 of 2007 of the Colombian Agricultural Institute (ICA), is the only 
tool that provides criteria to evaluate production facilities at the national level. However, 
this standard does not have the necessary guidelines for the design and classification of 
accommodation with essential criteria such as animal welfare (Cecchin et al., 2019) and 
efficient management of natural resources (Reckmann et al., 2013). The foregoing leads 
to the need to generate a classification of these typologies based on their constructive 
characteristics, thermal floor, size and level of technification, which responds to the lack 
that researchers currently have to reference their work and determine the behaviour of 
different structures based on general welfare, animal comfort, impact on the 
environment, among others. 
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Given the above, this research is aimed to make a proposal for the classification of 
construction typologies for pig facilities of different age groups and according to the 
thermal floor. The research was developed in the department of Antioquia - Colombia 
and will serve for future research at the national level model. 

 
MATERIALS AND METHODS 

 
Data collection: 
The methodology for collecting the primary information to perform the qualitative 

and quantitative analysis was divided into three stages. In the first stage, the concept of 
a technified pig farm was defined for a tropical country with productive levels such as 
Colombia. In the second, the farm size according to the age group and the most used 
construction characteristics in the department of Antioquia in relation to thermal 
comfort; generation, concentration and distribution of gases within the accommodation. 
And in the third, the criteria for categorizing the most feasible construction typologies 
of each age group were established, according to the thermal floor. 

 
Determination of the panel of experts: 
The panel of experts consulted for this work was constituted by an interdisciplinary 

group of 8 professionals from the branches of civil engineering, veterinary science, 
zootechnics, and agricultural engineering, among others, with experience in the 
construction, research, and management of pig housing in confined production, thermal 
comfort and animal welfare. The experts gave their concepts focused on developing 
typological classification guidelines according to the characteristics stated in each phase 
of production. The information was compiled and delivered again to the group of experts 
to carry out a first purge according to the criteria of age, thermal floor and degree of 
technification. 

Finally, the expert panel were summoned to a group work to establish the 
construction and maintenance costs per square meter of each of the listed structures and 
define an evaluation relating to the effectiveness in keeping thermal comfort and animal 
welfare, in order to identify viable typological combinations. The construction 
characteristics used were: floor material (flat concrete, plastics and concrete slatteds, 
deep bed, mixed (flat and slatted)), manure storage or conveyance systems (flat floor, 
flooded pit, pit not flooded, pool or sump), lateral ventilation systems (100% open, low 
wall open between 50–80% and high wall with side windows openings between  
30–50%), ventilation system on the roof (gable roof with or without laternim, gable roof 
with over-roof). Criteria such as the size of the facility were also taken into account based 
on the number of animals, age group and the respective thermal floors. 

 
Determination of thermal floors: 
To determine the thermal floors, the 2014 national agricultural survey developed 

by the ICA was used. It stated that Antioquia has 2,038 farms, located between 200 and 
2,800 meters above sea level. Table 1 shows the classification of the facilities based on 
the height above sea level under the Caldas - Lang classification (Instituto Colombiano 
de Hidrología Meteorología y Estudios Ambientales - IDEAM, 2005, Gobernación de 
Antioquia, 2014). It was found that the largest number of farms in the department are 
located between 1,900 and 2,800 meters above sea level, represented by a cold, mild and 
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Determination of farm size: 
With the ranges of each of the respondents and the use of descriptive statistics tools, 

the confidence intervals were determined to categorize the farms according to their size 
and age group between small, medium or large. 

 
Determination of the total combinations of construction typologies:  
The quantity of all possible existing facilities, age groups and thermal floors were 

subjected to a calculation of the possible number of combinations using the R statistical 
software. With the result, an initial filtration of the combinations that had mutually 
exclusive structures was carried out. Subsequently, the refined list of combinations was 
presented to the experts and they were asked to eliminate those combinations without 
feasibility according to the thermal floor and age group. Finally, the results were 
presented through a decision sensitivity analysis according to the thermal floor in which 
the mutually exclusive structures and those that are not appropriate for the climate were 
taken into account, the viable relationships were marked with 1 and those that had no 
feasibility with 0. 

The results of the structures with the highest feasibility for each age group were 
analyzed through a descriptive statistical process to allow an organized display of them. 
The constructive characteristics with the highest weighing were established as selection 
criteria, to develop an analysis of all the possible combinations according to each age group. 

 
Selection of the most representative typologies:  

for the evaluation of the different constructive alternatives (constructive cost, 
maintenance cost, and efficiency in maintaining thermal comfort). The characteristics to 

warm thermal floor. No technified 
farms are registered over 2,800 meters 
above sea level. 

 
Definition of a technified farm: 
Different descriptive factors were 

developed to establish the definition of 
a technified farm with the information 
obtained in the first panel of experts. 
They were valued according to the 
number of mentions made by each of 
the experts. 

Table 1. Location of the farms in Antioquia 
according to the thermal floor (Departamento 
Administrativo Nacional de Estadística (DANE), 
2016, Gobernación de Antioquia, 2014) 

Number  
of farms 

Height above  
sea level 

Thermal 
Floor 

63 0–900 Warm 
539 900–1,900 Mild 
1,436 1,900–2,800 Cold 
0 2,800–3,700 Very cold 
0 3,700–4,700 Extremely cold 
0 > 4,700 Nival 
 

In order to obtain the most 
viable typologies by age group and 
thermal floor, a weighting was used 
based on the consensus of experts on 
the priority of the factors that are 
typically used to add scores when 
working with multiple dimensions 
called the analytical hierarchy 
process (AHP) (Ameen & Mourshed, 
2019). Three criteria were selected  

 
Table 2. Characteristics to be evaluated to obtain 
the construction typologies 

Age  
group Construction Features Thermal 

floor 
Gestation Floor material Cold 
Breeding Manure storage or 

conveyance system 
Mild 

Growth Side ventilation structure Warm 
Fattening Roof ventilation structure  
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be evaluated were classified by age group, function and thermal floor (Tables 2). The 
AHP methodology uses the importance scale for the evaluation of the criteria described 
in Table 3 and equations (1), (2) and (3) to validate the results. 

 
Table 3. Relative importance scale (1–9) of the analytical hierarchy process (AHP) (Ameen & 
Mourshed, 2019) 

Numerical 
scale of 
importance 

Verbal scale Explanation 

1 Equally important Two elements contribute equally to the goal 
3 Moderately important Slight preference of one element over the other 
5 Strongly important Strong preference of one element over the other  
7 Very strong or proven 

importance 
Much more preference of one element over another 
Demonstrated dominance 

9 Extremely strong 
importance 

Clear and absolute preference of one element over the 
other 

2,4,6,8  Intermediate of the above values 
 

To give weighted weights and evaluate the prioritization of the typologies in a 
quantitative way, the following equations were used: 

Consistency index 78 =  9:;< − 99 − 1  (1) 

where 9:;< = is the main value; 9 = # of elements evaluated; 
Random consistency index =78 =  1.98 ∙  (9 − 2)9  (2) 

where 9 = # of elements evaluated 
Consistency ratio 7= =  78=78 (3) 

where 7= < 0.1 consistent relationship. 
 

RESULTS AND DISCUSSION 
 
Determination of criteria to classify a technified farm in a tropical climate: 
From the concepts of the experts, 13 descriptive factors were obtained with their 

weighted weight to classify a farm as technified for tropical climates. In Table 4, the 
compilation of the answers is presented in order of importance, which determine the 
degree of technification of a pig farm. In the first place, there are administrative procedures 
that allow the registration of variables related to production levels to be carried out; 
secondly, there is a balanced diet and the implementation of a sanitary program; and 
thirdly, they highlighted the facilities where the animals are housed, which must have a 
design that guarantees animal comfort. Environmental issues such as legal compliance 
and the implementation of environmental management programs were found to be of 
low relevance compared to the parameters that directly affect production performance. 
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Table 4. Descriptive factors of a technified farm (Own research) 

Assessment Descriptive factors 
6 Registers of variables such as: biosecurity measures, zootechnical parameters,  

job training and legal compliance 
5 Offer balanced food to animals 
5 Implement a sanitary or biosecurity program 
4 Technical facilities, with a predominance of installed capacity and animal comfort 
3 Animal welfare 
3 Productive parameters program 
3 Veterinary assistance 
3 Job training 
2 Legal certifications of health management and safety 
2 Legal compliance 
2 Animal genetics 
1 Legal sacrifice 
1 Environmental management program 

 
Farm size classification by age group: 
 

Table 5. Classification of farms according to the number of animals, minimum and maximum 
ranges (Own research) 

Farm type Statistical data 
Small Median Large Extra 
Min Max Min Max Min Max Min 

Breeding Mean 19 120 130 429 456 5,167   
median 10 99 100 450 451 5,000 501 
standard deviation 29 130 156 322 384 4,752  
Alpha 0.5 0.5 0.5 0.5 0.5 0.5  
Interval  7 33 39 81 97 2,240  
Lower limit 12 87 91 348 359 2,926  
Upper limit 27 152 169 509 553 7,407  
Research proposal 50 200 201 1,000 1,001 5,000 > 5,000 

Growth Mean 59 327 361 1,230 1,313 3,435   
median 30 200 201 751 751 1,750 1500 
standard deviation 85 414 505 1,037 1233 3,891  
Alpha 0.5 0.5 0.5 0.5 0.5 0.5  
Interval  21 104 127 261 310 1,488  
Lower limit 38 223 234 969 1,003 1,947  
Upper limit 81 431 488 1,491 1,623 4,923  
Research proposal 60 200 201 800 801 5,000 > 5,000 

Fattening Mean 104 586 665 2,172 2,338 8,327   
median 45 200 201 900 901 5,000 1,000 
standard deviation 175 865 1,039 2,280 2,662 8,965  
Alpha 0.5 0.5 0.5 0.5 0.5 0.5  
Interval  44 218 261 573 669 42,26  
Lower limit 60 368 404 1,599 1,669 4,100  
Upper limit 148 804 926 2,746 3,007 12,553  
Research proposal 50 500 501 2,000 2,001 5,000 > 5,000 

 
Within a typological classification process, it was important to determine the size 

of a farm depending on the number of animals and by age group. Table 5 presents the 
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results obtained by the experts and the construction of a proposal that allows determining 
a farm size classification for the department of Antioquia based on the number of 
animals. It is important to note that the results of the rearing stage include gestation and 
delivery, since both must be in the same farm, but in different accommodations. 

Determination of the construction typologies: To determine the possible number of 
construction typologies according to the main variables that affect thermal comfort and 
the generation of gases from the accommodation, the following results are presented: 

 
Construction features evaluated for typological classification 
The construction characteristics that were taken into account for the classification 

of the construction typologies are presented in Table 6 and 7. The information was valued 

floor material (MP); six (6) for manure storage or conveyance system (SCE); four (4) 
for side ventilation structure; and three (3) for roof ventilation structure. 

lateral ventilation structures (VL) are determined according to the thermal floor, 
presenting an inverse relationship between temperature and ventilation areas: 100% open 
(VL1) are not viable in cold thermal floors (PT1), high wall with side windows opening  
 
 

according to the possible combinations. 
4,320 possible typologies were obtained, 
using the combination criteria and 
flowchart presented in the Fig. 1. All the 
possible combinations of construction 
typologies found in this investigation are 
presented in Fig. 1, construction features 
with the amount of the criteria for each 
one is presented in brackets: five (5) for  

 
Table 6. Variables obtained for classification 
of construction typologies (Age group and 
Thermal floor) (Own research) 

Age group Thermal floor 
Gestation GE1 Cold PT1 
Breeding GE2 Mild PT2 
Growth GE3 Warm  PT3 
Fattening GE4   
 

Once the 4,320 possible 
typological combinations were 
obtained, the decision sensitivity 
analysis developed in this 
research was used toidentify 
the most used typologies in pig 
production by age group (GE) 
and thermal floor (Fig. 2). The 
methodology used allows 
observing that the manure 
storage or conveyance system 
has a direct relationship with 
the floor material (SCE), and 
only the pool or pond(SCE4) 
presents variations related to 
the thermal floor (PT) showing 
that those are not viable in cold 
climates (PT1); roof ventilation 
(VC) does not show any 
variability. On the contrary, the  

 

 
 
Figure 1. Decision tree to determine possible 
combinations (the numbers in brackets represent the 
amount of each construction features, see Table 6 and7) 
(Own research). 

SCE (6) 

MP (5) 

VL (4) 

VC (3) 

PT1 PT2 PT3 

PIG FACILITIES 

GE1 GE2 GE3 GE4 AGE GROUP 

THERMAL FLOOR 

CONSTRUCTION 
FEATURES  
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between 30–50% (VL3) do not show feasibility in warm thermal floors (PT3) and 
controlled ventilation systems (VL4) are not viable in mild climates (PT2). Once the 
methodology was applied, 948 viable typologies were obtained. 

 
Table 7. Variables obtained for classification of construction typologies (Construction features) 
(Own research) 

Construction features 

Floor material Manure storage or 
conveyance system  

Side ventilation  
structure 

Roof ventilation 
structure 

Flat  
concrete 

MP1 Flooded pit SCE1 100% open VL1 Gable  
roof with 
laternim 

VC1 

Plastics 
slatteds  

MP2 Pit not  
flooded 

SCE2 Low wall open 
between 50–80% 

VL2 Gable  
roof without 
laternim 

VC2 

Concrete 
slatteds 

MP3 Flat  
concrete 

SCE3 High wall with side 
windows openings 
between 30–50% 

VL3 Gable  
roof with one 
open side 

VC3 

Deep bed  MP4 Pool  
or pond 

SCE4 Automatic  
ventilation  
systems 

VL4     

Mixed  
(flat and 
slatted)  

MP5 Sump SCE5       

    Absorbent 
material 

SCE6         

 
Taking into account that 948 combinations are a high number for a classification, a 

new debug process was carried out, where 3 evaluation criteria were defined and 
weighted according to the AHP methodology: 1) Effectiveness of maintaining the 
animal’s thermal comfort (72.4%); 2) Construction costs (19.3%); and 3) Maintenance 
costs (8.3%). In Table 8 a normalized comparison matrix is show, where the consistency 
ratio is 0.084, giving the weighting as correct. 

 
Table 8. Normalized comparison matrix (Own research) 

Evaluation criteria 
Effectiveness in 
maintaining thermal 
comfort 

Constructive 
cost 

Maintenance 
cost Weighing 

Effectiveness in maintaining 
thermal comfort 0.74 0.79 0.64 0.724 
Constructive cost 0.15 0.16 0.27 0.193 
Maintenance cost 0.11 0.05 0.09 0.083 
CI = 0.056     
RCI = 0.66     
CR = 0.08444     
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Cold thermal floor – PT1 Mild thermal floor – PT2 Warm thermal floor – PT3 

  

Figure 2. Methodological proposal for a decision sensitivity analysis of the different alternatives 
obtained in Antioquia - Colombia (Own research). 
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Table 9. Ranking results of the alternatives (Own research) 

Age group Evaluation criteria Construction Features Alternatives Weighing, % 
Gestation 
(GE1) 

Effectiveness in 
maintaining 
thermal comfort 

Floor material (MP) Flat concrete (MP1) 
Plastics slatteds (MP2) 
Mixed (flat and slatted) (MP5) 

42.5 
30 
26.4 

Constructive cost Manure storage or 
conveyance  
system (SCE) 

Flooded pit (SCE1) 
Sump (SCE5) 

39.4 
59.6 

Maintenance cost Side ventilation structure 
(VL) 

100% open (VL1) 
Low wall open between 50–
80% (VL2) 
High wall with side windows 
Openings between 30–50% 
(VL3) 

10 
61.9 
27.5 

Roof ventilation structure 
(VC) 

Gable roof with laternim (VC1) 
Gable roof with one open side 
(VC3) 

73.5 
25.5 

Breeding 
(GE2) 
 

Effectiveness in 
maintaining 
thermal comfort 

Floor material (MP) Flat concrete (MP1) 
Plastics slatteds (MP2) 
Mixed (flat and slatted) (MP5) 

6.2 
54.1 
38.7 

Constructive cost Manure storage or 
conveyance  
system (SCE) 

Flat concrete (MP1) 
Plastics slatteds (MP2) 
Mixed (flat and slatted) (MP5) 

67.9 
31.1 

Maintenance cost Side ventilation structure 
(VL) 

Low wall open between 50–
80% (VL2) 
High wall with side windows 
openings between 30–50% 
(VL3) 

72.3 
26.7 

Roof ventilation structure 
(VC) 

Gable roof with laternim (VC1) 
Gable roof with one open side 
(VC3) 

73.5 
25.5 

Growth 
(GE3) 
 

Effectiveness in 
maintaining 
thermal comfort 

Floor material (MP) Plastics slatteds (MP2) 
Deep bed (MP4) 

80.8 
18.2 

Constructive cost Manure storage or 
conveyance  
system (SCE) 

Flooded pit (SCE1) 
Pit not flooded (SCE2) 
Absorbent material (SCE6) 

58.5 
24.6 
15.9 

Maintenance cost Side ventilation structure 
(VL) 

Low wall open between 50–
80% (VL2) 
High wall with side windows 
openings Between 30–50% 
(VL3) 

72.3 
26.7 

  Roof ventilation structure 
(VC) 

Gable roof with laternim (VC1) 
Gable roof with one open side 
(VC3) 

73.5 
25.5 

 
Table 9 shows the ranking results of the alternatives of the construction features. 

Floor materials such as concrete was prioritized for the gestation and fattening groups, 
in contrast to breeding and growth where plastic had a greater weighing; manure storage 
or conveyance system for fattening was the only group where structures flooded with 
water (pool or pond (SCE4)), that allow animals to cool off, were taken into account, 
however, according to Table 1, 70% of the farms in Antioquia are located in cold 
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climates where this type of structures are not feasibility; Lateral ventilation with low 
wall open between 50–80% (VL2) is predominant in all groups, as well as Gable roof 
with laternim (VC1) for Roof ventilation structure (VC). To sum up it is possible to 
define that breeding and growth facilities have similar patterns in terms of housing 
requirements, as well as gestation and fattening; the explanation may be given by the 
vulnerability of small animals to climatic conditions, which requires a greater protection, 
according to Cecchin et al.,2019, these is one of the objectives that an accommodation 
must ensure to guarantee animal welfare. The results also confirm the observations of 
Reckmann et al., 2013 who state that in tropical and subtropical areas, many animal 
facilities have open sides allowing natural ventilation that represents lower operating 
costs. 

From the ranking results of Table 9, Table 10 shows the final proposal of 
construction typologies according to the age group and the thermal floor, seeking to 
improve the conditions of animal thermal comfort, better management of spin off 
products and mitigation of biogas generation. From the 4,320 initial combinations and 
from the 948 feasible typologies, the three most feasibility alternatives are proposed by 
age group and thermal floor, for a total of 36 alternatives that would be the most viable 
and would represent the constructive typologies for Colombian pig farming. 

 
Table 10. Proposal of construction typologies according to the age group and thermal floor  
(Own research) 
Age  
group 

Thermal  
floor 

Alternatives Typologies 

   1 2 3 
Gestation  Warm Floor material 

Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP1 
SCE5 
VL2 
VC1 

MP2 
SCE1 
VL3 
VC3 

MP5 
SCE5 
VL2 
VC1 

Mild Floor material 
Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP1 
SCE5 
VL2 
VC1 

MP2 
SCE1 
VL2 
VC3 

MP5 
SCE5 
VL2 
VC1 

Cold  Floor material  
Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP1 
SCE5 
VL2 
VC1 

MP2 
SCE1 
VL1 
VC3 

MP5 
SCE5 
VL2 
VC1 

Breeding Warm Floor material 
Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP2 
SCE1 
VL3 
VC1 

MP5 
SCE1 
VL3 
VC3 

MP1 
SCE5 
VL3 
VC1 

Mild Floor material 
Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP2 
SCE1 
VL2 
VC1 

MP5 
SCE1 
VL2 
VC3 

MP1 
SCE5 
VL2 
VC1 

Cold  Floor material  
Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP2 
SCE1 
VL2 
VC1 

MP2 
SCE1 
VL2 
VC3 

MP5 
SCE5 
VL2 
VC1 
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Table 10 continued 

Growth Warm Floor material 
Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP2 
SCE1 
VL3 
VC1 

MP4 
SCE6 
VL3 
VC3 

MP2 
SCE2 
VL3 
VC3 

Mild Floor material 
Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP2 
SCE1 
VL2 
VC1 

MP4 
SCE6 
VL2 
VC3 

MP2 
SCE2 
VL2 
VC1 

Cold  Floor material  
Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP2 
SCE1 
VL2 
VC1 

MP4 
SCE6 
VL2 
VC3 

MP2 
SCE2 
VL2 
VC1 

Fattening Warm Floor material 
Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP1 
SCE3 
VL2 
VC1 

MP5 
SCE1 
VL3 
VC3 

MP3 
SCE2 
VL2 
VC1 

Mild Floor material 
Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP1 
SCE3 
VL2 
VC1 

MP5 
SCE1 
VL2 
VC3 

MP3 
SCE2 
VL2 
VC1 

Cold  Floor material  
Manure storage or conveyance system 
Side ventilation structure 
Roof ventilation structure 

MP1 
SCE4 
VL2 
VC1 

MP5 
SCE1 
VL1 
VC3 

MP3 
SCE2 
VL2 
VC1 

 
CONCLUSIONS 

 
Parameters were obtained to describe the concept of a technified farm, the most 

relevant are: biosecurity measures, measurement of zootechnical parameters, 
development of training for personnel and legal compliance. Farms were classified into 
three categories small, medium and large and the ranges were established according to 
the number of animals per age group the results were: 1) breeding small (50–200), 
medium (201–1,000) and large (1,001–5,000); 2) growth small (60–200), medium  
(201–800) and large (801–5000); and 3) finishing stage small (50–500), medium  
(501–1,000) and large (2,001–5,000). 4,320 initial typological combinations were 
identified and a total of 948 with feasibility were determined. The research showed that 
thermal floor and age group are considered relevant factors for the design of pig 
production facilities. Fattening facilities presented a great variability of the different 
construction features, in contrast to breeding and growth facilities where the structures 
are more homogeneous even at different thermal floors. furthermore, structures used in 
breeding and growth seek to maintain the heat of the facilities to protect the animals from 
the climatic conditions due to their young age, while in gestation and fattening the 
structures used seek to contribute to the ventilation of the place. 36 construction 
typologies were classified as the most feasible to be implemented in the department of 
Antioquia and the Colombian country, achieving a first typological classification for the 
pork sector in tropical climates. It will serve as the basis for legislation and a reference 
for future research work. 
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Abstract. A plant requires certain physiological conditions for normal and productive 
development. The determining vital factor is the nutritional status of the soil and the environment. 
At present, the biologization of agriculture is becoming increasingly important. The use of 
biostimulants is one of the rapidly developing areas in the world practice of crop production and, 
in the cultivation of agricultural crops, contributes to the production of environmentally friendly 
products and the improvement of the environment.Such substances can be metal nanoparticles, 
as well as preparations with a high level of biogenicity, nutritional value and physiology,they are 
used to improve the growth and development of plants, as well as to activate soil-microbiological 
processes, which is a liquid-phase biological product (LPBP). The purpose of this work is to 
identify the effectiveness of the use of a liquid-phase biological product and cobalt nanoparticles 
in pre-sowing seed treatment against the background of a minimum dose of organic fertilizers, 
the effect on the productivity and quality indicators of green mass when growing a grass mixture 
with over-sowing oats on three main types of soil: sod-podzolic, gray forest and black soil.  
Used cobalt nanoparticles have the following characteristics 40–60 nm, phase composition - Co 
- 100%. A suspension of nanoparticles was obtained by dispersing with ultrasound in an aqueous 
solution. LPBP is a dark brown liquid with a specific odor, pH =6.5–7.5, contains N, C, P, K, Ca, 
Mg, tryptophan, microorganisms. Cobalt nanopowder in solution contained 0.01 g per hectare 
seeding rate; LPBP concentration was 1%. The seeds were soaked 30 min before sowing in 
double distilled water (control), in a suspension of nanoparticles and LPBP. The research was 
carried out according to generally accepted methods. Presowing seed treatment in combination 
with organic fertilizers in minimal doses provided an increase in yield on soddy-podzolic  
soil - by 5.69–21.71%, gray forest soil - 2.64–7.50%, black soil - 9.18–18.28%, while no decrease 
in nutritional value was observed: metabolizable energy, feed units, digestible protein. It is noted 
that the use of cobalt nanoparticles leads to an increase in the carotene content. 
 
Key words: cobalt nanoparticles, liquid-phase biological product, grass mixture, oats,  
sod-podzolic soil, gray forest soil, chernozem. 
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INTRODUCTION 
 
The increase in crop yields and the production of grain, fodder and other crop 

products is carried out through intensive production methods. They provide for the 
widespread use of balanced doses of organic and mineral fertilizers, chemical agents for 
protecting plants from weeds, diseases and pests, and the use of super-heavy means of 
complex mechanization in the implementation of technological operations. All this 
increases the anthropogenic load on the ecological environment, leads to the pollution 
of soil and products by heavy metals, pesticides and nitrates (Matyuk et al., 2011). 

The development of modern crop production in conditions of limited financial and 
material resources requires the improvement of the applied technologies to increase the 
yield and quality of the products, reduce the costs of its production, as well as ensure the 
restoration and preservation of soil fertility. One of the ways to solve these problems is 
the use of growth biostimulants (Efremova, 2016). The production and use of 
biostimulants is one of the most dynamic segments of agricultural products. Annually 
the segment is growing by 13%. 

In order to improve the efficiency of agricultural production by increasing the yield 
and quality of grown products, nanotechnologies have been obtained in recent years, as 
well as technologies with using biological products (Sabirova & Sabirov, 2018). 

The elucidation of the biological basis of biostimulant function is a prerequisite for 
the development of science-based biostimulant industry and sound regulations 
governing these compounds (Yakhin et al., 2017). Many applied studies have been 
devoted to the study of the use of biological products and metal nanoparticles as 
biostimulants, which show the effectiveness and expediency of their use (Ruzzi & Aroca, 
2015; Arora et al., 2016; Madbouly, 2018; Youssef & Colla, 2020). At the same time, it 
should be noted that there is still a need for further research on this issue. 

Control of biological processes in agrocenoses is possible through the introduction 
of agronomically valuable strains of microorganisms into the rhizosphere of plants, 
enhances the beneficial or weakens the negative impact of undesirable phenomena for 
the realization of their potential. Today, on the basis of numerous experiments, it can be 
argued that the symbiosis and association of microorganisms with plants is the basis of 
the latter's vital activity. 

The main mechanisms of the beneficial effect of microorganisms on plants include: 
improving plant nutrition (increasing the utilization of nutrients from fertilizers and soil); 
optimization of phosphorus nutrition of plants; fixation of atmospheric nitrogen 
(improvement of nitrogen nutrition); stimulation of plant growth and development 
(faster plant development and crop maturation); suppression of the development of 
phytopathogens (control over the development of diseases and reduction of plant 
infestation by them, improvement of product storage); increasing plant resistance to 
stressful conditions (the possibility of increasing plant productivity against the 
background of water deficit, unfavorable temperatures, high acidity, salinity or soil 
pollution) (Zavalin, 2005). Unlike chemical preparations, biological preparations have a 
more pronounced selectivity of action, they are also recognized as harmless to humans 
and animals, and rapidly decompose in the soil. 

All-Russian Research Institute of Reclaimed Lands has developed a fermentation-
extraction technology for obtaining various liquid-phase biological products, including 
a liquid-phase biological product LPBP for plant growing and agriculture. LPBP 
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production includes the stage of fermentation of a peat-manure mixture to obtain a  
solid-phase fermentation product, then its extraction by a saline solution,  
followed by filtration. The number of microorganisms (ammonifying, amylolytic,  
phosphate-mobilizing, amino-synthesizing, etc.) in a fresh biological product reaches  
n 109 – n 1012CFU mL-1, which makes it possible to refer it to microbial biological 
products. It lacks pathogenic microflora and parasites. In LPBP, the total nitrogen 
content is 0.2–0.5 g L-1, mobile forms of potassium (K2О) and phosphorus (Р2O5) - 9.5 
and 10 g L-1, respectively. Also, it contains trace elements (copper, zinc, manganese, 
iron) and various metabolites of microorganisms (sugars, enzymes, amino acid 
tryptophan) (Rabinovich et al., 2009, 2015). 

Nanosized micronutrient fertilizers are used as biostimulants to increase plant 
productivity in the direction of sustainable development of the environment. In this case, 
nanostructured plant trace elements such as Cu, Fe, Ni, Mn, Si, Co, Se and Zn play a 
crucial role in plant disease resistance by activating enzymes and in increasing the 
efficiency of energy production by photosynthetic processes for defense mechanisms 
(Vuong, 2019; Chernikova et al., 2019; Churilov et al., 2020; Seregina et al., 2020). 

In plants, cobalt is necessary for fixing molecular nitrogen; it promotes the 
formation of bacteria in the nodules and leaves of legumes. Cobalt accumulates in pollen 
and accelerates its germination, participates in auxin metabolism, i.e. stimulates plant 
growth processes (incl. promotes stretching of cell membranes). This metal is involved 
in cell reproduction of leaves (an increase in the thickness and volume of the mesophyll, 
the size and number of cells in the columnar and spongy leaf parenchyma). In addition, 
cobalt increases the total water content of plants, thereby increasing the drought 
tolerance of crops. 

The influence of cobalt on the formation and functioning of the photosynthetic 
apparatus of plants through the concentration of chloroplasts and pigments in the leaves 
was established. And although the amount of this microelement required for plants is 
very small (up to 12 mg kg-1of dry weight), and its indispensability for plants has not 
been strictly proven, cobalt fertilizers still contribute to an increase in crop yields and 
improve product quality (Polishchuk et al., 2015). 

Thus, under the influence of cobalt, the development of plant tissues containing 
bacteroids is stimulated, the number of ribosomes in both plant and bacteroid cells 
increases, and the mobility of bacteroids in the nodules of leguminous plants increases. 

The purpose of this work is to determine the effectiveness of the use of a liquid-
phase biological product and cobalt nanoparticles in the pre-sowing treatment of seeds 
against the background of a minimum dose of organic fertilizers, the effect on the 
productivity and quality indicators of green mass when growing a grass mixture with 
over-sowing of oats on three main types of soil: sod-podzolic, gray forest and black soil. 

 
MATERIALS AND METHODS 

 
The research was carried out in lysimeters in four replicates (Dospekhov, 2012) on 

three types of soil. The soil was characterized by the following agrochemical indicators: 
– sod-podzolic: рНКСl 6.0; humus content - 2.3%, Р2О5 - 200 mg kg-1, K2О - 

198 mg kg-1 of soil; 
– gray forest: рНКСl 6.2; humus content - 2.6%, Р2О5 - 204 mg kg-1, K2О - 

219 mg kg-1 of soil; 
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– chernozem: рНКСl 6.2; humus content - 3.2%, Р2О5 - 229 mg kg-1, K2О - 
250 mg kg-1 of soil. 

As it can be seen from the agrochemical indicators, all three types of soil are poorly 
supplied by nutrients. 

The size of cobalt nanoparticles was 40–60 nm, the phase composition Cо - 100%. 
A suspension of nanoparticles was obtained by dispersing with ultrasound in an aqueous 
solution (Dzidziguri et al., 2000). LPBP is a dark brown liquid with a specific odor, 
pH =6.5–7.5, contains N, C, P, K, Ca, Mg, tryptophan, and microorganisms. 

In all variants, compost was introduced as a background at a dose of 20 t ha-1, which 
included 90% of cattle manure and 10% of rotted poultry manure. On the control, the 
seeds were soaked in distilled water for 60 minutes, in the other two in 1% liquid-phase 
biological product and a solution of cobalt nanoparticles at the rate of 0.01 g per hectare 
seed rate. The experiment scheme is presented in the 1st Table. 

 
Table 1. The scheme of the experiment 

No of 
variant 

Experimental 
variants 

Abbreviations of variant 
names in tables 

1 Control (sod-podzolic soil) Control (SPS) 
2 Liquid-phase biological product (sod-podzolic soil) LPBP (SPS) 
3 Cobalt nanoparticles (sod-podzolic soil) NPСо (SPS) 
4 Control (gray forest soil) Control (GFS) 
5 Liquid-phase biological product (gray forest soil) LPBP (GFS) 
6 Cobalt nanoparticles (gray forest soil) NPСо (GFS) 
7 Control (chernozem) Control (Ch) 
8 Liquid-phase biological product (chernozem) LPBP (Ch) 
9 Cobalt nanoparticles (chernozem) NPСо (Ch) 

 
An annual crop (oats) was sown as an experimental crop with perennial grasses 

overseeding on green fodder. After establishing a stable water table, early spring plowing 
was carried out, composting was applied to the soil immediately before sowing, then soil 
cultivation, soaking and sowing of seeds, and rolling. Soil cultivation, care of crops were 
carried out on the plots at the same time, taking into account the agrotechnical methods 
used on the farm. The harvest was carried out in the phase of milk ripeness of the grain. 
The plants were cut at a height of 1–2 cm from the root neck, placed in bags with the 
indication of the variant number and repetition. 

In the laboratory, the above-ground crop was dried to a constant weight. The 
samples were taken from the crop according to the repetitions, numbered, according to 
the registration log, for sending to the laboratory. The dry matter content was determined 
according to GOST 31640 (Interstate standard, 2012). The essence of the method is to 
dry the feed weight to a constant mass at a temperature of 105 °C. The amount of 
exchange energy, feed units, and digestible protein was determined according to the 
guidelines for assessing the quality and nutritional value of feed (Guidelines, 2002). The 
carotene content was determined according to GOST 13496.17 by the photometric 
method, the essence of which consists in the dissolution of carotene in petroleum ether 
or gasoline and photometric measurement of color, the intensity of which depends on 
the carotene content (Interstate standard, 1997). Nitrates were determined by the 
ionometric method, which is based on the extraction of nitrates with an extraction 
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solution and the subsequent measurement of their molar concentration using an  
ion-selective electrode (Interstate standard, 2015). 

Statistical data processing and correlation analysis were performed using the 
analysis packages ‘STATISTICA’ and ‘VARIANCE’. 

 
RESULTS AND DISCUSSION 

 
It is well known that the basis for strengthening the fodder base is to increase the 

yield and biological value of fodder crops, hayfields, pastures, which is especially 
important when intensifying livestock raising and transferring it to an industrial basis. 

LPBP contributed to an increase in the mass of 1,000 grain high by 13%, productive 
tillering by 10%. There was a significant increase in the content of crude protein in spring 
wheat grain on both backgrounds of the main fertilizer. 

 

 
 
Figure 1. The yield of cereal hay on the main types of soil. 
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The research has shown that the 
use of biostimulants against the 
background of the introduction of 
organic matter contributes to an increase 
in productivity (Table 2, Fig. 1). 

The best effect was obtained 
when using a liquid-phase biological 
producton sod-podzolic soil and 
chernozem. Thus, there is an increase 
in yield compared to the control by 
8.32 c ha-1 (21.71%) and 8.01 c ha-1 
(18.28%) on sod-podzolic soil and 
chernozem, respectively. Earlier studies 
also showed that the use of LPBP 
biologics on spring wheat (Smirnova, 
2015) grown on a mineral background 
(N50P50K50) increased grain yield by 
15%, and organic background-by 27%. 

 
Table 2. The yield of cereal hay on the main 
types of soil when using biostimulants 

No. Experimental 
variants 

Yield (c ha-1) 

average 
change 
% c ha-1 

1 Control (SPS) 30.00 - - 
2 LPBP (SPS) 38.32 21.71 8.32 
3 NPСо(SPS) 31.81 5.69 1.81 
 LSD 0.95 1.43   
4 Control (GFS) 32.83 - - 
5 LPBP (GFS) 33.72 2.64 0.89 
6 NPСо (GFS) 35.49 7.50 2.66 
 LSD 0.95 1.04   
7 Control (Ch) 35.80 - - 
8 LPBP (Ch) 43.81 18.28 8.01 
9 NPСо (Ch) 39.42 9.18 3.62 
 LSD 0.95 1.82   
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Presowing treatment of seeds by cobalt nanoparticles gave the best effect on gray 
forest soil: the increase in comparison with the control variant was 2.66 c ha-1 (7.50%). 
Studies conducted by Polishchuk and co-authors (Polishchuk et al., 2015) in the field 
showed that pre-sowing treatment of wheat seeds with cobalt nanoparticles gave an 
increase in yield on average up to 14%, respectively, compared with the control. 

Currently, the nutritional value of feed is characterized by almost seventy different 
indicators. When studying nutritional value, first of all, the content of moisture and dry 
matter in it is determined (Table 3). The water content in the studied samples was within 
the normal range from 10.58 to 11.75%. 

The mass fraction of dry matter ranged from 88.22% to 89.42% with a norm of at 
least 83.0%. 

It is known that feed productivity depends not only on the protein content, but also 
on the supply of energy nutrients. With intensive livestock farming, feed should have an 
average energy nutritional value of at least 9 MJ of exchange energy (0.70 c.u.) in 1 kg 
of dry matter. 

So, according to the analyzes, the following variants meet these requirements: on 
sod-podzolic soil, when using a liquid-phase biological product, it contains 9.33 MJ of 
exchange energy and 0.74 c.u .; on gray forest soil and chernozem with the use of cobalt 
nanoparticles in the pre-sowing treatment of seeds contains 9.31 MJ of exchange energy 
and 0.70 c.u. (Table 3). In general, it should be noted that the energy value of the 
presented samples is quite high. 

 
Table 3. Nutritional value 

No. Samplename Moisture, % Drymatter, % Exchangeable E, MJ Feedunits, kg 
1 Control (SPS) 10.62 89.38 9.03 0.68 
2 LPBP (SPS) 10.84 89.16 9.33 0.74 
3 NPСо(SPS) 11.50 88.50 9.16 0.71 
 LSD 0.95 0.51 - - 0.03 
4 Control (GFS) 10.58 89.42 9.11 0.68 
5 LPBP (GFS) 11.55 88.45 9.17 0.68 
6 NPСо (GFS) 11.38 88.62 9.31 0.70 
 LSD 0.95 0.55 - - - 
7 Control (Ch) 11.78 88.22 9.13 0.68 
8 LPBP (Ch) 11.40 88.60 9.23 0.69 
9 NPСо (Ch) 11.75 88.25 9.31 0.70 
 LSD 0.95 - - - - 

 
As you know, the main limiting nutrient in animal diets is protein. The lack of 

protein substances in animal diets always leads to overspending of feed, underproduction 
and a decrease in product quality. Therefore, the value of feed is determined not only by 
the gross yield, but also by the protein content. The portion of the protein that is digested 
(used by the animal) is called digestible protein. This concept is applicable to 
monogastric animals, since there it is possible to clearly determine how much of the 
protein taken from the feed was absorbed. 

According to the analysis results, the amount of digestible protein in the control 
variants on all three types of soil is lower than when using biostimulants when growing 
crops. The largest amount of vegetable protein is contained in LPBP (SPS) NPСо (SPS) 
variants and amounted to 30 g per kg, which is 56.7% higher than the control. In the 



717 

LPBP variant (GFS), this indicator was 25 g per kg, which is 12% higher than the 
Control (GFS) variant. The difference on chernozem was 24.1% when a liquid-phase 
biological product was used in the pre-sowing treatment of seeds. The use of cobalt 
nanoparticles contributed to an increase in this indicator by 15.4% (Table 4). 

podzolic soils of light granulometric composition provides an increase in biological 
indicators (the coefficient of mineralization for nitrogen, various groups of 
microorganisms) and increases the content of mobile phosphorus and nitrates in the soil. 
Observations showed that LPBP had a positive effect on activity ammonifying 
microorganisms that contribute to the additional accumulation of nitrogen. The increased 
content of ammonifiers in the soil is associated with their high content in the applied 
biological product (up to 1012 CFU mL-1). The maximum total number of ammonifiers 
for the entire vegetation period of plants was observed from the use of LPBP in the rate 
of consumption of the working solution of 0.1 l m2 (in the same dosage that was used in 
our studies). During the studied vegetation period, the accumulation of nitrates in the 
soil. Such an increased content of nitrates in the soil was reflected in the content of 
nitrates in cucumber fruits. It can be assumed that our research shows a similar trend and 
the excess of nitrates in the soil led to an increase in their green mass of plants. 

Carotene is an important indicator that characterizes the quality of feed, therefore, 
when compiling the diet of animals, its content in feed should be known and taken into 
account. Once in the animal's body, carotene is converted into vital substances- retinoids 
(Vitamin A, retinoic acid, etc.). Vitamin A regulates the functional activity of epithelial 
tissue. With its lack, the skin and mucous membranes become dry and corneous, which 
leads to dermatitis, bronchitis, catarrh of the respiratory tract, gastrointestinal tract, etc. 
Vitamin A is involved in the formation of retinal visual purple. Visual purple is a 
combination of vitamin A with proteins. In the light, it breaks down into vitamin A and 
protein, in the dark it is restored again. With a lack of vitamin A in the body, the 
restoration of visual purple is slow, which disrupts the eye's adaptability to darkness. 
Vitamin A is also involved in the exchange of phosphorus, in the formation of 
cholesterol. 

Nitrates are an intermediate 
form in the digestion process from 
nitrogen to protein and are 
available in low concentrations in 
herbs. In the body of the animal, it 
is processed into nitrites. High 
nitrite levels are dangerous because 
nitrites attach to red blood cells 
(corpuscles), which can lead to 
sudden death of the cow. Optimum 
value < 7.5 g kg-1 of dry matter. As 
can be seen from the results of the 
analyzes, all options meet the 
requirements and are safe for 
animal feeding. 

According to Smirnova Yu. D. 
(2017), the use of LPBP on sod-  

 
Table 4. Chemical composition 

No. Experimental  
variants 

Digestible 
protein,  
g kg-1 

Carotene,  
mg kg-1 

Nitrates, 
g kg-1 

1 Control (SPS) 13 7 0.588 
2 LPBP (SPS) 30 8 1.005 
3 NPСо(SPS) 30 12 0.413 
 LSD 0.95 1.51 1.3 0.04 
4 Control (GFS) 20 8 2.961 
5 LPBP (GFS) 25 11 0.399 
6 NPСо (GFS) 22 11 0.636 
 LSD 0.95 1.85 1.3 0.07 
7 Control (Ch) 22 8 2.631 
8 LPBP (Ch) 29 10 4.619 
9 NPСо (Ch) 26 10 0.563 
 LSD 0.95 1.3 1.3 0.12 
 



718 

The research has shown that the use of cobalt nanoparticles in pre-sowing seed 
treatment contributes to an increase in carotene in all three types of soil. The content of 
this provitamin was higher in comparison with the control variant on sod-podzolic soil 
by 41.7%, on gray forest soil - 27.3%, on chernozem - 20%. 

Cobalt in plant tissues is found in ionic and complexes compounds. In optimal 
concentrations, this trace element contributes to an increase in the thickness and volume 
of the mesophyll in the leaves. Cobalt affects the formation and functioning of the 
photosynthetic apparatus of plants. This trace element contributes to the concentration 
of chloroplasts and pigments in the leaves, which is associated with an increase in the 
volume of the plastid apparatus due to the replication and growth of organelles. 
Carotenoids are a widespread class of structurally and functionally distinct natural 
pigments, usually yellow, orange, and red. They are synthesized in yeast, fungi, and all 
photosynthetic organisms, from bacteria and microalgae to higher plants (Armstrong, 
1994; Eds Britton et al., 1998). The influence of cobalt on the formation and functioning 
of the photosynthetic apparatus of plants by the concentration of chloroplasts and 
pigments in the leaves was established (Bityutsky, 1999). This is due to an increase in 
the volume of the plastid apparatus due to the growth of organelles. Cobalt can activate 
the biosynthesis of chlorophyll by stimulating the synthesis of cytoplasmic protein and 
chloroplasts. Under the influence of chloroplasts, the protein content increases in parallel 
with the increase in them. The binding of cobalt to protein synthesis can be carried out 
by regulating the structure and stability of ribosomes, as well as the functioning of RNA. 
Ultrasonic action on the powder of cobalt nanoparticles and the aqueous medium leads 
to the creation of a disordered system, in which the presence of many free active reagents 
is detected, entering into direct reactions occurring in the cell, or serving as catalysts for 
some of them. In addition, due to the high diffuse mobility of the particles, unsaturated 
metal valences and the formation of a large set of chelated compounds, it provides high 
biological efficiency. Thus, it can be assumed that cobalt nanoparticles contributed to 
the activation of carotene synthesis processes in the green mass of perennial grasses. 

 
CONCLUSIONS 

 
Growth biostimulants used in pre-sowing seed treatment (liquid-phase biological 

product or cobalt nanoparticles) against the background of a minimum dose of organic 
fertilizers provide an increase in yield on sod-podzolic soil by 5.69–21.71%, gray forest 
soil - 2.64–7.50%, black soil - 9.18–18.28%. A liquid-phase biological product works 
better on sod-podzolic soil and chernozem, and treatment by cobalt nanoparticles works 
on gray forest soil.At the same time, there is no decrease in nutritional and energy value: 
exchange energy, feed units, digestible protein, and the products themselves are safe. 
The use of cobalt nanoparticles leads to an increase in the carotene content, regardless 
of the type of soil, from 20.0% to 41.7%, then the liquid-phase biological product has 
the best effect in the accumulation of provitamin on gray forest and sod-podzolic soil. 
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Abstract. Currently in Brazil the minimum content of biodiesel in mixtures is 11% and, 
according to Brazilian laws, the goal is to reach 15% in volume in diesel fuel available for final 
consumers by 2023. Therefore, studies about different matrices of biodiesel and distinct mixtures 
are essential. The present work had two goals, the first one was to analyse physico-chemical 
properties of 16 biofuels produced from soybean and cotton oils, using S10 diesel, in mixtures 
B8, B10, B20 and B30. The second goal was to verify the vantages and disadvantages of biodiesel 
production through prior mixing of the oils, before and after the transesterification process. All 
biofuels produced presented results of specific mass values at 20 °C and kinematic viscosity at 
40 °C within the limits established by ANP Resolution no 30/2016 and International Resolutions. 
The soybean B20 biofuel showed the best overall results, with the second highest production 
yield of 65.36%, the fifth lowest kinematic viscosity with 3.48 mm s-1. The mixture of soybean 
and cotton oils before the transesterification process presented the highest production yield when 
compared with the production from a single oil or biodiesel mixtures. The results found proved 
to be satisfactory and corroborate to continue with the increase of biodiesel in the mixture with 
diesel to B15 until 2023 and support the possibility of planning for a gradual increase of this 
mixture in the following years. 
 
Key words: transesterification, biodiesel, physical characterization, yield, mechanical 
performance. 
 

INTRODUCTION 
 

The energy produced for human consumption on the planet is largely dependent on 
fossil fuels that have limited sources of raw material and are considered to be the main 
causes of the increase in global warming and emissions of gases harmful to our health 
during their burning (Abed et al., 2019). According to Manaf et al. (2019), among the 
worst consequences of global warming, it is possible to highlight the increase in the 
concentration of CO2 in the atmosphere, the increase in the acidity of sea water and the 
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temperature of the sea surface, which generate serious consequences for society and 
reinforce that one of the ways to reduce these harmful emissions is using renewable 
energies. 

According to Dantas et al. (2016), the use of biomass has been gaining relevance 
in the world scenario because it can be applied to the use in the production of heat for 
industrial thermal use or even for the generation of electric energy. Among the 
alternative energy sources, biodiesel, as it is a derivative of renewable materials, has 
become an increasingly used and studied substitute for diesel oil. Among the raw 
materials that can be used to produce biodiesel, vegetable oils and animal fats can be 
highlighted and they both result in a biofuel presenting mainly low emission of polluting 
gases, promoting a more sustainable energy production (Ambat et al., 2018). 

According to Knothe et al. (2006), biodiesel can be obtained through different 
technologies, namely transesterification, esterification and cracking. The 
transesterification process occurs naturally when you mix vegetable oil with alcohol. In 
order to accelerate the process, in addition to the use of catalysts, which can be basic or 
acidic, magnetic stirrers and sonifiers are generally used at laboratory level, helping to 
reaction speed and minimizing the total time of the transesterification process as 
highlighted by Rockembach et al. (2014). 

The biofuel manufacturing route is related to the type of alcohol used during the 
production process, which may be the methyl or ethyl route, the first being used due to 
its lower cost (Knothe et al., 2006). According to Meneghetti et al. (2013) in 
transesterification, basic or acid catalysts can be used, however the difference occurs 
when opting to use acid catalysts and we can see that there is an increase in corrosion of 
industrial equipment during the biodiesel production process and lower rates of reaction 
conversion. The basic catalysts, most used in the transesterification process, are sodium 
and potassium hydroxides.  

When assessing the environmental impact of burning fuels, it can be said that when 
using biodiesel, lower amounts of carbon dioxide (CO2), sulfur dioxide (SO2), carbon 
monoxide (CO) and hydrocarbons are released compared to when using diesel, and that 
these emissions are proportional and lower the higher the percentage of biodiesel in the 
mixture (Perin et al., 2015). 

For Silva et al. (2019) assessing the emission of exhaust gases from different 
biodiesel mixtures, concluded that the lowest SO2 emissions were obtained with fuels 
containing higher biodiesel percentages and operating at higher rotation speeds and 
nitrous oxides and carbon dioxide emissions decrease with higher engine rotation speed. 
Overall, higher percentages of biodiesel in the fuel mixture result in a less polluting fuel. 

According to ANP (2019) Brazil, together with the United States, leads the world 
ranking of the largest biodiesel producers nowadays. The biodiesel production capacity 
in Brazil reached 8.76 billion liters in 2019 and a total of 5.89 billion liters were 
produced. Among the raw materials used to produce biodiesel in Brazil, soybean stands 
out, which in 2019 was responsible for approximately 70% of all production. 

According to Knothe (2006), the physical-chemical characterization of biodiesel is 
an essential process to qualify and evaluate the biofuel, to ensure that it presents a 
complete combustion, and helps in the proper functioning of the engine, guaranteeing its 
useful life. The characteristics usually calculated and addressed in didactic studies are 
the specific mass at 20 °C and the kinematic viscosity at 40 °C. This mass must be in 
accordance with the norms established by the ANP in its resolution 30/2016, where limit 
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values are established for some characteristics of the mixtures of BX to B30, where X 
indicates the amount of biodiesel in the mixture, and which method should be used to 
determine each characteristic of the mixture (Brasil, 2016). 

The amount of Biodiesel produced in Brazil has been increasing along with the 
mandatory percentage of biodiesel in the mixture with diesel stipulated by the 
Government for commercialization. Nowadays, in Brazil, the minimum biodiesel 
content established in the mixture is 11% according to Law 13.263/2016, this percentage 
increased by 1 percentage point in September of the year 2019, and may have an addition 
percentage of up to 15% in volume from biodiesel to diesel oil sold to the final consumer, 
and the minimum percentage must comply with the schedule provided for in CNPE 
Resolution No. 16, of 2018 (ANP, 2019). The schedule approved by the National Energy 
Policy Council (CNPE) in October 2019 in Resolution CNPE on 05/2018 establishes a 
gradual increase of 1 percentage point per year until 2023 to achieve a mixture with 15% 
biodiesel with diesel (MME, 2019). 

Aiming to optimize the production of biodiesel through methyl route using basic 
NaOH catalyst, the present work sought to carry out the production of biodiesel through 
previous mixtures of soybean and cotton oils, before and after the transesterification 
process, and to measure the amount of production and its physical characteristics, in 
different proportions of mixtures of B8, B10, B20 and B30 with diesel. 

 
MATERIAL AND METHODS 

 
The work was divided into four stages, the first being the production of biodiesel 

from soybean and cotton oils by means of transesterification via methyl route using an 
alkaline catalyst. The second stage began with the mixing of unitary biodiesel to obtain 
binary biodiesel.  

In the third stage, the pure biodiesel produced with S10 diesel was mixed in four 
proportions, in order to obtain samples of B8, B10, B20 and B30 from each of them, 
totaling 16 biodiesels. These first three stages were carried out at the Agricultural 
Machinery Laboratory - LABMAQ of the Department of Agricultural and 
Environmental Engineering (TER) at the Federal Fluminense University (UFF). 

In the fourth stage, the physical characterization of the produced biodiesels began, 
carried out at the Rheology Laboratory - LARE of the Mechanical Engineering 
Department (TEM) of the Federal Fluminense University (UFF). 

The diesel used in this work was pure S10, that is, considered as B0 which is also 
called petrodiesel, without the addition of biodiesel and additives. This diesel was 
donated by ‘Empresa Ipiranga S/A’. 

 
Biodiesel production 
The biodiesels studied in the present work were produced from soybean and cotton 

oils and in four distinct stages. 
The first step was the production of unitary biodiesels of soybean and cotton by 

means of a methyl route from the transesterification process of each vegetable oil 
individually. 

Soon after, the production of biodiesels from the mixture of soybean and cotton oils 
was carried out in two different ways. Mixing before the transesterification process and 
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after the transesterification process. Then there was the production of biodiesel from the 
binary mixture of two previously produced biodiesels, after the transesterification process. 

Finally, mixtures of each biodiesel produced with diesel S10 were carried out in 
different proportions giving rise to the biodiesels: B8, B10, B20 and B30. 

 
Production of unitary biodiesel 
The unit biodiesel was produced from refined soybean and refined cottonseed oil 

through batches with 100 mL of oil, 30 mL of methanol and 1% of the NaOH (Sodium 
Hydroxide) catalyst. The production process followed the proportions of 1.0 mol of 
vegetable oil to 6.0 moles of methyl alcohol P.A (99.7%) as established by Tomasevic 
& Marinknov (2003). 

This process was carried out for each of the two oils, soybean and cotton, resulting 
in pure unitary biodiesels. 

 
Production of biodiesel from the oil mixture before the transesterification 

process 
The Biodiesel from the binary mixture of soybean and cotton oils was produced in 

batches with equal molar proportions, with 0.5 mol of refined soybean oil and 0.5 mol 
of refined cottonseed oil. This mixture was carried out before the transesterification 
process with the addition of the oils, preheated to 45 °C, simultaneously inside the 
Erlenmeyer that was already containing the mixture of methanol + NaOH on the action 
of the magnetic stirrer. 

Afterwards, the transesterification stage was the same as that performed in the 
production process of unitary biodiesels, occurring at 45 °C, with 1% NaOH P.A and 
magnetic stirring for 45 minutes. After this process, the mixture was transferred to the 
decantation funnel where it remained for 24 hours so that there was a complete 
separation of the phases involved. Afterwards, the biodiesel was washed and then dried 
in the greenhouse for two hours so that it could be stored. 

 
Production of biodiesel from the oil mixture after the transesterification 

process 
The biodiesel was produced from the binary mixture of soybean and cotton 

biodiesels after the transesterification process. To create it, the mixture was made in the 
same molar ratio of two biodiesel already produced, thus obtaining a new biodiesel 
containing 50% molar of each one. To produce this fuel, 1 mol of pure soybean biodiesel 
was mixed with 1 mol of pure cottonseed biodiesel, thus originating B soybean + B cotton. 

 
Production of biodiesels in different proportions with S10 diesel 
After the production of the pure biodiesel (B100), mixtures of these with the S10 

diesel started. The mixtures occurred with each of the four types previously produced, 
namely: B soybean, B cotton, B soybean + cotton before transesterification (B soybean 
+ cotton) and B soybean + cotton after transesterification (B soybean + B cotton). The 
proportions chosen and realized were: 8% biodiesel with 92% diesel (B8), 10% biodiesel 
with 90% diesel (B10), 20% biodiesel with 80% diesel (B20), 30% biodiesel with 70% 
diesel (B30) in each of the four pure biodiesels previously produced, resulting in a total 
of sixteen samples. 
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It is important to note that after the records the biodiesels were kept in opaque 
glassware and protected from heat and sunlight. 

 
Production yield 
The yield of each treatment was obtained through Equation 1, used by Ambat et al. 

(2018), just evaluating the values of the oil mass and the clean biodiesel mass produced 
in each batch. 

Yield = 
ABCDBEFEG HIFFFCJAEIK HIFF  (1) 

 
Physical characterization 

 
Specific Mass 
The specific mass was determined by the pycnometer and the thermostatic bath that 

was used to maintain the temperature of the biodiesel analyzed at 20 °C. The pycnometer 
used to measure the specific mass was previously calibrated by analyzing the distilled 
water at 20 °C before the tests with the biodiesels were started. 

To measure the specific mass, the pycnometer was initially weighed on an 
analytical balance. Subsequently, 50 mL of biodiesel was added to the pycnometer, 
which was fixed to a support that left it submerged in a thermostatic bath, thus ensuring 
that the sample contained in it stabilized its temperature at 20 °C. With the aid of a digital 
thermometer, you can have precise control of the temperature of the thermostatic bath. 

In addition to the biofuel present in the pycnometer, the fuel that was being 
characterized was placed together with the other samples of biodiesel, which would then 
be analyzed in 100 mL beakers in the same thermostatic bath in which the pycnometer 
was located. This situation facilitated the measurement of the temperature of each biofuel 
and ensured that the samples stabilized at 20 °C. After stabilizing the pycnometer's 
interior temperature, it was removed from the thermostatic bath and weighed on the 
analytical balance with the biodiesel sample inside. 

With the weight of the empty pycnometer, and then the measurement when it  
was filled with biodiesel, it was possible to calculate the specific mass of the sample 
using Eq. 2: 

The physical characterization 
process took place in four different parts, 
namely: analysis of the specific mass at 
20 °C and, later, at 40 °C with the use of 
pycnometer; verification of dynamic 
viscosity using a rheometer and 
calculation of the kinematic viscosity 
from the data found in the previous steps. 

Table 1 identifies the physical-
chemical properties that were used as a 
reference in this work to characterize  
and compare the biodiesel produced. 
Table 1 shows the standards for  
each characteristic, according to ANP 
No. 45/2014 resolution. 

Table 1. Chemical physical property and 
corresponding pattern 

Chemical physical property Pattern 

Kinematic viscosity at 40 °C 
NBR 10.441 
ASTM D 445 
EN/ISO 3.104 

Specific mass at 20 °C NBR 7.148 
NBR 14.065 
ASTM D 
1.298 
ASTM D 
4.052 
EN/ISO 3.675 
EN/ISO 
12.185 

Source: Resolution adaptation nº 45/2014 of ANP. 
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L = MN\P –  MNQN ∙ 1,000 (2) 

where ρ – specific mass of biodiesel (kg m-3); Pp\b – weight of the pycnometer-biodiesel 
set (g); Pp – weight of the pycnometer (g); Vp – volume of the pycnometer (mL). 

The specific mass was calculated for all biodiesel samples, five repetitions were 
performed for each one. With the average of the five repetitions, it was possible to find 
the most precise value of the specific mass of each biodiesel sample. 

After the specific mass at 20 °C was found, the test was carried out again with the 
temperature of the biodiesel stabilized at 40 °C. This new measurement was necessary 
so that the kinematic viscosity at 40 °C could be found from the dynamic viscosity 
calculated with the same temperature. 

 
Dynamic viscosity 
To determine the dynamic viscosity at 40 °C, the RS 50 RheoStress rheometer from 

Precitech Instrumental LTDA was used with the coupled thermostatic bath to ensure that 
the experiment was carried out at a constant temperature previously established. The 
DG41Ti concentric cylinder was used for the measurement of biofuels because it ensures 
that during the experiment there is no loss of the sample and that it can be reused 
afterwards. The rheology tests were carried out at the Rheology Laboratory (LARE) of the 
Mechanical Engineering Department (TEM) of the Federal Fluminense University (UFF). 

For the sake of carrying out the analysis on the rheometer, the data that was 
intended to be obtained through the equipment's RheoWin Pro 2.97 software, previously 
installed on the computer and attached to the rheometer, were previously inserted. A 
constant temperature of 40 °C was established for the execution of the experiment. The 
software itself creates a graph based on the data collected, which were previously 
selected to be measured, they are: dynamic viscosity versus shear rate (flow curve) and 
shear rate versus shear stress, both with temperature constant of 40 °C. 

The rheometer test consists of turning the upper cup inside the lower one, applying 
a shear stress to the biodiesel present internally. This applied stress varied and increased 
over time, generating a shear rate corresponding to this variation. 

This analysis was performed twice for each sample, with the results being tabulated 
and displayed graphically, to minimize possible errors. 

The dynamic viscosity found was used to obtain the kinematic viscosity of 
biodiesel, a technical characteristic regulated by ANP standards. 

In a rheological study, the fundamental parameter that must be investigated is 
viscosity. In these studies, the flow properties are usually illustrated by using graphs 
indicating the shear stress and viscosity as a function of the shear rate. These graphical 
representations of the flow and viscosity curves help to verify the behavior of the fluid 
to analyze whether it is considered a Newtonian fluid, since the functional relationship 
between the shear rate and the deformation rate is a line whose extension passes  
through the source. 

 
Kinematic viscosity - Direct method 
To determine the kinematic viscosity at 40 °C, the values found for the specific 

mass and dynamic viscosity at the same temperature were used. From these values, Eq. 3 
was used to find the kinematic viscosity of each sample. 
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R = SN (3) 

where ν – kinematic viscosity of biodiesel (mm² s-1); ρ – specific mass of biodiesel 
(kg m-3); µ  – dynamic viscosity of biodiesel (Pa s-1). 

 
Kinematic viscosity - Capillary viscometer method 
To determine the kinematic viscosity at 40 °C of pure S10 diesel (B0) and pure 

biodiesels (B100), the Cannon-Fenske capillary viscometer was used as well as a 
thermostatic bath of the brand Nova Ética model N480, necessary so that the fuel at 
constant temperature could be measured. A transparent thermostat from the Schott model 
CT52 was also used. 

Initially the temperature of the thermostatic bath was fixed at 40 °C and then a small 
amount of diesel was introduced in the viscometer to fill 2/3 of the larger bulb located at 
the bottom of the viscometer. Subsequently, the viscometer was placed in the 
thermostatic bath and 30 minutes was waited for the fuel temperature inside the 
viscometer to stabilize at 40 °C. To finish the experiment, the time taken for the B0 to 
go through the marks located on the viscometer was measured. 

In order to measure the kinematic viscosity from the flow rate of B0 inside the 
viscometer, Eq. 4 below was used. R = T × V (4) 

where v – kinematic viscosity of biodiesel (mm² s-1); t – time spent for biodiesel to flow 
between the capillary viscometer marks (s); c – capillary viscometer constant (mm² s-2). 

The capillary viscometer measures the flow rate of the fluid through a glass 
capillary, which is measured by the time it takes for the liquid to flow between two marks 
on the viscometer. This type of viscometer is widely used for Newtonian liquids, which 
have low viscosity, as in the case of biodiesels, however, they have limitations when 
used for non-Newtonian fluids, since they do not allow shear stress variation. 

The results found for specific mass at 20 °C and 40 °C and kinematic viscosity at 
40 °C and dynamics at 40 °C, were tabulated in two large groups so that the results could 
be analyzed, and the statistical test of Tukey applied at 5% significance. The first group 
of tables considering the source of triglyceride (B soybean, B cotton, B soybean + cotton 
and B soybean + B cotton) and in each table the results of their proportions with diesel 
(B8, B10, B20, B30). In a second group, four new tables were built, but considering first 
the percentage of mixture (B8, B10, B20, B30) and in each one the biofuels (B soybean, 
B cotton, B soybean + cotton and B soybean + B cotton) in this proportion. 

It is important to emphasize that the specific mass at 40 °C and the dynamic 
viscosity at 40 °C are not parameters that have a lower and upper limit determined by 
ANP resolution no. mandatory biodiesel specifications in the standard. However, the 
tests to determine these values were carried out for each of the biodiesels produced to 
use them in the direct calculation to determine the kinematic viscosity at 40 °C of the 
biofuels produced. 

 
Statistical analysis 
For the statistical analysis, the program SISVAR version 5.3 (Ferreira, 2014) was 

used, applying the Tukey test at the significance level of 5%. The statistical analysis was 
performed using the experimental data obtained in the present study, with all 
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observations, estimating the effects on the biodiesel production yield of the studied 
variables, source of triglycerides and their interactions. The same test was applied  
to verify whether there was any differentiation in the physical-chemical characterization 
parameters. 

 
RESULTS AND DISCUSSION 

 
Production yield  

Analyzing the general production yield of biodiesel, with a focus on the amount of 
product that was used and the amount of biodiesel generated, it can be seen from Table 2 

Regardless of the mixture of biodiesels, there was no variation in the amount of 
product generated. Thus, considering only this variable, regardless of the matrix, we will 
have the same amount of biodiesel produced. The average amount value of all mixtures 
was 65.08%. 

 
Physical characterization of biodiesel 
The specific mass at 20 °C and the kinematic viscosity at 40 °C were initially 

measured using the capillary viscometer of the B100 produced before mixing with  
the S10 diesel. The results obtained for the B100 produced from different sources and 

at 20 °C and kinematic viscosity at 40 °C, being 882.54 kg m-3 and 4.13 mm² s-1, 
respectively. The pure biodiesel with the highest specific mass values at 20 °C and 
kinematic viscosity at 40 °C was B soybean + cotton with 883.11 kg m-3 and 
4.32 mm² s-1, respectively. 

that regardless of the type of biodiesel 
studied, there was no statistical 
variation, using Tukey's test at the 5% 
level of significance in the production. 

These results demonstrate the 
viability for the production of biodiesel 
from different sources of triglycerides. 
Thus, it is possible to use different 
sources together (blend) without 
causing a reduction in efficiency in the 
production of biodiesel. 

 
Table 2. Results of the production of biodiesels 
according to the source of triglycerides 

Biodiesel Amount of production 
(%) 

B cotton 64.53 a  
B soybean + B cotton 64.95 a 
B soybean 65.36 a  
B soybean + cotton 65.49 a  
Averages followed by the same letter do not differ by 
Tukey's test at the 5% level of significance. 

mixtures can be found in Table 3. 
When analyzing the values found, 

it can be seen that all results of specific 
mass at 20 °C and kinematic viscosity 
at 40 °C remained within the limits 
pre-established by ANP No. 45/2014, 
being 850 to 900 kg m-3 and from  
3.0 to 6.0 mm² s-1, respectively (Brasil, 
2014). 

Analyzing the results presented, it 
appears that the B soybean + B cotton 
showed the lowest specific mass values 

 
Table 3. Physical characterization of B100 
biodiesels produced from different sources 

Source 
Specific  
mass  
(kg m-3) 

Kinematic 
viscosity  
(mm² s-1) 

B soybean 883.10 bc 4.24 b 
B cotton 882.93 b 4.22 b 
B soybean + cotton 883.11 c 4.32 c 
B soybean + B cotton 882.54 a 4.13 a 
Averages followed by the same letter do not differ at 
the 5% level of significance using the Tukey test. 
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For the kinematic viscosity at 40 °C the biofuels B soybean and B cotton did not 
vary significantly by the Tukey test at the level of 5% significance, unlike B soybean + 
cotton and B soybean + B cotton which varied significantly between them by the applied 
statistical test. For the specific mass at 20 °C, all the biofuels analyzed varied 
significantly between themselves by the Tukey test at the level of 5% of significance. 

These physical variations are related to the composition of each oil  
(source of triglycerides) used in the transesterification process, as described by Gonçalves 
et al., (2019). 

The specific mass at 20 °C and the kinematic viscosity at 40 °C were also measured 
using the capillary viscometer of the S10 diesel used to produce the biofuels B8, B10, 
B20 and B30. The results found for B0 can be seen in Table 4 and it can be noted that  

2014), being 820.00 to 850.00 kg m-3 and 2.0 to 4.5 mm² s-1, respectively. Note that the 
specific mass and kinematic viscosity measured for B0 are lower than the values found 
for pure biodiesels (B100). 

According to ANP Resolution No. 30/2016, which determines the lower and upper 
limits for BX to B30 biodiesel, the value calculated for specific mass at 20 °C must be 
between 817.80 and 865.00 kg m-3 when used diesel S10 in mixtures. For the kinematic 
viscosity at 40 °C, the regulation determines that the value must be within the range of 
1.9 to 4.1 mm² s-1 (Brasil, 2016). 

Table 5 below shows the results of kinematic Viscosity (.10-3 mm² s-1) at 40 °C 
according to ANP Resolution No. 30/2016. It can be observed that the biofuel that 
showed the highest value of kinematic viscosity at 40 °C, among all the tested samples, 
was the B 30 of B soybean + B cotton with a value of 3.94 mm² s-1 and that showed a 
significant difference when compared to the values of other biofuels from other sources 
of triglycerides in the same proportion (B30), in addition it differs significantly when 
comparing with other proportions from the same source. This value is 15.88% higher 
than the lowest result of kinematic viscosity at 40 °C found in the analyzes. The lowest 
value calculated was for B10 of cotton biodiesel, with a value of 3.40 mm² s-1. 

 
Table 5. Kinematic viscosity (.10-3 mm² s-1) at 40 °C of biodiesels produced from different 
sources of triglycerides 

Source 
Biodiesel 
B8 B10 B20 B30 

Soybean 3.44 Ab 3.41 Ba 3.48 Ac 3.54 Ad 
Cotton 3.55 Db 3.40 Aa 3.67 Cc 3.72 Cd 
B soybean + cotton 3.54 Cb 3.42 Ca 3.91 Dd 3.61 Bc 
B soybean + B cotton 3.50 Ba 3.58 Db 3.64 Bc 3.94 Dd 
Averages followed by the same letter, uppercase in the column and lowercase in the row, do not differ at the 
5% level of significance by the Tukey test. 
 

the values found for specific mass at 
20 °C and kinematic viscosity at 40 °C 
remained within the lower and upper 
limits established by Resolution 46/2012 
of the ANP that regulates the 
characteristics of the S10 diesel (BRASIL,  

 
Table 4. Physical characterization of B0 S10 

Fuel Specific mass  
(kg m-3) 

Kinematic viscosity  
(mm² s-1) 

B0 830.28 2.85 
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It is worth mentioning that for the analyzed results of kinematic viscosity at 40 °C, 
all values varied significantly in each other, whether in the column between different 
sources of triglycerides in the same ratio of biodiesel to diesel (BX), or in the line for the 
same source triglycerides and comparing the different proportions B8, B10, B20 and B30. 

A pattern of increase in kinematic viscosity values was observed at 40 °C in the 
following order B10, B8, B20 and B30. Only for source B soybean + B cotton the value 
B8 was lower than B10, presenting a gradual increase as the amount of biodiesel in the 
mixture with diesel increased. Observing the behavior of the soybean source, the B30 
showed the highest kinematic viscosity value, being 2.94.10-3 mm² s-1 and 4.25% higher 
than the value found for B8 in the same triglyceride source. 

The only source that did not show the highest value of kinematic viscosity at 40 °C 
in the B30 mixture was B soybean + B cotton. 

Table 6 below shows the results of specific mass at 20 °C according to ANP 
Resolution No. 30/2016. 

 
Table 6. Specific mass (kg m-3) at 20 °C biodiesels produced from different sources of triglycerides 

Source Biodiesel 
B8 B10 B20 B30 

Soybean 832.78 Aa 833.86 Ab 838.55 Ac 843.50 Bd 
Cotton 833.82 Ba 834.57 BCb 839.43 Bc 844.55 Cd 
B soybean + cotton 833.44 Ba 835.02 Cb 839.67 Bc 844.38 Cd 
B soybean + B cotton 833.73 Ba 834.11 ABa 838.80 ABa 841.83 Ac 
Averages followed by the same letter, uppercase in the column and lowercase in the row, do not differ at the 
5% level of significance by the Tukey test. 

 
Among the values found for specific mass at 20 °C, it can be noted that the B30 of 

cotton and B soybean + cotton were the ones that presented the highest results when 
compared to the others, being respectively 844.55 and 844.38 kg m-3. 

For all sources except B soybean + B cotton there was an increase in specific mass 
directly proportional to the increase in the percentage of the mixture 

The lowest value found for specific mass at 20 °C was for soybean B8, 
832.78 kg m-3, which was 1.38% lower than the highest result, found for cotton B30. 
The result of soybean B8 varied significantly if compared to the other results found for 
the same source of triglyceride in the other mixing proportions, that is, for B10, B20 and 
B30, and also varied significantly when compared with the other triglyceride sources in 
the same proportion. It is worth mentioning that for the B8 mixture, the other samples 
produced from other sources of triglycerides did not vary significantly among themselves. 

The results found for the specific mass at 20 °C and for kinematic viscosity at 
40 °C, as well as the tendency to increase the value of the specific mass as the amount 
of biodiesel in the mixture with diesel increases, this issue found for most results in this 
work, confirm the results found by Lahane et al. (2015) and by Silva et al. (2019). 

It can be seen that for the specific mass at 20 °C, there is a tendency to increase as 
the percentage of biodiesel in the mixture with diesel increased, presenting the highest 
values generally for mixtures B30 and the lowest for B8. The increase in specific mass 
indicates that a greater amount of biodiesel will be injected into the combustion chamber 
of the engine when analyzing the same control volume (combustion chamber). This 
characteristic contributes to a greater energy potential and, therefore, less loss of power 
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in the engine when it is operating with biofuels in high mixtures, since biodiesel presents 
a lower calorific power when compared to pure diesel (B0) that presented the lowest 
specific mass when compared to the biofuels produced in this work. 

The upward trend, both in specific mass and viscosity in different mixtures, is 
related to the higher molecular weight of methyl and ethyl esters of fatty acids, when 
compared to fossil diesel. Unsaturation and heteroatoms in the chains of the 
trichylglycerides induce a higher viscosity in biodiesel (Candeia, 2008). This behavior 
was also found in the study by Cunha (2011) when analyzing a total of 6 samples of 
biodiesel in proportions from B5 to B100. 

The behavior found of the tendency to increase both the specific mass at 20 °C and 
the kinematic viscosity at 40 °C as the proportion of biodiesel in the mixture with diesel 
increased, also confirms the results found by Cavalcanti (2013) when performing 
rheological tests and determining the specific mass and viscosity of biofuels from castor 
oil, cotton and beef tallow by methyl route in proportions from B2 to B50. 

Observing the results of the cotton source, all values found for this biofuel showed 
an increase as the proportion of biodiesel in the mixture with diesel increased. Thus, B8 
had the lowest specific mass at 20 °C calculated, of 833.82 kg m-3, while B30 had a 
1.29% higher result, 844.55 kg m-3. 

When analyzing the behavior of the kinematic viscosity from B10, where the values 
increase as the proportion of biodiesel in the mixture with diesel increases, the behavior 
of the calculated data confirms the results found by Klajn (2016), in his study where the 
difference in viscosity of biofuels in proportions of B7, B10, B15 and B20 was analyzed. 
The lowest value of kinematic viscosity found in the study was for B8, being 
3.55 mm² s-1, this being 4.57% lower than the result found for B30 of 3.72 mm² s-1, the 
greater value for the study in question. 

The values found for cotton biodiesel for specific mass at 20 °C confirm to the 
result found by Cavalcanti (2008) when analyzing the physical characteristics of mixtures 
from B2 to B50 for biodiesel produced from cotton oil, castor, bovine and octane oil. 

For the Bsoybean + cotton source, the highest specific mass value at 20 °C occurred 
for the B30 with 844.38 kg m-3, this being 1.31% higher than the B8 value of 
833.44 kg m-3, this being the lowest result found. All specific mass values at 20 °C 
showed a significant difference between them by the Tukey test at 5%. 

This behavior does not confirm to that analyzed in the results found by Fagundes 
et al. (2007) who identified a gradual increase in kinematic viscosity in their 9 samples 
of biodiesels analyzed in different proportions between B0 and B100. Differently from 
the behavior found between B8 and B10 of B soybean + Cotton, the behavior of the other 
values maintained the tendency to increase according to the increase in biodiesel in the 
mixture with diesel. 

The results found for the specific mass at 20 °C of all biodiesel produced in 
different proportions with diesel can be seen in Fig. 1 where the limits, lower and upper, 
established by ANP in the range comprising 817.80 are indicated by vertical lines. at 
865.00 kg m-3. Analyzing Fig. 1, it is possible to identify that all the results found for the 
biofuels produced presented the specific mass within the technical specifications. 
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Figure 1. Specific mass at 20 °C of the biofuels produced. 
 

The kinematic viscosity values at 40 °C of the biodiesels analyzed in the different 
proportions with diesel can be observed in Fig. 2 and it is observed that the values fall 
within the norms established by ANP Resolution 30/2016 which establishes that these 
values from BX to B30, produced with diesel S10, must be within the range of 1.9 to 
4.1 mm² s-1, represented by the vertical lines (Brasil, 2016). 

 

 
 

Figure 2. Kinematic viscosity at 40 °C of the biofuels produced. 
 
The graphs obtained through the use of the rheometer in the analyzes at 40 °C, 

indicating the dynamic viscosity of biodiesel and the line with proportional growth 
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between the shear stress and the shear rate, characteristic of Newtonian fluids, are shown 
in Fig. 3 to Fig. 10. 
 

 

 

 
Figure 3. Rheology for B8 Soybean (a) and B10 Soybean (b). 
 

 

 

 
Figure 4. Rheology for B20 Soybean (a) and B30 Soybean (b).  
 

 

 

 
Figure 5. Rheology for B8 Cotton (a) and B10 Cotton (b). 
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Figure 6. Rheology for B20 Cotton (a) and B30 Cotton (b).  
 

 
 
Figure 7. Rheology for B8 Soybean + Cotton (a) and B10 Soybean + Cotton (b). 
 

 
 
Figure 8. Rheology for B20 Soybean + Cotton (a) and B30 Soybean + Cotton (b).  
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Figure 9. Rheology for B8 B Soybean + B Cotton (a) and B10 B Soybean + B Cotton (b). 
 

 
 
Figure 10. Rheology for B20 B Soybean + B Cotton (a) and B30 B Soybean + B Cotton (b). 

 
From the analysis of the graphs built from the tests on the rheometer, it is possible 

to identify that all the biodiesels produced and tested in this study behaved like a 
Newtonian fluid. This behavior can be verified by analyzing that the viscosity found 
tends to be constant, straight parallel to the abscissa axis, and to be independent of the 
shear rate at which it is measured. This behavior confirms the results found by Dantas 
(2006) when analyzing the rheological behavior of biodiesel produced from corn. 

The viscosity of the oil from the triglyceride source before undergoing the 
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(Dunn, 2002; Dorado et al., 2002; Dorado et al., 2003; Lopes et al., 2020; Souza et al., 
2020). 
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It can be noted that the analyzed biodiesels present a Newtonian fluid behavior 
since the functional relationship between the shear stress and the strain rate is a line 
whose extension passes through the origin. This behavior found confirms the results 
found by Cavalcanti (2013) and Cavalcanti (2008) in their study with biodiesels and 
several BX mixtures. The same behavior was found for Dantas (2006). 

According to Cavalcanti (2013), the lines that were constructed from the 
relationship between the deformation rate and shear stress have angular coefficients that 
are functions of the temperature and the composition of the components of the mixture, 
in this case the temperature has an inverse relationship with viscosity. The author also 
states that the apparent viscosity of the material at a given temperature and the range of 
strain rate is constant depending only on the temperature and composition of the 
material, so it can be considered as the dynamic viscosity of the material at that 
temperature. 

 
CONCLUSIONS 

 
This research investigated the production of biodiesel by the methyl route carrying 

out the production through mixtures of soybean and cotton, before and after the 
transesterification process. Therefore, the work was carried out with the objective of 
optimizing and measuring the production volume, as well as physically characterizing 
the different proportions of biodiesel mixtures used. The assessment of the values 
observed in the production of the different types of biodiesel mixtures of soybean and 
cotton in the different proportions of mixtures indicated efficacy. Thus, they 
demonstrated its potential for use in internal combustion engines. All biofuels showed 
specific mass values at 20 °C and kinematic viscosity at 40 °C within the limits 
established by ANP Resolution 30/2016. 

The mixture of soybean and cotton vegetable oils before the transesterification 
process showed the highest efficiency when compared to the production from only one 
vegetable oil or from the mixtures of biodiesels. 

In general, the results showed an increase in specific mass at 20°C due to the 
increase in the percentage of Biodiesels, this factor is recommended, since it allows the 
increase of the biodiesel injected into the combustion chamber, compensating for the 
lower calorific power presented in biofuels. 

The tests with B30 biodiesel showed satisfactory results that support the possibility 
of continuing to increase the amount of biodiesel in the mixture with diesel for the next 
years in Brazil, which is higher than the target stipulated throughout the national territory 
until 2023, the B15 mixture. 
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Abstract. The use of autonomous robots in agriculture has been increasing rapidly in recent 
years, but is hampered by the complexity of data recording and processing. The prototyping 
process involves many changes to the housing design during development. Using laser cutting to 
make a housing is more convenient, faster and cheaper than milling or casting if only one body 
needs to be made. To speed up the production of autonomous robot prototypes, the body was 
made of birch plywood using laser-cut parts. The study analyses the efficiency of passive cooling 
to make sure that birch wood plywood is suitable for the production of a robotic body for outdoor 
use in agriculture. Under laboratory conditions, temperature measurements were made inside and 
outside the housing to determine how the heat released by the electronic components dissipates 
into the environment. An exponential model with a static coefficient and a time constant can be 
used to determine the recommended operating time at different ambient temperatures when the 
allowable operating temperature of the component is known. Air flow and heat transfer 
simulations were performed to represent heat dissipation. Birch plywood can be used for the 
production of prototype enclosures for agricultural robots, but the design must provide 
technological solutions for heat dissipation to prevent overheating of electronic components. 
 
Key words: cooling system, heat transfer, modelling, thermal management. 
 

INTRODUCTION 
 

In the 21st century, the level of human welfare has increased significantly, leading 
to rising labour costs. In order to reduce production costs, entrepreneurs are forced to 
use robots to make their products competitive (Marinoudi et al., 2019). Robotic hands 
are widely used to perform monotonous work, changing the placement of the object. It 
is much more difficult to create an autonomous robot that collects data and makes 
decisions itself. Autonomous robots are needed for various agricultural tasks, such as 
getting rid of the weeds (Xiong et al., 2017; McAllister et al., 2019). The computer vision 
is associated with the collection and processing of environmental data. Cameras record 
large amounts of data that are processed by a powerful computer (Malavazi et al., 2018; 
Le et al., 2019; Raja et al., 2019; Kim et al., 2021). Prototyping of such a robot is 
associated with many problems: 
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 Change of location of components during development. 
 Data recording and processing emits a significant amount of heat. 
 The robot must be waterproof to withstand agricultural conditions such as rain, 

snow, humidity, temperature fluctuations, UV radiation and aggressive gases. 
 Data recording needs to be synchronized before it can be combined. 
 The position of each camera must be calibrated before data can be recorded. 
Passive cooling without moving parts works more reliably than active cooling. 

Using a fan for cooling can create additional risks such as dust and dirt getting on the 
electronics and camera lenses (Lanzerstorfer et al., 2016). Passive and active cooling 
solutions were compared by Galins et al. (2019) in another study. 

3D printers are often used to make prototype housings, but they are not always 
convenient, fast, or cost-effective. Fused deposition modeling is cheaper and more 
affordable but the dimensional accuracy of 3D printed part is worse than by 
stereolithography and selective laser sintering (Minetola & Galati, 2018; Solomon et al., 
2020; Zharylkassyn et al., 2020). 3D printing with thermoplastics is very popular in robot 
prototyping but the use of thermoplastic or plywood impairs heat dissipation in the 
environment (Flaata et al., 2017; Navarrete & Caldeira, 2019). For larger enclosures, 
laser-cut acrylic or plywood parts could be used. The mounting platform can be made 
by CNC milling machine to ensure accurate positioning of the cameras. The study uses 
thermography, experimental temperature measurements and Solidworks flow 
simulations to ensure that plywood enclosure is suitable for a prototype of agricultural 
robot. It is planned to place a bundle of sensors with a computer in a plywood box and 
to study the heat dissipation in the surrounding environment. The aim of the work is to 
determine the maximum ambient temperature up to which the equipment can safely 
operate as well as to determine weak spots of design from thermal point of view. 

 
MATERIALS AND METHODS 

 
The study was developed at the 

Latvia University of Life Sciences and 
Technologies, laboratory of the 
Faculty of Engineering. A prototype 
agricultural robot was developed that 
can be used to record and process 
environmental data (Fig. 1). 

The lower body of the robot is 
used to allow the robot to move on 
various agricultural road surfaces, as 
well as in agricultural facilities. 
Brushed DC motors allow the wheels 
to move back and forth. The upper part 
of the body is sensor bundle for 
environmental data recording and 
processing (Fig. 2). The sensor bundle 
should operate in various environmental 
conditions, including light rain, snow, 

 
 

Figure 1. Experimental prototype of an 
agricultural robot: 1 – sensor bundle; 2 – lithium 
batteries for lower body; 3 – lithium batteries for 
sensor bundle; 4 – brushed DC motors; 
5 – chassis; 6 – wheels. 
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negative temperatures and direct sunlight. The cameras and computer were placed in a 
laser-cut birch plywood box to form the upper body. The side parts of the plywood were 
precisely made to create a finger joint in corners without gaps. Waterproof glue was also 
used. The body was then coated with urethane varnish to protect the plywood from 
moisture. Although the upper body was designed to withstand rain, there is a hole in the 
bottom of the box for safety to drain excess water in the event of a leak. To ensure the 
stability of the structure, the selected birch plywood thickness is 6 mm. The main 
advantage of plywood housing for robot prototype is that adjustments can be made 
easily. Laser-cut parts can be made faster than 3D printed or CNC milled parts. In 
addition, plywood is a cheaper raw material than plastic or metal. The main disadvantage 
of such an application is the low thermal conductivity of plywood. The dissipation of 
heat in the environment was studied. Both experimental temperature measurements and 
simulations were performed to identify the problem areas. During the experiments, the 
ambient temperature in the laboratory around the research object was measured. 

 

 
 

Figure 2. Structure of the research object: 1 – LIDAR; 2 – acrylic standoff; 3 – PCB for sensors; 
4 – Wi-Fi router; 5 – PCB for computer; 6 – heatsink for computer; 7 – rubber gasket; 8 – CPU 
Pentium N4200; 9 – heatsink for Wi-Fi router; 10 – Ethernet controller I211-AT; 11 – plywood 
enclosure; 12 – adapter for LIDAR; 13 – front cover; 14 – filter for DVS240 camera; 15 – cable 
gland; 16 – side cover; 17 – calibrating device of records; 18 – depth camera D435; 19 – DVS240 
camera; 20 – plywood platform for cameras. 

 
Computational fluid dynamics 

(CFD) and heat transfer simulations 
were performed in the Solidworks 
2018 software. Each camera must 
be in a certain position due to the 
specifics of data processing. 
Computer board relocation was 
limited. The simulation model was 
developed based on experimental 
temperature measurements, solid  

Table 1. Input data for CFD and heat transfer 
simulations 

Parameter Value Unit 
Gravity in y axis direction -9.81 m s-2 
Atmospheric pressure 10,1325 Pa 
Ambient temperature 23 °C 
Heat generation rate for computer 4.9–15.4 W 
Heat generation rate for LIDAR 13.6 W 
Heat generation rate for Wi-Fi router 4.5 W 
Fluids type Air 
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materials and environmental conditions. An automatic mesh level with a value of 5 was 
used. Only conduction and convection without radiation were used for simulated heat 
transfer. This study uses the same methodology as the previous study on data 
transmission cooling modelling (Galins et al., 2020). Input data for CFD and heat 
transfer simulations were selected according to the model equipment and environmental 
conditions (Table 1). 

The results of the simulations are significantly influenced by the thermal 
conductivity of the selected solid materials (Table 2). 

 
Table 2. Solid materials used for CFD and heat transfer simulations 

Part Size (mm) Material Thermal conductivity1  
(W m-1 K-1) 

LIDAR 110×110×94 Aluminium ~237 (depends on temperature) 

Enclosure 188×195×193  
(wall thickness 6 mm)Plywood 0.15 

Platform for cameras 140×120×16 Plywood 0.15 
Standoff 30×30×4 Acrylic 0.2 

PCB for sensors 86×76×1.6 Laminate 
FR4 0.3 

PCB for computer 147×102×1.6 Laminate 
FR4 0.3 

Wi-Fi router 137×114×30 ABS plastic 0.2 
Heatsink for Wi-Fi router 130×100×2.5 Aluminium ~237 (depends on temperature) 
Heatsink for computer 147×102×3 Aluminium ~237 (depends on temperature) 
DVS240 camera 60×40×30 Aluminium ~237 (depends on temperature) 
Gasket 147×102×2 Neoprene 0.05 
Thermal pad for CPU 12×12×0.5 Silicone 2 
CPU 12×12×2 Silicon ~150 (depends on temperature) 
Ethernet controllers (2 pcs)  9×9×2 Silicon ~150 (depends on temperature) 
1Data obtained from (Engineering ToolBox, 2020). 

 
The materials used in the simulations were simplified without taking into account 

that the thermal conductivity of the material differs in different directions (Yapici et al., 
2011). Plywood is not a homogeneous material. There are branched areas with different 
densities. Moisture content increases the thermal conductivity of wood (Troppová et al., 
2015). The thickness tolerance of ± 0.2 mm also has an effect. 

DC power supply P3030 was used to measure voltage and current. Voltmeter has 
an accuracy of ± 0.5% + 3 digits but ammeter ± 1.0% + 3 digits (Advantek Corporation, 
2020). 

The heating components on printed circuit board (PCB) were identified using a 
thermal imager testo 868. The thermography camera has an accuracy of ± 2 °C, ± 2% of 
measurement value. Emissivity can be set from 0.01 to 1 (Testo SE & Co, 2020). 

Experimental temperature measurements were made using a data logger GL840 
with K type thermocouples. Temperature measurements were taken every second with 
accuracy of ± 0.05% + 1.0 °C (Graphtec, 2016). Thermocouples were placed both inside 
and outside the housing. 
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RESULTS AND DISCUSSION 
 
Heating components were determined by a thermography camera (Fig. 3).  

The temperature range selected for the thermographic image was 25.6 to 44.0 °C. The 

(Fig. 4). In the thermographic image, the highest temperature of 56.2 °C (HS1) was 
reached on the  computer heatsink. Hot spot (HS1) indicates the location of the CPU 
Pentium N4200 behind the heatsink. At the beginning of the study, it was not clear 
whether LIDAR could be mounted directly on plywood. HS2 indicates the generation of  

measurements with a data logger, the ambient temperature was 3 °C lower. Similar 
problems in the accuracy of thermographic measurements can be found in other studies 
(Howell et al., 2020; Zarco-Periñán et al., 2021). 

thermography picture shows that a 
significant amount of heat was 
released by point M1and M2. The 
visible heat emitters are 2 equal 
Ethernet controllers I211-AT. The 
processor was on the other side of the 
board and could not be accessed by the 
thermography camera. During the 
experiment, the CPU temperature was 
measured with a built-in sensor. 

Experimental temperature 
measurements were made until the 
system reached steady state. 
Thermography shows the temperature 
distribution on the outside of the housing  

 

 
 
Figure 3. Thermographic image of computer 
PCB inside the box: 1 – PCB for computer; 
2 – Ethernet controller I211-AT; 3 – Ethernet 
controller I211-AT; 4 – plywood enclosure. 

a significant amount of heat at the 
bottom of the LIDAR reaching 
temperature of 55.9 °C. The LIDAR 
was raised 4 mm above the plywood 
body to improve bottom cooling by 
convection. A similar problem would 
occur if LIDAR would be mounted on 
a 3D printed thermoplastic housing. 
The LIDAR has an unequal 
temperature distribution, because the 
temperature difference between the 
point M1 and HS2 was 10.9 °C. The 
ambient temperature at point M4 is 
26.4 °C. It seems that the accuracy of 
the ambient temperature measurement 
was significantly affected by the 
emissivity and the reflected 
temperature, because in the following 

 

 
 
Figure 4. Thermographic image of the research 
object.  
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At the bottom of the plywood box, the temperature at points M2 and M5 was 
42.4 °C, and at the top at point M3, the temperature was 44.6 °C, thus making a 
difference of 2.2 °C. This temperature difference is most likely due to the fact that most 
of the heat is released at the top of the box, although there is some effect on convection. 

Dynamic heating curves for different locations were recorded with a logger and 
thermocouples (Fig. 5). 

 

 
Figure 5. Experimental temperature measurements using thermocouples. 

 
The highest temperature of 96 °C was reached by the CPU Pentium N4200 after 

5,000 s. The maximum allowable operating temperature of the processor is 105 °C (Intel 
Corporation, 2021), thus the critical temperature was not reached. Both Ethernet 
controllers reached very similar temperatures of about 72 °C thus exceeding the 
maximum allowable operating temperature of 70 °C (Intel Corporation, 2021). The 
heatsink of Wi-Fi router reached 64 °C. The problem is that the Wi-Fi router is inside 
the housing and the heat from the Wi-Fi heatsink is not effectively dissipated to the 
outside, thus the air temperature in the middle is 46 °C. The upper and bottom air 
temperature inside the box forms the temperature difference of 18.6 °C. There is no air 
exchange between inside and outside. The ambient temperature of 23.3 °C was almost 
constant throughout the experiment. Also the temperature of the side cover inside and 
outside the box was measured, so that temperature difference of 6 mm thick plywood 
was 4.6 °C. The computer heatsink heats up to 60.8 °C, which is 4.6 °C more than 
measured by thermography. This difference could have occurred because the 
thermocouples were secured with insulating tape, which impaired cooling. The Lidar 
temperature at the top was 46.3 °C, so it differed from the thermographic reading by only 
1.3 °C. Plywood looks like a very good thermal insulator. Thermal conductivity of dry 
birch plywood SyPly is about 0.15 W m-1 K-1 (Syktyvkar, 2016). 

The simulation shows the air flow trajectory and temperature distribution of the 
research object (Fig. 6). The temperature distribution represents the heating components 
and heat dissipation. Air flow trajectories represent passive convection of air. 
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The heated airflow inside the box moves along the computer board up and then 
down the middle. The CPU transfers most of the emitted heat through a 0.5 mm thermal 
pad to the heatsink. It is shown that the Ethernet controller does not have a cooling 
solution, so the maximum operating temperature of 70 °C was also exceeded. The 
efficiency of passive cooling can be significantly increased by using finned heatsinks 
(Hernandez-Perez et al., 2020; Abbas et al., 2021). To improve the cooling of the 
Ethernet controller, it is necessary to put additional thermal pads between controller and 
computer heatsink, as well as an additional heatsink with fins directly on the Ethernet 
controller. An additional large heatsink with fins must be placed on the outside of the 
computer heatsink to reduce the maximum temperature. 
 

  

 

 
Figure 6. Temperature distribution and airflow trajectories of simulation: 1 – plywood enclosure; 
2 – rubber gasket; 3 – heatsink for computer; 4 – thermal pad for CPU; 5 – CPU Pentium N4200; 
6 – PCB for computer; 7 – Ethernet controller I211-AT. 

 
The experimental data was used to determine operation time of the sensor bundle 

in different ambient temperatures. Non-linear least squares analysis (Bates & Chambers, 
1992) available in R-statistics package as NLS function. We used exponential model for 
first order system (1) to fit in experimental data and get static coefficient θf, showing 
final temperature and dynamic coefficient τ showing time when temperature reaches 
63% of final temperature. 

  











t

f et 1  (1) 

where θ(t) – temperature difference above ambient as a function of time; °C; θf – static 
coefficient; °C; t – time, min; τ – time constant, min. 

We are interested in temperature differences in relation to ambient temperature, 
therefore before fitting we subtracted mean ambient temperature value during the 
experimental run (23.3 °C) from all the measurements. To increase the accuracy of 
fitting of the coefficients it is recommended to use argument and function measured 



746 

numerical values in close magnitudes, so we expressed time in minutes instead of 
seconds. 

Table 3 shows the summary of NLS analysis results. Column θf shows static 
coefficients for different measurement points. 
 
Table 3. Fitted values of coefficients for different measurement points 

Measurement point θf, °C τ, min Residual standrad error 
Lidar 22.3 13.2 0.8929 
Ethernet Controller I211-AT 6.7 13.8 1.6680 
Ethernet Controller I211-AT 46.5 13.6 1.7760 
Wi-Fi heatsink 39.2 19.0 1.5110 
Computer heatsink 36.9 17.0 0.4400 
Bottom air inside box 17.9 68.1 0.3023 
Upper air inside box 32.2 24.2 0.5006 
Side cover inside box in the middle 16.2 46.1 0.2628 
Side cover outside box in the middle 10.9 45.3 0.3065 
Middle air inside box 24.1 34.2 0.2591 
CPU Pentium N4200  68.4 7.6 4.8280 

 
Using the Table 3, Eq. 1 and allowable operating temperatures of different 

components it is possible to determine recommended operation time of the sensor bundle 
for a given ambient temperature. The best fit was achieved for sensors positioned in air 
or on large thermal mass objects (LIDAR, large heatsinks), where temperature change 
was less affected by multiple internal heat sources. 
 

CONCLUSIONS 
 

The study revealed that the current cooling solution is not efficient enough for the 
unit to operate for a long time at an ambient temperature above 23 °C. Ethernet controller 
I211-AT exceeded the maximum allowable temperature per 2 °C thus cooling solution 
needs improvement. The highest temperature of 96 °C was reached by the CPU Pentium 
N4200 thus not exceeding the maximum allowable operating temperature of 105 °C. 

Thermography can be used effectively to identify hot spots where significant 
amounts of heat are released, but thermocouples should be used for more accurate 
measurements. 

Birch plywood can be used for the production of prototype housings for agricultural 
robots, but the design must provide technological solutions for heat dissipation to prevent 
overheating of electronic components. 

An exponential model with a static coefficient and a time constant can be used to 
determine the recommended operating time at different ambient temperatures when the 
allowable operating temperature of the component is known. 
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Abstract. Bio-oils are potential fuels for internal combustion engines because of they have 
advantageous properties such as biodegradability, renewability, high oxygen content and low 
sulphur. However, the high viscosity, surface tension, and density of crude bio-oils pose 
challenges for engine use. Those properties affect fuel spray characteristics, mixture formation 
and combustion. In turn, these impact engine, efficiency, power and emissions. This study 
investigated the use of crude fish oil (FO) at medium and low engine-loads at two engine speeds 
in an off-road engine. The injectors had 6-hole high flow rate tips. The results were compared 
with those of fossil diesel fuel oil (DFO). Fish oil increased hydrocarbon (HC), carbon monoxide 
(CO) and partly oxides of nitrogen (NOx) emissions. Smoke number, however, decreased. Crude 
fish oil also showed lowered total particle number (TPN) at low load at low engine-speed 
compared with DFO. 
 
Key words: diesel engine, bio-oil, combustion, gaseous emissions, particle number. 

 
INTRODUCTION 

 
Bio-based fuels can provoke economic, social, and environmental issues, especially 

if the raw material used in their production is edible. Consequently, the focus for biofuel 
production is switching to alternative raw materials such as non-edible vegetable oils, 
used cooking oils, fatty acids from algae, and animal fats (Sirviö, 2018; Ching-Velasquez 
et al., 2020). 

According to its 2019 Government Programme, Finland will be carbon-neutral by 
2035 (Ministry of the Environment, 2019). The already standardised blends of biodiesel 
and fatty acid methyl ester (FAME) fuels are one realistic way to increase the share of 
renewables to fulfil Finnish government and European Union targets (Sirviö, 2018). 
Many Finnish farms and factories are willing to increase the self-sufficiency of their 
energy production by utilising waste materials like crude fish oil as a fuel feedstock 
(Niemi et al., 2009; Niemi et al., 2011). 

The crude oil extracted from discarded parts of marine fish may provide an 
abundant, cheap and stable source of raw oil to allow maritime countries to produce 
biodiesel and help to reduce pollutant emissions (Lin & Li, 2009; de Almeida et al., 
2015). However, diesel engines can burn even unrefined bio-oils, such as animal fats, 
vegetable oils, and waste oils. This increases the interest in crude bio-oils (Niemi et al., 
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2009; Niemi et al., 2011; Hoang, 2019). The use of straight bio-oils with minimal 
refining should even be preferable since refining always consumes energy and adds 
carbon dioxide (CO2) emissions (Niemi et al., 2009; Esteban et al., 2012). Power plants 
with medium-speed engines fuelled by neat bio-oil are already in operation around the 
world (Ollus & Juoperi, 2007; Niemi et al., 2011). 

World fish production in 2018 was around 179 million tonnes, of which 12% was 
used for non-food purposes (Food and Agriculture Organization of the United Nations, 
FAO, 2020). More efficient and sustainable use of fisheries and aquaculture production 
must be implemented since a large proportion - as much as 35% - of production is either 
lost or wasted. Improvements can be achieved through appropriate policies, regulatory 
frameworks, capacity building, services and infrastructure, as well as physical access to 
markets. (FAO, 2020). 

Most of the fish oil is used in the cosmetic, pharmaceutical, and human dietary 
complement industries (Bruun, 2019). If the fish oil degrades during storage or handling 
it can be used in marine or stationary diesel engines (Bruun, 2019). The oil can be also 
processed further to produce biodiesel. Thus, there is already large potential to also use 
fish wastes for fuel production. 

Crude bio-oils have shown several advantages as fuels in IC engines. Compared 
with DFO, many studies report a significant reduction of toxic emissions and noise; 
small or insignificant generation of greenhouse gas (GHG) emissions; and lower 
emissions of NOx, polycyclic aromatic hydrocarbons (PAHs), particulate matter (PM) 
and smoke (How et al., 2012; Satyanarayana & Muraleedharan, 2012; Hoang, 2019). 

Although liquid biofuels are a good alternative to fossil fuel oil, there are challenges 
associated with their use. For example, studies by, Niemi et al. (2011), Deshmukh et al. 
(2012), Fan et al. (2014), and Sirviö (2018) conclude that the high viscosity of neat  
bio-oils affects fuel atomisation and efficient combustion. They point to specific issues 
of large droplet size, long spray penetration, formation of deposits, injector coking, ring 
sticking, piston seize-up, lube oil dilution, filter choking etc. Other limiting factors for 
the use of pure bio-oils are their lower heating value and cetane number, higher density 
and surface tension when compared to DFO, as well as their acidic and corrosive 
properties, plus their water and oxygen (How et al., 2012; Bruun, 2019; Hoang, 2019). 
Studies by Hoang, (2019), Rakopoulos et al. (2014) and Chauhan et al. (2010) report that 
crude bio-oils give reduced power output but more deposit formation in the combustion 
chamber and injector holes, resulting in increased carbon monoxide (CO) and unburnt 
hydrocarbon (HC) emissions. 

Unlike FAME biodiesels, crude bio-oils do not have common quality 
specifications. Some producers have their own specifications that set limits for viscosity, 
density, water content, acid number, sulphur content etc. These limits are based on the 
experiences of using bio-oils in diesel engines (Bruun, 2019). For example, according to 
Ollus & Juoperi (2007), the acid number of crude bio-oils should be below 
5.0 mg KOH g-1; the water content less than 0.20% (V V-1); the sulphur content less than 
500 ppm; and phosphorus content below 100 ppm. 

The main research question of the current study was whether fish oil from left-over 
fish trimmings could be used as an alternative fuel in the local fishermen's vessels. The 
study was part of a project that investigated the potential to make more efficient use of 
fish trimmings and by-catches in Ostrobothnia, Finland (Skog et al., 2013). The present 
study investigated the use of crude fish oil in a high-speed, common-rail diesel engine 
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equipped with 6-hole injector nozzles with high flow rates. The engine was driven at 
three loads and at two speeds. The results were compared to those when fuelling with 
DFO. All the engine parameters were unchanged. The measurements provide new 
information on the suitability of crude fish oil for a high-speed, off-road engine, 
particularly with regard to total exhaust particle numbers (TPN). The results support and 
promote the more efficient use of renewable fuels in an ICE. 

 
MATERIALS AND METHODS 

 
Experimental setup 
The University of Vaasa (UV) conducted the experiments at the Internal 

Combustion Engine (ICE) laboratory of the Technobothnia laboratory unit in Vaasa, 
Finland. 

 
Engine setup 
The experimental engine, an AGCO Power 44 CWA, was a turbocharged and 

intercooled, high-speed, four-cylinder diesel engine for non-road applications. It had a 
Bosch common-rail fuel injection system but no exhaust gas after-treatment. The engine  

load was applied at the engine’s rated speed of 2,200 min-1. The nozzles had a high mass 
flow rate (1.2 L min-1 at 100 bar) and the spray angle was 149°. Most diesel combustion 
systems use spray angles in the range of 145°−158°. The engine manufacturer optimised 
the injection map for the 8-hole nozzles, but the same map was used with these 
alternative 6-hole nozzles. Table 2 gives the specifications of the 6- and 8-hole nozzles. 

was loaded by means of a Horiba 
WT300 eddy-current dynamometer. 
The main specification of the engine is 
given in Table 1. 

The current study was an extension 
to the research of how selected fuel 
injection nozzles affect the injection, 
combustion, and emission characteristics 
of a modern high-speed common-rail 
diesel engine (Hissa et al., 2020). That 
study compared solenoid-driven 
injectors with 6-, 8- or 10-hole nozzles. 
The 6-hole injector nozzles were 
selected for use with the crude fish oil 
because the larger orifices of the 6-hole 
nozzles were more suited to the high-
viscosity FO. Three different engine 
loads were used. Loads of 50% and 
25% were applied at engine speed of 
1,500 min-1 (intermediate speed): a 10% 

 
Table 1. Main engine specification 

Engine AGCO POWER 
44 CWA 

Cylinder number 4 
Bore (mm) 108 
Stroke (mm) 120 
Swept volume (dm-3) 4.4 
Rated speed (min-1) 2,200 
Rated power (kW) 96 
Intermediate speed (min-1) 1,500 
 
Table 2. Specifications of the 6- and 8-hole 
injector nozzles 

Number of nozzle holes 6 8 
Orifice diameter (mm) 0.2 0.162 
Total orifice areas (mm2) 0.188 0.165 
Included spray angle 149° 149° 
Nozzle flow rate (L min-1)  
at 100 bar 

1.2 1.2 
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Physical properties of test liquids 
The baseline fuel was a commercial low-sulphur diesel fuel oil (DFO). The 

unprocessed crude fish oil (FO) was purchased from Storfjärdens Fisk Ab, Åland (Aland 
Islands), Finland. Table 3 lists the key properties of the studied fuels. 

FO contained saturated fatty acids (SAF) 18.0%; monounsaturated fatty acids 
(MUF) 43.9%; and polyunsaturated fatty acids (PUF) 37.4%. The extended measurement 
uncertainty for fatty acids was ± 16%. The fatty acid composition is related to the 
viscosity of a fuel. Fuel viscosity value decreases with the increase in the amount of 
unsaturated fatty acids (Ching-Velasquez et al., 2020; Deshmukh et al., 2012, Esteban 

substantially lower than literature values: for example, Bruun et al. (2019) reported AN 
values of 17−25 mg KOH g-1 for fish oils. The acids in bio-oils increase the corrosion 
risk and in the long term shorten the expected lifetime of certain engine components, 
notably the fuel injection system. AN above 100 mg KOH g-1 is considered definitely 
corrosive. AN below 5 mg KOH g-1 is defined as not to increase the corrosion risk (Ollus 
& Juoperi, 2007). Specifically, fish oils are reported to have high AN due to the presence 
of water and PUF that are more susceptible to oxidation and free fatty acid formation 
(Ching-Velasquez et al., 2020). With an AN value well below 5 mg KOH g-1, the fish 
oil in this study does not pose a corrosion risk. 

In literature, the kinematic viscosity value of crude fish oil has been measured at 
28 mm2 s-1 (Niemi et al., 2009), and that of DFO at 3 mm2 s-1. FO’s high viscosity hinders 
the production of a fine fuel spray using a practical fuel nozzle. High viscosity modifies 
the droplet distribution due to the formation of larger droplets. Fuel viscosity increases 
sharply in cold conditions, which may cause restrictions in fuel delivery that result in the 
reduction of the volumetric flow (Bosch, 2018). Adjusting the fish oil temperature can 
compensate for its higher viscosity compared to traditional fuels (Bruun et al., 2019). 

The density of FO in this study was 920 kg m-3. Fuel density affects the dispersion 
of the fuel injected into the cylinder. Higher density increases compression ratio, the 
mass of fuel injected and fuel droplet diameter. These have a direct impact on injection 
timing and injection spray pattern. Increased density reduces fuel atomisation and 

et al., 2012). 
The concentration of double 

carbon bonds (MUF or PUF) has 
also been found to affect carbon 
deposit formation in engines 
(Bruun et al., 2019). Jayasinghe 
et al. (2012) state that the key 
challenge for the feasibility of 
fish oil as a fuel is the recovery 
of the oil from the waste. A high 
PUF content decreases the 
thermal and oxidation stability of 
the fish waste. This needs to be 
taken into consideration when 
managing the storage and 
transport of fish waste. 

The acid number (AN) for 
FO was 2.09 mg KOH g-1. This is  

 
Table 3. Fuel properties 

 Unit DFO Fish oil 
Carbon content wt-% 86.1 77.2 
Hydrogen content wt-% 13.7 11.5 
Nitrogen content wt-% 0.19 0.13 
Sulphur content mg kg-1 3.3 2.1 
Ash content (775 °C) wt-% < 0.001 < 0.001 
Cetane number, IQT - 54 * 
LHV MJ kg-1 43 37 
Density at 15 °C kg m-3 835 920 
Acid number mg KOH g-1 - 2.09 
Kin. viscosity at 40 °C mm2 s-1 3** 28** 
Iodine value g 100g-1 - 132 
Water content mg kg-1 < 200** 909 
Surface tension  mN m-1 28.5 33.6 
Oxidation stability h - 0.68 
*Fish oil was too viscous for measuring cetane number; 
** Literature value (Niemi et al., 2009). 
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mixing with air: this reduction is associated with higher PM and NOx emissions. 
According to a manufacturer of marine diesel engines, the density of liquid biofuel 
should be lower than 991 kg m-3 for four-stroke engines (Juoperi & Ollus, 2008; 
Jayasinghe et al., 2012). 

FO was too viscous to measure its cetane number (CN) by an ignition quality tester 
(IQT). In the study of Niemi et al. (2011) CN for crude fish oil was 49, i.e., not very low. 
In the current study, DFO had a CN of 54. CN has an impact on the ignition delay (ID). 
A low CN increases ID, resulting in poorer combustion and leading to noise and smoke 
emissions (Hissa et al., 2018). 

The LHV (lower heating value) of FO (37 MJ kg-1) is substantially less than that of 
the DFO (43 MJ kg-1), thus increasing the required fuelling rate to achieve the same 
engine power output (Drenth et al., 2014). The presence of water in fish oil decreases its 
heating value. FO had high water content: over 900 mg kg-1. In engine use, water in oil 
may cause corrosion of the equipment and containers (Adeoti & Hawboldt, 2015;  
Bruun et al., 2019). 

If the same volume of two fuels, with different fuel densities, are injected to an 
engine, the fuel with higher density provides higher engine output. However, this occurs 
only if lower heating values (LHV) do not differ greatly. (Murtonen, 2004) Since in this 
study, the density of fish oil is significantly greater than that of diesel, the energy per 
injection is actually more similar than based on LHV alone. 

The surface tension of FO was 18% higher than that of diesel. Surface tension has 
a direct impact on the size of fuel droplets, so FO’s higher surface tension might also 
contribute to an increase in its droplet diameters (Heywood, 2018). 

 
Analytical instruments 
LabVIEW system-design software was used to collect the sensor data from the 

engine. The recorded variables were engine speed and torque, cylinder pressure and 
injection timing, duration, and quantity. A WinEEM3 program provided by the engine 
manufacturer, AGCO Power, controlled fuel injection according to load-speed requests. 
The basic settings of WinEEM3 were the same for all nozzles and fuels. Fig. 1 is a 
schematic of the test bench setup. 

A piezoelectric Kistler 6125C pressure sensor measured the in-cylinder pressure. 
The sensor was mounted on the head of the fourth cylinder. A charge amplifier filtered 
and amplified the signal, which was then transmitted to a Kistler KIBOX combustion 
analyser. The crankshaft position was recorded by a crank-angle encoder (Kistler 
2614B1), which can output a crank-angle signal with a resolution of 0.1 °CA by means 
of an optical sensor. The cylinder-pressure data was averaged over 100 consecutive 
cycles to smooth irregular combustion. The averaged data were used to calculate the heat 
release rate (HRR). 

The HRR and mass fraction burned (MFB) were calculated via AVL Concerto's 
data-processing platform, using the Thermodynamics2 macro. The macro used a 
calculation resolution of 0.2 °CA. The start of the calculation was set at -30 °CA. The 
data were filtered with the DigitalFilter macro and a frequency of 2000 Hz. For the HRR 
results, the average values of in-cylinder pressure were calculated first. Thereafter, the 
macro was used to calculate HRR values. Finally, the HRR curve was filtered. In 
contrast, for the MFB results, pressure values were first filtered, and then the macro was 
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used. The average values of 100 cycles were not used for the MFB results, establishing 
the standard deviations. 

 

 
 

Figure 1. Engine measurement setup. 
 

The exhaust temperatures were recorded by K type thermocouples (NiCu-NiAl). 
Air and exhaust pressures were determined by industrial transmitters. The engine airflow 
was measured by an ABB Sensyflow FMT700-P meter. Exhaust emissions were 
determined using the instruments listed in Table 4. The measured concentrations of 
gaseous emissions were used to calculate the brake specific emissions according to the 
ISO 8178 standard. (EN ISO 8178-2:2008). 
 
Table 4. Instruments for emission measurements 

Parameter Analyser Technology Accuracy* 
CO TSI CA-6203 CA-CALC  Electrochemical 0−100 ppm: ±10% 

100−5,000 ppm: ± 5% 
O2 Siemens Oxymat 61 Paramagnetic ± 0.25% 
NO, NOx TSI CA-6203 CA-CALC  Electrochemical 0−100 ppm: ±10% 

100−4,000 ppm: ± 5% 
HC J.U.M. VE 7 HFID 0−100,000 ppm: ±1% 
Smoke AVL 415 S Optical filter ± 5% 
Particle number TSI EEPS 3090 Spectrometer - 
* Accuracy provided by the manufacturer. 

 
An engine exhaust particle sizer (EEPS, model 3090, TSI Inc.) was used to 

determine the TPN within a particle size range of 5.6 to 560 nm. The exhaust sample 
was first diluted with ambient air by a rotating disc diluter (RDD - model MD19-E3, 
Matter Engineering AG), which had a constant dilution ratio of 60:1. Dilution air was 
kept at 150 °C while the exhaust aerosol sample was conducted to the RDD. The diluted 
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sample (5 L pm) was further diluted by purified air with a dilution ratio of 2:1. Thus, the 
total dilution ratio was 120:1. 

TPN was recorded for three minutes per load point using the EEPS. The recorded 
data was processed with ‘SOOT’ inversion (Wang et al., 2016). The average TPN and the 
standard deviation of TPN values were calculated from the data with time intervals of 0.1 s. 

 
Experimental matrix and measurement procedure 
All measurements were performed under steady operating conditions without 

engine modifications. With high-viscosity FO, the default engine control parameters 
allowed the engine to run at an intermediate speed at engine loads of 50% or less, and at 

At the beginning of every measurement, the engine was warmed-up and the load 
was applied using DFO. The intake-air temperature was adjusted to 85 ± 1 °C 
downstream of the charge-air cooler to support auto-ignition of the fuels at each load. 
The temperature was controlled manually by regulating the flow of cooling water to the 
heat exchanger. The valve setting was kept constant. All measurements were taken only 
after the engine had stabilised, as determined by stability of the temperatures of coolant 
water, intake air and exhaust. The length of the measurement period was not tied to a 
certain time. With FO, the engine was started with DFO and after the engine had warmed 
up, the fuel was changed to FO. Both fuels were supplied at room temperature. 

 
RESULTS AND DISCUSSION 

 
This chapter shows the air temperature after the compressor of the turbocharger, 

exhaust gas temperature before turbocharger turbine, recorded injection parameters and 
results of cylinder pressure, heat release rate, mass fraction burned, combustion duration, 
gaseous and particulate emissions and smoke. The results obtained with FO are 
compared with those when using DFO and the differences are discussed. 

 
Compressed air and exhaust gas temperatures 
Fig. 2 presents compressed air temperature after the compressor of the turbocharger. 

Overall, the compressed air temperature after the turbocharger increased when engine 
load was increased, and it was higher at all loads with DFO compared to that of FO. 

At low load, higher viscosity of FO compared to DFO result in poor atomization 
and dispersion of the fuel in the combustion chamber (Bhaskar et al., 2013). FO’s high 
content of fatty acids is shown as late burning of these fractions, leading to higher 
exhaust gas temperature at low load at speed of 2,200 min-1 as shown in Fig. 3. However, 
at higher loads at engine speed 1,500 min-1, exhaust gas temperature is lower with FO 
compared to DFO. The lowered exhaust gas temperature increases FO’s brake thermal 
energy at higher loads, because more heat can be utilized during combustion process. 
(Bhaskar et al., 2013). 

 

rated speed only at 10% load. Multistage 
injection (pilot, main and post 
injections) was used throughout the 
study. The results were compared to 
those of DFO. The experimental loads 
and engine speeds are set out in Table 5. 

 
Table 5. Experimental loads 

Engine speed (min-1) 2,200 1,500 1,500 
BMEP (bar) 1.1 4.3 8.7 
Load (%) 10 25 50 
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Figure 2. Air temperature after the compressor of the turbocharger. 
 

 
 
Figure 3. Exhaust gas temperature before the turbocharger turbine. 

 
Injection parameters 
For all test conditions, pilot and main injections were set before top dead centre 

(BTDC) and post injections occurred after top dead centre (ATDC). Exact timings and 
durations are shown in Table 6. 

 
Table 6. Injection parameters for DFO and FO 

Fuel Speed BMEP/ 
Load 

Pilot Injection 
(ATDC) 

Main injection 
(ATDC) 

Post injection 
(ATDC) 

   Start Duration Start  Duration Start  Duration 
min-1 bar/% °CA  °CA °CA °CA °CA °CA 

DFO 2,200 1.1/10 -18 4.6 -8 6.9 13 0 
FO   -18 4.6 -8 7.6 13 0 
DFO 1,500 4.3/25 -12 3.9 -4.5 8.2 13 4.7 
FO   -11 3.9 -4.4 9.6 15 4.7 
DFO 1,500 8.7/50 -8.7 3.5 -2.1 13 21 4.5 
FO   -9.4 3.8 -2.5 16 22 3.4 

 
Injection timings and durations were broadly similar with both fuels at 2,200 min-1, 

but the duration of the main injection was longer for FO because its lower heating value 
is less than DFO’s. 

At the load of 4.3 bar BMEP and engine speed 1,500 min-1, pilot injection started 
1 °CA earlier with DFO compared to FO. The main injection started at the same time 
with both fuels but injection duration with FO was again longer than with DFO. FO's post 
injection started 2 °CA later than with DFO, most probably delayed due to FO’s longer 
main injection duration. The duration of post injection was still similar for both fuels. 
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With FO at high load at 1,500 min-1, pilot injection started earlier (9.4 °CA BTDC) 
than with DFO (8.7 °CA BTDC). An advanced injection may increase NOx emission 
(How et al., 2012; Shahabuddin et al., 2013) in comparison with fossil diesel. However, 
based on Heywood (2018), a longer pilot is used to shorten the ID of fuel by increasing 
in-cylinder temperatures for main injections. The main injection, started 0.4 °CA later 
with DFO and post injection started 1 °CA earlier with DFO. The duration of the main 
injection was longer with FO than with DFO. 

The volumetric amount of injected fuel was assumed to correlate to injection 
durations because fuel injection was controlled according to load/speed requests. The 
longer main injection durations were due to higher viscosity and surface tension of FO, 
which increased the total injection duration due to decreased flow through the injector 
(Bae & Kim, 2016). 

As expected, pilot injection duration increased when the engine load was reduced 
because the pilot is used especially at low loads to promote ignition, reduce ID and to 
smooth the increase of combustion pressure. Post injections are used to reduce 
particulate and soot emissions, primarily at lighter loads and lower engine speeds 
(Heywood, 2018). This technique was observed at 1,500 min-1, where post-injection 
duration did increase when the engine load was reduced. However, at an engine speed 
of 2,200 min-1, post injection duration was a short spike with both fuels. 

 
Cylinder pressure 
Injection timing, primarily affects maximum cylinder pressure (MCP). However, 

the pressure also depends on the burned fuel fraction during the premixed combustion 
phase, and thus on the ignition delay (ID). ID is a period when injected fuel entrains to 
cylinder, atomizes and mixes with existing air but does not yet ignite. Chemical reactions 
start slowly and ignition occurs after the ID. ID has a direct effect on the heat release 
rate and an indirect impact on engine noise and exhaust gas emission formation 
(Aldhaidhawi et al., 2017; Kuszewski, 2019). A long ID results in a rapid pressure 
increase in the combustion chamber when unburned fuel finally ignites. The rapid 
pressure increase leads to diesel knock, higher soot emissions, malfunctions in engine 
operation and engine damages (CIMAC, 2011; Ogawa et al., 2018; Hissa et al., 2019; 
Kuszewski, 2019). A longer ID and more fuel burned in the premixed phase usually 
results in a steeper pressure rise and higher MCP (Hissa et al., 2019). 

 

 
 
Figure 4. Maximum cylinder pressures at rated and intermediate speeds. 
 

Fig. 4 shows that MCP values with DFO were slightly higher than with FO at  
all studied load points. The differences between DFO and FO increased with the load. 
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more rounded profile. The tail of the HRR curve is the remainder of the fuel's chemical 
energy released when burned gases mix with excess air that was not involved in the main 
combustion. (Heywood, 2018) Figs 5−7 show HRR curves for the studied fuels. A slight 
loss observed at the beginning of each HRR curve is due to the heat transfer into the 
liquid fuel for vaporising and heating (Heywood, 2018). 

Fig. 5 illustrates the HRR of two fuels at 2,200 min-1 and 1.1 bar BMEP. The FO 
curve indicates that its pilot did not ignite properly, so FO had a higher peak HRR 
compared to DFO. FO's peak also occurred a few crank angle degrees later than DFO's. 

 
Fig. 6 depicts the two HRR curves at 1,500 min-1 and 4.3 bar BMEP. The HRR of 

DFO again shows a clear initial HRR peak and even an increase in the HRR at  
post-injection. In contrast, the FO curve shows no clear HRR peaks from either pilot or 
post injections, and its general profile is more rounded than DFO curve. Most likely, the 
high viscosity and surface tension of FO increased the droplet size of the fuel spray, 
impairing ignition. FO’s lower CN would also increase ignition delay leading, to 
retarded combustion (Bae & Kim, 2016; Heywood, 2018; Hissa et al., 2019). However, 
the lower compressibility and higher oxygen content of FO may have accelerated the 
HRR of FO (Shahabuddin et al., 2013). 

The averaged MCP values and  
their standard deviations of 100 
consecutive cycles are given in 
Table 7. 

 
Heat release rate (HRR) 
Combustion starts with a rapid 

burning phase that lasts only a few 
CA degrees and produces the first 
spike in the HRR curve. It is 
followed by the main heat-release 
period with a longer duration and a  

Table 7. Maximum cylinder pressures and standard 
deviations 

Fuel 
 

Speed 
min-1 

BMEP/ 
Load 

Max. cylinder 
pressure (avg) StDev 

(filtered) bar, % bar 
DFO 2,200 1.1/10 51 0.08 
FO    50 0.05 
DFO 1,500 4.3/25 58 0.12 
FO    56 0.07 
DFO 1,500 8.7/50 76 0.13 
FO   75 0.06 
 

 

 
 
Figure 5. Heat release rate curves with FO 
and DFO at 2,200 min-1 and 1.1 bar BMEP. 

 

 
Figure 6. Heat release rate curves with FO 
and DFO at 1,500 min-1 and 4.3 bar BMEP. 
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Mass fraction burned (MFB) 
In the current study, the maximum compression pressure was at two degrees CA 

before the top dead centre at an engine speed of 1,000 min-1. This had no effect on 
measured results but must be taken into consideration when the results are examined. 

Table 8 presents mass fraction burned (MFB) values with their standard deviations. 
MFB values were very similar with both fuels. Only at MFB 90% at 2,200 min-1 was 
there more than 1 °CA of difference between them. Both fuels showed MFB 50% at 
between 24 to 26 °CA at lower loads and at 29 °CA at higher load. Most probably, FO 
burned slightly more rapidly due to its oxygen content after a shade slower ignition. 

 
Table 8. Mass fraction burned and standard deviations 

Fuel 
  

BMEP/Speed MFB 10% StDev MFB 50% StDev MFB 90% StDev 
bar min-1 °CA   °CA   °CA   

DFO 1.1/2,200 12 0.41 24 0.75 65 4.3 
FO  13 0.46 25 0.78 69 4.3 
DFO 4.3/1,500 13 0.21 25 0.31 59 1.5 
FO   14 0.17 26 0.24 58 1.4 
DFO 8.7/1,500 18 0.17 29 0.26 58 1.2 
FO  18 0.13 29 0.24 59 1.3 

 
Combustion duration 
Combustion duration (CD) can be defined either as the time interval between  

MFB 5% and MBF 90% (Fig. 8) or the time interval between MFB 10% and  
MFB 50% (Fig. 9). 

The high viscosity and surface tension of FO generated larger droplets. Larger 
droplets, again, require more time to evaporate and burn (Heywood, 2018). Fig. 8 
 shows that at 1.1 BMEP at 2,200 min-1 and at 8.7 bar BMEP at 1,500 min-1, CD 5−90% 
was longer with FO than with DFO. However, FO’s high oxygen content may have 
improved combustion by decreasing combustion duration since CD 10−50% was shorter 
or equal with FO compared to DFO (Fig. 9). 
 

Fig. 7 shows the two HRR curves 
when the load at 1,500 min-1 increased 
to 8.7 bar BMEP. Now, the FO’s HRR 
peak from the pilot injection is clearly 
evident but is still seen later than that 
of DFO. FO shows no post-injection 
peak but seemed to burn slightly faster 
than DFO in the later phase of 
combustion. Again, the high viscosity 
and surface tension of FO increased the 
size of fuel droplets, and the time 
required to evaporate the fuel droplets 
also increased. 

 
 
Figure 7. Heat release rate curves with FO and 
DFO at 1,500 min-1 and 8.7 bar BMEP. 
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Figure 8. Combustion duration (°CA) at all engine loads, determined as crank angles between 
MFB 5% and MFB 90%. 
 

 
 
Figure 9. Combustion duration (°CA) at all engine loads, determined as crank angles between 
MFB 10% and MFB 50%. 
 

Gaseous emissions, smoke and total particle numbers (TPN) 
Fig. 10 illustrates the brake-specific emissions of NOx, CO, and HC. The smoke 

numbers are shown in Fig. 11 and total particle numbers (TPN) are depicted in Fig. 12. 
In broad terms, combustion of FO generated more NOx, CO and HC than when 

using DFO, but the difference between the fuels diminished when the engine load was 
increased. 

At 1,500 min-1, FO emitted very similar NOx emissions of 2.6 g kWh-1 at both 
loads. The result at the higher speed was 4.0 g kWh-1. Compared with DFO, FO 
increased NOx by 23% at lower load at 1500 min-1 while at higher load the difference 
was only 2%. However, at 2,200 min-1 at 1.1 bar BMEP, DFO showed 21% higher NOx 
than FO. The higher NOx for FO may be due to the presence of molecular oxygen that 
promoted oxidation of nitrogen (Shahabuddin et al., 2013). Later ignition and increased 
premixed combustion may also have affected NOx formation (Satyanarayana & 
Muraleedharan, 2012). 

Less excess air and higher combustion temperature promoted NOx formation. As 
seen in Fig. 10, increased engine load improved fuel-air mixing and fuel oxidation. The 
improved mixing rate led to a reduction in CO, HC and smoke as engine load was 
increased. It is most likely that inadequate spray formation of FO caused higher NOx, 
CO and HC emissions (Niemi et al., 2009). 

FO produced more CO than DFO at all loads. At 1,500 min-1 at the lower load, CO 
was 2.2 g kWh-1 for FO and 0.52 g kWh-1 for DFO. At higher load, FO emitted 
0.96 g kWh-1 and DFO 0.40 g kWh-1. At 2,200 min-1, CO emissions from FO were very 
high at, 23 g kWh-1 while DFO generated approximately 3 g kWh-1. FO’s high CO 
emissions indicate poor fuel-air mixing and incomplete combustion, especially at very 
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low loads. Ollus & Juoperi (2007) reported that liquid biofuel (LBF) increased CO 
emissions in a medium-speed diesel engine, and one reason for increase may be that 
there have been some cold regions in the combustion chamber causing a disturbance of 
combustion process. Satyanarayana & Muraleedharan (2012) also report on poor 
atomisation and incomplete combustion when unheated palm oil of high viscosity was 
used as engine fuel. However, reduced CO formation was reported when the neat oil was 
preheated. 

 

 

 

 
 
Figure 10. Brake specific emissions of NOx, CO and HC for FO and DFO. 

 

 
 
Figure 11. Smoke numbers for FO and DFO. 
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HC emissions also increased clearly when FO was burned instead of DFO, 
confirming that air-fuel mixing and combustion with FO was inferior at these rather low 
loads. At 1,500 min-1 at the lower load, HC was 0.45 g kWh-1 for FO and 0.29 g kWh-1 
for DFO. At higher load, FO emitted 0.20 g kWh-1 and DFO 0.15 g kWh-1. At 
2,200 min-1, HC was again high for FO at 5.2 g kWh-1 while DFO generated 1.7 g kWh-1. 
Our HC (and CO) results correspond with those of Hoang (2019). Hoang (2019) studied 
preheated neat coconut oil in a diesel engine and detected higher CO and HC emissions 
compared to DFO. The reason given was the incomplete combustion of the coconut oil. 
Satyanarayana & Muraleedharan (2012) also observed an increase in HC emissions with 
neat vegetable oils compared to DFO. Turunen & Niemi (2002) explain higher HC 
emissions at lower engine loads compared to higher loads due to lean mixture areas, 
where fuel-air mixture ignites and burns poorly. Slow fuel injection speed may also 
increase HC emissions. Another clear source for HC emissions in diesel engine, is the 
sac inside an injection nozzle. The sac storages fuel after injection, the fuel evaporates 
slowly through nozzle holes and is not participated to combustion (Turunen & Niemi, 
2002). 

Contrary to CO and HC, smoke decreased at all loads with FO. At speed of 
2,200 min-1 and 1.1 bar BMEP, FO generated 0.7 FSN, whereas the smoke reading for 
DFO was 0.9 FSN. At 4.3 bar BMEP at 1,500 min-1, FO's smoke number was 1.4, and 
at high load 1.2 FSN. The corresponding values for DFO were 2.2 FSN and 1.6 FSN. 
Niemi et al. (2009) also observed improved smoke for crude fish oil compared to DFO 
in a high-speed diesel engine, concluding that, the most probable reason was the high 
oxygen content of biofuels. Highly oxygenated fuels produce less smoke due to higher 
flame temperature and lower radiative heat losses in the cylinder (Chauhan et al., 2010; 
Shahabuddin et al., 2013). 

 

 
 
Figure 12. TPN emissions with FO and DFO at all loads and speeds. 

 
Fig. 12 shows the TPN emissions with FO and baseline DFO at all loads and speeds. 

Each bar denotes the TPN mean and error bars represent the standard deviation of TPN 
during the measurement period of three minutes. At 4.3 bar BMEP load at 1,500 min-1, 
FO reduced TPN, but the other loads the order of fuels was the opposite. Compared to 
the DFO baseline, FO emitted more particles at 8.7 bar BMEP at 1,500 min-1. The 
greatest difference was at low load at 2,200 min-1, where FO’s TPN was 3.7 times higher 
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than DFO’s. The TPN did not improve at all load conditions with FO compared to DFO 
although the smoke did. A reduction in PM emissions can be expected if the sulphur 
content, density, viscosity and carbon-to-hydrogen ratio of the fuel are reduced (Nabi et 
al., 2012). 

On the contrary, soot emission may increase along with fuel viscosity because high 
viscosity can lead to less favourable fuel atomisation and hence combustion may not be 
completed. (Kegl et al., 2013; Nabi et al., 2012). High fuel density may inhibit fuel spray 
formation during fuel injection, potentially causing incomplete fuel burning and high 
emissions. (Hissa et al., 2018). In this study, FO´s sulphur content of 2.1 mg kg-1 was 
less than DFO´s sulphur content of 3.3 mg kg-1. Density at 15 °C was higher for FO 
(920 kg m-3) compared to that of DFO (835 kg m-3). Moreover, the FO had higher 
kinematic viscosity (28 mm2 s-2) than DFO (3 mm2 s-2). The carbon-to-hydrogen ratio of 
FO (0.56) was also higher than that of DFO (0.53). With the exception of sulphur, these 
differences in the density, viscosity, and carbon-to-hydrogen ratio that were all higher 
for FO may explain the high TPN of FO at low load at rated speed and at high load at 
intermediate speed. 

Unlike our study, several other studies have shown improvements in emissions 
performance with crude bio-oils. Preheating the bio-oil has reduced exhaust emissions 
further and increased the engine power output by lowering the high viscosity of neat bio-
oils to a level, comparable with DFO (Hoang, 2019). The high viscosity can also be 
lowered by blending bio-oil with lower viscosity fuel or processing the oil through the 
transesterification method to produce biodiesel (Chauhan et al., 2010). However, a 
manufacturer of large engines does not recommend blending crude bio-oils (Ollus & 
Juoperi, 2007). Further progress for FO should include optimisation of injectors and 
injection settings and preheating fuel to improve fuel-air mixing, decrease ID and 
improve combustion. 

 
CONCLUSIONS 

 
Crude fish oil (FO) at room temperature was investigated in a high-speed, off-road 

diesel engine. The engine was turbocharged, intercooled, and equipped with a common 
rail injection system and 6-hole high flow rate injectors. Measurements were made at 
two loads at intermediate speed and at one load at rated speed. The results were compared 
to those of DFO. 

The FO was classified as waste and could not safely be used in, for example, food 
production. It was produced from local waste sources at moderate cost. Generally, these 
kinds of renewable fuels are seen as one alternative for fossil fuels when targeting at 
reduction of greenhouse gas emissions. 

Based on the results, the following conclusions could be drawn: 
– The high viscosity and surface tension of FO inhibited fuel spray formation and 

air-fuel mixing. 
– This and the low cetane number of FO, increased ignition delay and hindered 

ignition resulting in incomplete combustion. 
– Consequently, NOx, CO and HC emissions increased compared with DFO. 
– Smoke, however, decreased with FO. 
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– Except at low load at 1,500 min-1, the TPN did not improve with FO compared 
to DFO. Density, viscosity, and carbon-to-hydrogen ratio were all higher for FO, so these 
differences may explain the high TPN with FO. 

– Optimisation of the injection system and preheating the fuel are the main 
avenues towards improving engine performance and emissions with FO. Operation at 
very low loads most probably should also be avoided when using FO. 
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Abstract. Micronutrients are part of enzymes and play an important role in plant germination. 
Purpose of our study was to establish the effect of pre-seed treatment of chufa tubers with metal 
nanoparticles on the growth of the root system and seedlings in the early stages of development. 
Laboratory tests were performed on seed of tiger nut cultivar Pharaoh. Experiment involved two 
methods of treatment: pre-sowing treatment of seeds with nano-particles solutions of manganese, 
zinc, copper and iron with a concentration of 60 ppm and re-application of these solutions after 
seedling emergence. The weight of seedlings and roots was determined at 3rd and 10th days after 
emergence in treated and untreated variants. Pre-sowing treatment of chufa tubers with all forms 
of micronutrients significantly increased the weight of the plant (excluding the weight of seeds), 
and the most effective were treatments with copper and iron. Treatment with copper colloidal 
solution increases in root weight at 3rd day on 156% compared to control without treatment and 
this dynamic stayed at 10th day. Most affective treatment is iron colloidal solution. This treatment 
gives +99% of root weight at 3rd day and 194% at 10th day after germination compared to control 
in same time. Colloidal forms of manganese, copper and iron also significantly increased the 
weight of the shoot. Increase in the mass of roots, shoots and plants is observed in plants with 
foliar fertilizing, but a few variants have an insignificant difference or inhibit the assimilation 
processes of plants. Pre-sowing treatment with zinc citrate at 60 ppm decreased root and shoot 
weight in chufa. 

Key words: citrate, chufa, colloidal, copper, iron, manganese, solution, zinc. 
 

INTRODUCTION 
 
Tiger nut or chufa (Cyperus Esculentus L.) is a highly productive crop that 

accumulates nutrients in the tubers (Mokady & Dolev, 1970). Tubers are used for 
planting, so the content of nutrients in the tuber significantly affects the initial growth 
and formation of plant productivity. Accumulation of dry matter in chufa occurs 
exponentially up to 90 days, while in the initial stages the leaves and roots grow. 
Formation and accumulation of dry matter in the tubers of chufa occurs only  
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1.5–2 months after germination (Pascual-Seva et al., 2009). Stimulation of root and leaf 
surface growth at the initial stages of development will allow to form a more efficient 
photosynthetic system (leaf) with increased drought resistance (root). 

Requirement for macro- and micro-nutrients in plants is fully covered by the 
reserves of tubers in the first 15 days. Content of micronutrients in the tubers varies 
significantly and depends on the region of cultivation. iron content in the tubers can be 
from 2.00 mg per 100 g (Arafat et al., 2009) till 6.18 mg per 100 g of tuber (Salama et 
al., 2013), but a greater extent Fe is concentrated in the inner part of the tuber 
(Ekeanyanwu & Ononogbu, 2010). Zinc content is 2 times lower than iron and is on a 
par with copper, and the manganese content differs significantly from the place of 
cultivation and the method of establishing the content (Arafat et al., 2009, Ekeanyanwu 
& Ononogbu, 2010). Copper content in the tubers is on average 4 times lower than iron 
and varies much less (Suleiman et al., 2018). 

Soil factors can complicate the absorption of zinc and other trace elements from the 
salts contained in fertilizers (Alloway, 2009). ‘Controlled release’ property of 
nanoparticles allows them to include in physiological cicles in 'right dose' at the 'right 
time' (Kumar et al., 2014), however not all materials have this property (Deshpande et 
al., 2017). Main advantages of nanoparticle solution for fertilizations are control 
deliverey of nutrients, increase it bioavailability and reduce loss rate of nutrients 
(Zulfiqar et al., 2019). On the other hand, there is a risk to food safety because 
micronutrients are heavy metals and can accumulate in edible parts (López-Moreno et 
al., 2018). 

Trace elements stimulate the awakening of tubers, as well as the growth of roots 
and stems in the initial stages (Farooq et al., 2012; Taran et al., 2016). Growth of shoots 
in chufa after germination is slow, so the greater the vegetative mass is formed in the 
initial stages, the more shoots and dry matter will accumulate in the active phase (Kelley, 
1990). Effect of different micronutrients on the formation of the vegetative organs of the 
chufa under pre-sowing treatment with micronutrients (Mn, Cu, Zn, Fe) is poorly 
understood, and the effect may vary because sowing material of chufa is a tuber. Chufa 
tubers contain a lot of carbohydrates and fats (Pascual et al., 2000; Makareviciene et al., 
2013), so their breakdown and use for the formation of roots and seedlings will depend 
on the enzyme system, which includes trace elements. 

 
MATERIALS AND METHODS 

 
Experimental conditions 
Laboratory tests were performed on tubers of tiger nut variety Pharaoh. All tubers 

were aligned in size and shape, the weight of 1,000 tubers was 1.14 ± 0.02 g. Tubers on 
the day of planting were treated with solutions of nanoparticles with a concentration of 
60 ppm. Tubers of chufa had planted in perlite (Fe free). Air temperature was + 22 ℃. 
Tiger nut plants cultivated on a 12-hour light/12-hour dark cycle. 

 
Experiment design 
Scheme of research included two factors (Table 1). Factor A is nanoparticle 

solution: water (control, without nanoparticles), manganese citrate (Mn citrate), colloidal 
solution of manganese (Mn colloidal - MnO, MnCO3), zinc citrate (Zn citrate), colloidal 
solution of zinc (Zn colloidal - Zn, ZnO), copper citrate (Cu citrate), colloidal solution 



769 

of copper (Cu colloidal - Cu, CuO), iron (II) citrate (Fe citrate), colloidal solution of iron 
(Fe colloidal - Fe, Fe3O4, FeO). Factor B was treatment time. There were pre-sowing 
tuber treatment and pre-sowing tuber treatment + foliar fertilizing (3rd day after 
emergency) in treatment time. Pre-sowing treatment (spraying of tubers) was carried out 
at 1 hours before sowing. Rate of 
consumption of the solution to pre-
sowing treatment was 1.2 L t-1 
(500 mg L-1 of nanometal solution) of 
tuber and 0.2 L ha-1 (500 mg L-1 of 
nanoparticles) to foliar fertilizing 
(density is 150,000 plants ha-1). 
Working solution to pre-sowing 
treatment was 10 L t-1 (concentration 
of nanoparticles is 60 ppm) of tuber 
and 100 L ha-1 (concentration of 
nanoparticles is 1 ppm) to foliar 
fertilizing. Solutions were prepared 
based on application rate of 100 mg ha-1 
Mn, Cu, Zn or Fe in pre-sowing 
treatment and foliar fertilizing. 

Colloidal nanoparticle solution 

 
Table 1. Scheme of research 

Factor  
A – nanoparticle 
solution 

Size,  
nm 

Factor  
B – Treatment time 

Water (control) –  
 
B1. Pre-sowing 
treatment of tuber 
(PST) 
 
 
B2. Pre-sowing 
treatment of tuber + 
Foliar fertilizing 
(PST + FT) 

Mn colloidal 53 
Mn citrate – 
Zn colloidal 45 
Zn citrate – 
Cu colloidal 78 
Cu citrate – 
Fe colloidal 25–60 
Fe citrate – 

‘–‘ size is not established. 

was produced by method of metal dispersion by electric current pulses with an amplitude 
of 100 to 2,000 A in water (Lopatko et al., 2009). Size and other properties of 
nanoparticles in the experimental colloidal solution obtained by X-ray diffraction and 
the diffraction patterns of the specimens (Batsmanova et al., 2020). Size of nanoparticles 
that was obtained by physical method is showed in Table 1. Citrate forms 
(nanoaquachelates) was obtained by erosive-explosive method at LLC ‘Nanomatherials 
and Nanotechnologies’ (Ukraine). Citrate forms (Mn, Zn, Cu, Fe) of fertilizers are 
characterized by a much smaller particle size (Cao et al., 2013; Huliaieva et al., 2018). 

Calculation was performed so 
that the rate of solution for foliar 
fertilizing was similar to pre-sowing 
treatment on one plant/tuber. Foliar 
fertilizing was performed on 3rd day 
after emergence so results on 3rd day do 
not include root and leaf weight by 
foliar treatment variants. 

 
Sampling 
Mass of roots and leaves was 

determined on the 3rd and 10th day after 
emergence. Ten plants (n = 10) from 
each variant were selected. Root 
system and leaf surface were weighed 
separately, the weight of the tuber was 
not taken into account (Fig. 1). 

 

 
 

Figure 1. Chufa plant on 3rd day after emergence.



770 

Statistical analysis 
Suitability of the sample for statistical analysis was evaluated according to the 

Shapiro-Wilk test. Effect power on 3rd day was assessed by one-factor ANOVA, and on 
10th day by two-factor ANOVA. Difference between the variants was assessed by Tukey 
post-hoc test. 

 
RESULTS AND DISCUSSION 

 
Effect of pre-sowing treatment on 3rd day after germination 
Root weight 
Colloidal forms of micro elements had a significant effect on the mass of the root 

system on day 3 after germination (Fig. 2). The highest mass of roots was formed by 
pre-sowing treatment of tubers with a colloidal solution of copper. Pre-sowing treatment 
with copper citrate did not differ significantly from the control variant. Effect of 
treatment with manganese solutions on the growth of the root system differed 
significantly from the type of the solution. Treatment with a colloidal solution of 
manganese allowed to form 0.282 g of roots. which did not differ significantly from the 
value of treatment with colloidal solution of iron and iron citrate. Iron citrate was more 
effective than colloidal solution, but only on 8.8%. Treatment with colloidal zinc 
solution had the least effect among colloidal solutions, but gave a significant increase 
compared to control variant. 

 

 
 
Figure 2. Raw mass of chufa plant components (n = 10) on 3rd day after emergency depends on 
pre-sowing seed treatments with nanoparticle solutions of metals (different superscripts denote 
statistical significance at p ≤ 0.05 by Tukey`s post-hoc test; leaf and root weight were analysed 
separately). 
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Effect of seed treatment with trace elements was manifested on the leaf surface 
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copper. Pre-sowing treatment of tubers with manganese solutions and colloidal zinc 
solution did not significantly affect the weight of seedlings compared to control variant. 
Variants by treatment with zinc citrate and copper citrate formed a significantly lower 
mass of seedlings than without treatment, because phytotoxicity may occur. These 
variants also formed the root system at the level of control variant, therefore the total 
weight of the plant was less than in the control. 

Pre-sowing treatment with solutions of iron (colloidal and citrate form) and 
colloidal solution of copper were the most effective in assessing the weight of roots and 
leaves on 3rd day after germination. Mass of roots and leaves at the initial stages of 
development in chufa allows us to assess the effectiveness of the use of spare substances 
of tubers and their utilization for the formation of vegetative organs. 

Greater efficiency of colloidal forms than conventional fertilizers may be due to the 
size of nanoparticles and their neutrality to the environment (Batsmanova et al., 2020). 
At the same time, the particle size depends on the form of nanoparticle, and therefore 
their permeability to the tuber will be different (Wong et al., 2016). High effect of iron 
treatments may indicate the favour of chufa to this element because a similar effect was 
observed in other plants (Cifuentes et al., 2010). Effect of iron citrate on the growth of 
vegetative mass in Chlorella vulgaris was manifested on the second day, and the 
effectiveness depended on the concentration, therefore its effect in plants may be similar, 
but with a slower manifestation (Golub et al., 2018). 

 
Effect of pre-sowing treatment on 10th day after germination 
Root weight 
Mass of the root system on 7th day after the previous sampling (10th day after 

germination) increased, and the effect of pre-sowing treatment of tubers and foliar 
fertilizing (3rd day after germination) had a significant effect on the variation of this 
parameter (Fig. 3). 

 

 
 

Figure 3. Raw mass of chufa plant components (n = 10) on 10 day after germination;  
PST – pre-sowing treatment; PST + FT – pre-sowing treatment+ foliar treatment (3rd day after 
emergence); different superscripts denote statistical significance at p ≤ 0.05 by Tukey`s post-hoc 
test; leaf and root weight were analysed separately. 
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Difference in root weight between the variants of treatment with colloidal solution 
of manganese (Mn) and manganese citrate decreased, but colloidal solution of 
manganese stayed more effective. Mass of the root system of variant with foliar 
fertilization by colloidal solution of manganese was significantly reduced compared to 
the variant without foliar fertilization, while this figure increased in treated variant with 
manganese citrate. Response to foliar fertilization is more pronounced on the leaves 
because manganese is one of the main trace elements involved in photosynthesis and can 
accumulate in the plant in significant quantities without phytotoxicity (Fernando et al., 
2010). Manganese can slightly increase the weight of the plant but increases the oil 
content and diversity of fatty acid fractions (Stepien et al., 2019). 

Similar trend was for treatments with colloidal solution of zinc (Zn) and zinc citrate. 
Variants treated with zinc citrate were characterized by significantly lower mass of the 
root system compared to the control without treatment. This may indicate a long-term 
aftereffect of pre-sowing treatment of tubers with this compound and phytotoxicity, 
which persists for a long time (Cuypers et al., 2002). Zinc is a very highly toxic element, 
regardless of the form of fertilizer (Bandyopadhyay et al., 2015), so the development of 
forms that release it slowly may be one way to reduce its toxicity (Shcherbakova et al., 
2018). Foliar fertilization with zinc citrate allows to significantly increase the weight of 
the root system compared to the variant where it was not carried out, but this is still not 
enough to overcome the negative impact. Zinc citrate is characterized by higher 
absorption capacity than other forms (Montanha et al., 2020), so it could exhibit 
phytotoxicity at this concentration (Chaney, 1993). Mass of the roots in the variant of 
leaf treatment with colloidal solution of zinc was significantly lower than variant without 
such treatment and compared with the control variant. Worse root development after 
colloidal zinc treatment at 10th day after germination may be due to the formation of 
excess ROS, which affects the formation of root cells (Ahmed et al., 2018). 

Variant with pre-sowing treatment of tubers with colloidal solution of copper (Cu) 
was characterized by the highest root mass among all variants without foliar fertilizing. 
Mass of the roots on 7th day after foliar treatment with a colloidal solution of copper was 
significantly less than in the variant where this treatment was not performed, but this 
variant had 1.5 times more root mass than the control one. Absorption of copper 
nanoparticles by the root system is much better than the leaf surface, so the concentration 
of Cu increases much faster (Nath et al., 2018). Copper regulates photosynthesis and 
redistribution of carbohydrates, so the vegetative part grows faster (Fernandes & 
Henriques, 1991; Yruela, 2005). Similar mass of the root system had a variant with 
copper citrate treatment in pre-sowing application and foliar fertilizing, but variant 
without foliar fertilizing with copper citrate was characterized by a significantly lower 
root mass compared to control. This may indicate the phytotoxic effect of copper citrate 
on the treatment of tubers, which can be overcome by the application of copper citrate 
in foliar fertilizing. Treatment with copper nanoparticles is more efficient than other 
types of fertilizers, which leads to greater accumulation of copper in the plant (Zulfiqar 
et al., 2019). Copper nanoparticles can improve root growth in certain plant species 
(Trujillo-Reyes et al., 2014), but they are more often toxic even in relatively low 
concentrations (Zuverza-Mena et al., 2015). 

Treatment of chufa plants with iron (Fe) nanoparticle solutions had the most stable 
effect on the growth of the root system. Weight of the root system of plants was 0.52 g 
per plant in a variant where the tubers were treated with colloidal solution of iron. Foliar 
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fertilizing of plants with colloidal solution of iron allowed the plants to form root weight 
to 1.09 g. This parameter is 2 times higher than the variant with pre-sowing seed 
treatment of tubers and 3 times the control variant. The effect of treatment with iron 
citrate was generally high, but nothing special stood out. On the other hand, iron citrate 
is mobile, so the effect of its introduction may appear later (Starodub et al., 2014;  
Flis et al., 2016; Malhotra et al., 2019). 

 
Leaf weight 
Pre-sowing treatment of chufa tuber in most cases had little effect on the variation 

in the weight of the leaves. Treatment of the tubers with colloidal manganese solution, 
manganese citrate, copper citrate and zinc colloid gave a slight increase in leaf weight. 
Weight of the leaves of variants with pre-sowing treatment by zinc citrate was 
significantly lower (0.25 g) than in control variants, because phytotoxicity, which was 
on 3rd day after germination remained on 10th day. Pre-sowing treatment of tubers with 
iron nanoparticle solutions significantly increased the weight of the leaves compared to 
the control variant (0.31 g), but the greatest effect among variants without foliar 
fertilization was in colloidal solution of copper (0.52 g). Foliar fertilizations significantly 
increased the weight of the leaves compared to the variants where they were not carried 
out, except for copper solution (colloidal and citrate form) and colloidal solution of zinc. 
Concentration of Cu in the leaf mass in untreated plants is high, so foliar fertilizing of 
Cu is not highly effective, ZnO nanoparticles may be dissolute in hydroponic median so 
they efficiency can decreased too (Nath et al., 2018). Foliar treatment of iron colloidal 
solution also had a huge impact on leaf growth similar to the root system one. Treated 
variants with iron have a long-term effect of gradual growth of the chlorophyll index, 
regardless of the form of iron (Son'ko et al., 2013; Islas‐Valdez et al., 2020). 

 
Plant weight 
Total weight of the plant 

(excluding tubers) allows to assess 
the effect of pre-sowing treatment 
with solutions of nanoparticles 
(Table 3). Comparison with the 
control variant (treatment with 
water) indicates the effectiveness of 
the use of tuber substances for the 
formation of vegetative organs. 

Effect of pre-sowing treatment 
of chufa tubers with nanoparticle 
solution is manifested on the 3rd day. 
It was found that the total plant 
weight in the variants with treatment 
with zinc citrate and copper citrate  
is significantly lower than in control  

Table 3. Raw mass of chufa plants 

Nano-
particle 
solution 

Time of sampling (after germination) 
3rd day 10th day 

Pre-sowing Pre-sowing Pre-sowing 
+ foliar 

Water 
(control) 

0.35a 0.68 0.68a 

Mn coloidal 0.50 0.85c 0.94b 

Mn citrate 0.41 0.71b 0.91b 

Zn coloidal 0.47 0.75b 0.70a 

Zn citrate 0.31a 0.49a 0.69a 

Cu coloidal 0.60 1.41 1.16c 

Cu citrate 0.28 0.62 0.95b 

Fe coloidal 0.56b 0.97 1.94 
Fe citrate 0.56b 0.81c 1.12c 

Average 0.45 0.81 1.01 
 

variant without treatment with nanoparticle solutions. This indicates the phytotoxicity of 
these nanoparticle solutions at a concentration of 60 ppm, which is first manifested in a 
smaller mass of seedlings at normal root mass. However, the negative effect of these 
compounds remains for 10 days after germination, but also manifests itself in root and 
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leaf weight. Foliar fertilizing on 3rd day after germination stimulates an increase in the 
mass of roots and seedlings, that allows to overcome phytotoxicity in some cases on 10th 
day after germination (7th days after foliar fertilizing). Some foliar treatments led to the 
formation of less mass than in variants where they were not performed. This effect was 
observed during treatment with colloidal solution of zin and colloidal solution of copper 
because they could significantly affect the physiological processes during formation of 
the vegetative part. 

 
CONCLUSIONS 

 
Pre-sowing seed treatment of chufa tubers with nano solutions of micronutrients 

has a long-term effect on growth processes in the initial stages of development. Certain 
elements may have a stimulating effect or exhibit phytotoxicity at relatively low 
concentrations depending on the form of nutrient. Pre-sowing treatment with zinc citrate 
and copper citrate at concentration of 60 ppm decrease formation of vegetative part on 
3rd and 10th day after germination, so they need to adjust the concentration and 
application rate. Treatment with iron solutions gives a stable increase in the mass of roots 
and leaves, regardless of form, and in some cases, iron citrate or colloidal solution of 
iron will be more effective if the foliar fertilizing. 
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Abstract. Single wall carbon nanotube is one of the promising forms of carbon nanocomposite. 
Due to its high strength and stiffness, carbon nanotube is potentially used in various nanoscale 
structures. In this paper, dynamic behaviour of single wall carbon nanotube partially embedded 
into elastic soil medium is modelled by the Euler-Bernoulli beam theory and nonlocal theory of 
elasticity. Analytical solution technique is employed to solve these governing differential 
equations of nanotube. Analysing the effects of temperature, nonlocal parameter, coefficients of 
elastic medium on dynamic behaviour of nanotube are our main concern. The results reveal that 
the effects of temperature, nonlocal parameter and coefficients of elastic medium are very 
significant on the natural frequency of nanotube. 
 
Key words: carbon nanotube, partially embedded, elastic soil medium, temperature effect, exact 
solution technique. 
 

INTRODUCTION 
 

Carbon nanotube is very promising and effective element that has been used for 
developing high-performance composites. The main advantages of the carbon nanotube 
are its high chemical stability as well as its strong mechanical properties. In this paper, 
thermal effects on the dynamic behaviour of nanotube embedded into the soil (Haldar & 
Basu, 2013; Zhao et al., 2016; Zhang et al., 2018; Elhuni & Basu, 2019; Falope et al., 
2020) or elastic medium are investigated. Soil can be considered as an elastic foundation. 
Basically, Winkler’s model is used to simulate the soil foundation. According to 
Winkler’s model, foundation is demonstrated by a series of discrete infinitesimal and 
mutually independent, closely spaced, linearly elastic lateral springs which provide 
resistance in direct proportion to its deflection. This model is very simple and popular 
among researchers. However, this model is unable to include the soil cohesive force or 
shear force. That is why Winkler’s model is not sufficient for evaluating the mechanical 
behaviour of soil. To overcome the limitation of Winkler’s model, Pasternak proposed 
two parameters model which included the transverse shear deformation. The advantages 
of this model are considering compressive stiffness and shear resistance which simulate 
the soil as a continuum. Moreover, surrounding temperature effects (Askari & 
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Esmailzadeh, 2017; Jiang & Wang, 2017; Lai & Zhang, 2018; Aria et al., 2019) on 
nanotube are also very important. Sometimes, researchers ignore the thermal effects. 
Whereas, the thermal effects on dynamic behaviour of nanostructure are very significant 
for designing nanostructure effectively. Dynamic characteristic of structure is 
significantly affected by the thermal load induced from temperature variation. Specially, 
lightweight structure such as nanotube is crucially affected by temperature where this 
element is extensively used in different nanocomposites. The end restrictions of the 
structural element are very important to induce the thermal effect. If the structure is 
restrained on the boundaries, it can’t elongate freely that induces thermal stress inside 
the restrained structure. This thermal stress is very critical for nanomaterial and can be 
the cause of failure. Nevertheless, the temperature can change material properties. For 
instance, Young’s modulus, density of nanotube can be significantly reduced by the rise 
of temperature. 

Researchers extensively investigated the single wall carbon nanotube due to its high 
demand in material and technology. The nanotube is modelled based on various theories 
such as Timoshenko beam theory (Jiang et al., 2017), Shear deformation theory (Malikan 
et al., 2018), and Euler beam theory (Ehteshami & Hajabasi, 2011). Dynamic behaviour 
of nanotube is also very popular topic among researchers. Chang (2017) investigated 
nonlinear vibration of single-walled carbon nanotubes under the longitudinal magnetic 
field. He concluded that the nonlinear damping tended to reduce the amplitude and 
increase the oscillation frequency of the nonlinear vibration response. Similarly, 
Holubowski et al. (2019) investigated transverse vibration analysis of single wall carbon 
nanotube under a random load. They described the relationship between stochastic loads 
and the applied loads. In addition, some researchers showed their interest in single wall 
carbon nanotube under elastic medium. Rahmanian et al. (2016) and Fernandes et al. 
(2017) investigated single walled carbon nanotube on elastic foundation. They 
considered single parameter Winkler’s foundation. They described the effects of 
mechanical properties and foundation stiffness on natural frequency of nanotube. 
Similarly, Rosa & Lippiello (2016) analysed the vibration of single wall carbon nanotube 
surrounded by two parameters elastic foundation. Their results showed that the influence 
of the nonlocal effect could be ignored in the case of specific boundary conditions. It is 
clear from the above discussion that the nanotube partially embedded into elastic 
medium under thermal load is rare in available literature. 

In this paper, single wall carbon nanotube is modelled by Euler-Bernoulli beam 
theory and nonlocal theory of elasticity. The nanotube is partially embedded into the soil 
where soil is simulated by two parameters Pasternak theory. The effects of temperature 
on the dynamic behaviour of nanotube are analysed in different support systems. An 
analytical solution technique is used to solve this problem. The results obtained from 
this analysis are compared with the results in available literature. The results show that 
the natural frequency is significantly affected by the position of embedded soil and the 
temperature variation. 

 
PROBLEM SETTINGS 

 
A schematic shape of a single wall carbon nanotube is included in Fig. 1. The origin 

of the coordinate system is considered at the left corner point of the tube. The axis of the 
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MATHEMATICAL FORMULATION 

 
Eringen (2002) proposed the theory of nonlocal elasticity which is very effective 

for nanomaterial. According to his theory, the constitutive relation of nonlocal elasticity 
can be presented in the partial differential form as follow:  W1 − (XY;)4 ∇4[\B] = E_B] (1) 

where \, _, XY, ; are the stress field, strain, material constant, internal characteristic 
length respectively. XY; is the scale coefficient which is also called nonlocal parameter. 
In one-dimensional stress state, the nonlocal continuum theory with Hook’s law can be 
presented as: 

\`` − (XY;)4 a4\``a<4 = E_`` (2) 

where b is Young’s modulus. The displacement field can be described as: cd = e(<, T) − f aga< ; c4 = g(<, T)  (3) 

where e and g are the axial and transverse displacements respectively. According to 
the Euler-Bernoulli equations, dynamic behaviour of nanotube on elastic medium can be 
expressed as: −:Y a4gaT4 + :4 a4ga<4aT4 + a4ia<4 − jkg + jl a4ga<4 − m a4ga<4 = 0  (4) 

where :Y, :4 are mass moments of inertia, jk , jl are spring constants for compression 
and shear respectively. In terms of bending moment i, the nonlocal equation can be 
written as: 

i − (XY;)4 a4ia<4 = b8 n− a4ga<4 o  (5) 

 

Combining Eq. (4) and Eq. (5) can be presented as:  b8 a6ga<6 − (XY;)4 a4a<4 njkg − jl a4ga<4 + m a4ga<4 + :Y a4gaT4 − :4 a6ga<4aT4o + jkg
− jl a4ga<4 + m a4ga<4 + :Y a4gaT4 − :4 a6ga<4aT4 = 0  (6) 

tube coincides with the <-axis and 
radius along the f-axis. The length of 
the tube is p and density of the material 
is L. Tube is partially supported by the 
elastic medium at a distance ; where 0 q ; q p. Here, jl and jk represent 
spring constants for shear and 
compression respectively. Thermal 
load m is applied laterally. The main 
concern is to scrutinize the dynamic 
behaviour of nanotube. 

 
 
 
 
 
 
 
 
 
 
Figure 1. Nanotube partially embedded into 
elastic soil. 

p 
; 

jl jk 
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Deflection can be presented as the following function: g(<, T) = gr (<)XBstu   (7) 

Using this transformation (7), partial differential Eq. (6) can be transformed in the 
ordinary form:  b8 v6grv<6 − (XY;)4 njk v4grv<4  − jl v6grv<6 + m v6grv<6 − Lwxy4 v4grv<4 + L8xy4 v6grv<6 o

+ jkgr − jl v4grv<4 + m v4grv<4 − Lwxy4gr + L8xy4 v4grv<4 = 0   (8) 

Introducing some dimensionless parameters as follows: z = <p , { = grp , S = XY;p ,  |k = jkp6b8 , |l = jlp4b8 , x4 = xy4p6 Lwb8 = xr6, }4 = 8wp4= 1~4 , 9 = − mp4b8 = �u�}4  
(9) 

Applying the dimensionless parameters, Eq. (8) can be written as: �Y v6{vz6 + �Y  v4{vz4  − �Y { = 0  (10) 

where �Y, �Y, �Y can be expressed as follows: �Y = �1 + S4|l − S49 − S4}4x4�, �Y = �S4x4−S4|k − |l + 9 + }4x4�, �Y= (x4 − |k)  (11) 

Similarly, the equation of nanotube which is out of soil or elastic medium can be 
presented as: �d v6{vz6 + �d  v4{vz4  − �d { = 0  (12) 

where �d, �d, �d can be expressed as follows: �d = (1 − S49 − S4}4x4), �d = (S4x4 + 9 + }4x4), �d = x4  (13) 

Eqs (10) and (12) are the set of governing equations for embedded nanotube and exposed 
nanotube respectively. 
 

SOLUTION TECHNIQUE 
 

In this section, an analytical technique is described for solving this problem. Elastic 
foundation is placed from left corner to distance ;. So, the tube is divided into two 
segments at a distance ; and two ordinary differential Eqs (10), (12) represent the 
behaviour of these two segments. To determine the characteristic equations, one can 
consider this function {(z) = XB�� as a transformation. Let consider the solution of 
Eq. (10) for the first segment (0 q < q ;) as follow: { = wd��9(�Yz) + w4V��(�Yz) + w���9ℎ(�Yz) + w6V��ℎ(�Yz)  (14) 
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where 

�Y = ±���Y4 + 4�Y�Y + �Y2�Y  
(15) 

�Y = ±����Y4 + 4�Y�Y − �Y2�Y   (16) 

Similarly, the solution of the Eq. (12) for the second segment (; q < q p) as follow: { = w���9(�dz) + w�V��(�dz) + w���9ℎ(�dz) + w�V��ℎ(�dz)  (17) 

where 

�d = ±���d4 + 4�d�d + �d2�d  
(18) 

�d = ±����d4 + 4�d�d − �d2�d   (19) 

The Eqs (14) and (17) can be solved using the boundary conditions and intermediate 
conditions at the position of elastic medium. 
 

Boundary conditions 
In this paper, three different types of boundary condition are used as below: 
SS: {(0) = 0,  {��(0) = 0, {(1) = 0,  {��(1) = 0 
CC: {(0) = 0, {�(0) = 0, {(1) = 0, {�(1) = 0 
CS: {(0) = 0, {�(0) = 0, {(1) = 0, {��(1) = 0 
 
Intermediate conditions 
Intermediate conditions are occurred due to the two different segments of the tube, 

those are as follows: {�(;) = {�(;), {�� (;) = {�� (;) {���(;) = {���(;), {����(;) + S4x4{�� (;) = {����(;) + S4x4{�� (;) 
Using one set of boundary conditions for example simply supported boundary conditions 
and intermediate conditions, Eqs (14) and (17) can be expressed as follow: 

�−��9(�Y)�Y4 ⋯ 0⋮ ⋱ ⋮0 ⋯ 1� �wd⋮w�� = 0 (20) 

The determinant of the coefficient matrix gives the value of natural frequency of 
nanotube. 
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RESULTS AND DISCUSSION 
 
Thermo mechanical vibration of single wall carbon nanotube partially embedded 

into soil is investigated using exact solution technique. This vibration is influenced by 
some physical parameters such as nonlocal parameter, temperature as well as some 
geometrical parameters such as embedded length, slenderness ratio. In this section, the 
obtained results of the presented technique are demonstrated using various tables and 
graphs. 

First of all, obtained results are compared with the results in available literature to 
examine the effectiveness of current method. Secondly, tabular data is presented to 
comprehend the effect of embedded length on the dynamic behaviour of nanotube. 
Finally, the graphs illustrate the effect of spring constant, slenderness ratio and 
temperature on the natural frequency of nanotube. 

 
Table 1. Comparison of results with the results in available literature 

 CC (xr)    

Slenderne
ss ratio 
(~) 

S = 0.0 S = 0.1 S = 0.2 S = 0.3 
(Rosa & 
Lippiello, 
2016) 

Present 
(Rosa & 
Lippiello, 
2016) 

Present 
(Rosa & 
Lippiello, 
2016) 

Present 
(Rosa & 
Lippiello, 
2016) 

Present 

10 4.5945 4.5943 4.432 4.432 4.0714 4.0715 3.6901 3.69 
7.1402 7.1401 6.3699 6.3698 5.2897 5.2898 4.5202 4.5201 
9.256 9.258 7.5757 7.5769 5.9408 5.9419 4.9776 4.9787 

30 4.714 4.7139 4.5749 4.5751 4.2512 4.2513 3.8894 3.8895 
7.7557 7.7558 7.0299 7.0298 5.924 5.9242 5.0938 5.0939 
10.7106 10.7125 8.9642 8.9665 7.1222 7.1242 6.0004 6.0024 

 SC (xr) 
 (Rosa & 

Lippiello, 
2016) 

Present 
(Rosa & 
Lippiello, 
2016) 

Present 
(Rosa & 
Lippiello, 
2016) 

Present 
(Rosa & 
Lippiello, 
2016) 

Present 

10 3.8209 3.8208 3.7099 3.7101 3.4516 3.4515 3.1621 3.1621 
6.4648 6.4647 5.8666 5.8665 4.9562 4.9563 4.2706 4.2705 
8.6516 8.6519 7.2367 7.2368 5.74 5.7396 4.8245 4.8245 

30 3.9141 3.9142 3.8078 3.8078 3.556 3.556 3.2683 3.2681 
6.9867 6.9869 6.3822 6.382 5.4303 5.4305 4.6963 4.6964 
9.9591 9.9597 8.4175 8.4176 6.7218 6.7213 5.6657 5.6653 

 
Table 1 describes the square root of frequency (xr) for different values of nonlocal 

parameter and slenderness ratio. Two different types of boundary conditions are 
considered such as fully clamped and clamped simply. The compressive spring constant 
and shear spring constant are not considered for this table. It is clear from this table that 
frequency decreases with increase in the value of the nonlocal parameter. Basically, 
increase of nonlocal parameter decreases the stress carrying capacity of the element 
according to the theory of nonlocal elasticity. That is why nonlocal parameter decreases 
the natural frequency of nanotube. On the other hand, frequency increases with increase 
in the value of slenderness ratio. Physically, increase the value of slenderness ratio increases 
length of the element. That is why, slenderness ratio increases the natural frequency of 
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nanotube. Obtained results are compared with the paper (Rosa & Lippiello, 2016) in 
available literature. The results show good agreement with the results of that paper. 
 
Table 2. Frequency of simply supported nanotube partially embedded into soil 
SS  Nonlocal parameter (S = 0) Nonlocal parameter (S = 0.2) 
Spring 
constant 

Embedded 
length 

(x)d (x)4 (x)� (x)d (x)4 (x)� |l = 0, |k = 50 
; = 0 9.4155 33.4277 64.6445 7.9726 20.8141 30.2949 ; = 0.5 10.5419 33.6972  64.7461 9.2456 21.2559 30.5098 ; = 1 11.5831 33.9589 64.8476  10.4443  21.6582  30.7285  |l = 50, |k = 0 
; = 0 9.4155  33.4277  64.6445  7.9731  20.8144  30.2949  ; = 0.5 15.3349 42.8321 72.4336 11.7803 29.2324 38.4902 ; = 1 23.1895 50.3242 80.8047 22.6426 42.9961 57.1836 |l = 50, |k = 50 
; = 0 9.4155 33.4277  64.6445  7.9731  20.8144 30.2949 ; = 0.5 15.7509 43.1133 72.5195  12.0225 29.3809 38.6231 ; = 1 24.1504 50.6836 80.9766 23.6269  43.4102 57.4102 

 
Table 3. Frequency of fully clamped supported nanotube partially embedded into soil.  
CC  Nonlocal parameter (S = 0) Nonlocal parameter (S = 0.2) 
Spring 
constant 

Embedded 
length 

(x)d (x)4 (x)� (x)d (x)4 (x)� |l = 0, |k = 50 
; = 0 21.1074 50.9805 85.7109 16.5771 27.9824 35.3066 ; = 0.5 21.6269 51.1523  85.7891 17.1728 28.2481 35.4551 ; = 1 22.1387 51.3154 85.8672  17.7725  28.5059  35.5996 |l = 50, |k = 0 
; = 0 21.1074  50.9804 85.7109 16.5771 27.9824 35.3066 ; = 0.5 25.8339 58.1992 92.1641 20.4512 34.6231 42.4961 ; = 1 31.3769 64.6523 99.1641 34.1465 53.2148 64.4258 |l = 50, |k = 50 
; = 0 21.1074  50.9805 85.7109 16.5771 27.9824 35.3066 ; = 0.5 26.1465 58.3789 92.2266 20.5645 34.6738 42.5195 ; = 1 32.0801 64.9179 99.2891 34.7441 53.4961 64.5820 

 
Tables 2, 3, 4 illustrate the three different modes of natural frequency for different 

values of nonlocal parameter, spring constants and different embedded lengths of 
nanotube. Each table is considered for specific type of boundary condition. The results 
describe that the frequency increases with the increase of spring constant value. 

 
Table 4. Frequency of simply clamped supported nanotube partially embedded into soil 
SC  Nonlocal parameter (S = 0) Nonlocal parameter (S = 0.2) 
Spring 
constant 

Embedded 
length 

(x)d (x)4 (x)� (x)d (x)4 (x)� |l = 0, |k = 50 
; = 0 14.5986 41.7929 74.8555 11.9131 24.5645 32.9434 ; = 0.5 15.5791 41.9726 74.9414 13.1455 24.8574 33.1387 ; = 1 16.0615 42.2148 75.0273 13.6240 25.2246 33.3027 |l = 50, |k = 0 
; = 0 14.5986 41.7929 74.8555 11.9131 24.5644 32.9434 ; = 0.5 23.0254 50.2852 83.3516 18.6709 32.9863 41.3398 ; = 1 26.7949 56.9883 89.5703 27.7676 48.2227 60.9883 |l = 50, |k = 50 
; = 0 14.5986 41.7929 74.8555 11.9131 24.5645 32.9434 ; = 0.5 23.4746 50.4961 83.4141 18.9072 33.1309 41.4961 ; = 1 27.6230 57.2929 89.7266 28.5449 48.5664 61.1836 
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Spring provides extra support as a foundation for nanotube. Increase the value of 
spring constant increases overall stiffness of the system. Similarly, the frequency 
increases with the increase of embedded length of the nanotube. Basically, an increase 
in embedded length increases the surface area covered by elastic medium or soil that 
increases the stiffness of the nanotube. 

Figs 2, 3 illustrate the relationship between frequency ratio and spring constants for 
different values of nonlocal parameter. Two different types of end support such as fully 
clamped and simply supported are considered. It is clear that the frequency ratio 
increases with the increase of spring constant. The shear spring is more effective than 
the compressive spring to increase the value of frequency ratio. The frequency ratio 
increases rapidly at the high value of nonlocal parameter. Another way, the effect of 
spring constant is very significant at the high value of nonlocal parameter. The shear 
spring layer resists the bending moment. On the other hand, the compressive spring layer 
resists the deflection of the nanotube. 

 

 
 

 
 

Figure 2. Frequency ratio versus compressive spring constant (|k) for different values of 
nonlocal parameter (S) in fully clamped and simply supported nanotubes. 
 

 
 

 
 

Figure 3. Frequency ratio versus shear spring constant �|l� for different values of nonlocal 
parameter (S) in fully clamped and simply supported nanotubes. 
 

Fig. 4 demonstrates frequency for different values of slenderness ratio and 
temperature. Thermal expansion coefficient �u = 1.9 × 10�� j�d and nonlocal parameter S = 0.1 are considered. Frequency increases with the increase of slenderness ratio. 
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However, at the high temperature, frequency decreases with the increase of slenderness 
ratio. An increase in slenderness ratio increases the length of the nanotube that increases 
the frequency. On the other hand, effect of temperature increases with the increase of the 
length of the nanotube. 

An increase in temperature reduces the strength and stiffness of the nanotube that 
decreases natural frequency. That is why, temperature decreases frequency in spite of 
high slenderness ratio. 

 

 
 

 

 
 

Figure 4. Frequency versus slenderness ratio (~) for different temperatures (�) in fully clamped, 
simply supported nanotubes. 
 

Fig. 5 describes frequency ratio for different values of temperature and slenderness 
ratios. Simply supported and clamped supported nanotubes are considered. Thermal 
expansion coefficient �u = 1.9 × 10�� j�d and nonlocal parameter S = 0.1 are used. 
Frequency ratio increases for the increase of temperature. At the high value of 
slenderness ratio, frequency ratio decreases more rapidly for the change of temperature. 
An increase in slenderness ratio, increases length of the nanotube that increases the 
thermal effect. That is why at high value of slenderness ratio, frequency decreases very 
rapidly for the change of temperature. 

 

 
  

 
Figure 5. Frequency ratio versus temperature (�) for different slenderness ratios (~) in simply 
supported, fully clamped nanotubes. 
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Figure 6. Frequency ratio versus embedded length (;) for different modes of frequency in simply 
supported, fully clamped nanotubes. 

 
Fig. 6 illustrates the frequency ratio versus embedded length for different modes of 

frequency. Simply supported and clamped supported nanotubes are considered. Spring 
constants |k = 50, |l = 50 and nonlocal parameter S = 0.1 are used. Frequency 
increases with the increase of embedded length. First mode of frequency is more 
influenced by the embedded length than the other modes of frequency. An increase in 
embedded length increases the stiffness of the nanotube where the embedded length is 
covered by the soil which is simulated by two types of spring.  

 
CONCLUSIONS 

 
In the present work, analytical solution technique is introduced to analyse the 

dynamic behaviour of nanotube partially embedded into soil with thermal load. Soil is 
simulated by the two spring constants such as compressive spring and shear spring. It is 
clear from this analysis that the effects of nonlocal parameter, embedded length of 
nanotube, spring constants and temperature on dynamic behaviour of embedded 
nanotube are significant. At low temperature, frequency increases with the increase of 
slenderness ratio. On the other hand, at high temperature, frequency decreases at high 
value of slenderness ratio. The results of this analysis show good agreement with the 
results of other researchers. 
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Abstract. Rapeseed is widely cultivated for biodiesel or food-grade oil production. As the oil 
production process generates huge amounts of wastes and by-products (e.g. oil press cake and 
meal) that have relatively high crude protein content, valorisation as input material for protein-
based bioplastics has a lot of potential. There is a limited number of studies undertaken on using 
rapeseed cake directly (without prior protein extraction) for biomaterial production, but the initial 
results have been very promising. As rape and turnip rapeseeds are also some of the most 
harvested crops in Estonia, the rapeseed oil press cake as a by-product is also available from local 
food-grade rapeseed oil production. In this regard, we investigated locally available rapeseed oil 
press cake for chemical composition and explored suitability for bioplastic production. The 
results indicate suitability for direct biomaterial production, meaning properties for biomaterial 
formation could be further explored. 
 
Key words: biomaterial, bioplastic, by-product, rapeseed cake, valorisation. 
 

INTRODUCTION 
 

According to European Bioplastics market development update for 2020, currently 
bioplastics represent only 1% of all the globally produced plastic materials (European 
Bioplastics, 2020). As concerns on plastic pollution are rising, demand for alternative 
materials for conventional petrochemical plastics is growing. Increasing the market share 
of bioplastics would support the circular economy concept by reducing also dependency 
on fossil resources (Geueke et al., 2018; Imre et al., 2019). Currently the industrial 
expenses to produce bioplastics are still higher than for petroleum-derived plastics (Raza 
et al., 2018). One option to reduce dependency on fossil resources and manufacturing 
costs of bioplastics would be to use wastes and by-products as input materials (Saharan 
& Sharma, 2012), and in this way the amount of wastes is reduced and new value-added 
products can be produced (Pagliaccia et al., 2019; Tsang et al., 2019). 
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Rapeseed is the second largest oilseed crop cultivated globally (Woźniak et al., 
2019). In addition, rapeseed production in Baltic countries (Lithuania, Latvia, Estonia) 
is growing gradually (Carre & Pouzet, 2014) (Fig. 1), meaning there is a proportional 
growth in the generation of wastes and by-products (Delgado et al., 2018). Rapeseed is 
mainly used for producing food-grade oil or biodiesel due to high oil content in the seeds 

as storage proteins, oleosin, which has structural properties (Aider & Barbara, 2011) and 
other trivial proteins such as trypsin inhibitors and thionins (Nioi et al., 2012). Cruciferin 
is a high molecular (300–310 kDa) 12S globulin that has gelling, emulsifying and 
binding properties in its native form (Aider & Barbara, 2011; Akbari & Wu, 2015). 
Napin is a low molecular (12.5–14.5 kDa) 2S albumin that has foaming properties 
(Schmidt et al., 2004; Li et al., 2017). The amino acid composition includes high content 
of leucine, aspartic acid and glutamic acid, but lower values of methionine, histidine and 
cysteine (Shi & Dumont, 2014). The protein constitution of rapeseed cake should be  
well balanced for protein-based film generation- napin functions as plasticizer that 
increases technological workability and cruciferin enables better mechanical properties 
(Li et al., 2017). 

The chemical composition of rapeseed cake may be influenced by several factors 
such as processing parameters and technology (Leming & Lember, 2005). The objective 
of this study is to evaluate composition of hot-pressed rapeseed cake from Estonian food-
grade oil producer and to evaluate its suitability for biomaterial production based on 
formerly conducted studies. 

 
MATERIALS AND METHODS 

 
To evaluate locally available hot-pressed rapeseed cakes potential as low cost raw 

material for bioplastic production, proximate analysis of chemical composition were 
performed and compared with data from related research papers and literature. 

(Hu et al., 2017). The oil production 
process from rapeseed produces 
huge amounts of wastes and by-
products like press cake and meal 
(Delgado et al., 2018). These wastes 
and by-products are comparably 
high in protein content (up to 50% 
on dry basis) (Aider & Barbara, 
2011). However, their direct usage 
for food and feed applications has 
limitations due to presence of 
undesirable components (Li et al., 
2017; Zhang et al., 2018; Paciorek-
Sadowska et al., 2019). Nevertheless 
their usage as valuable material for 
bioplastic production holds a lot of 
potential (Wanasundra, 2011). 

Rapeseed meal mainly consists 
of cruciferin and napin that function  

 

 
 
Figure 1. Rape and turnip rapeseed production 
quantities (tons) in Estonia, 2015–2020 (Source: 
Statistics Estonia, 2020). 
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Hot-pressed rapeseed cake was obtained in 2020 from Scanola Baltic (Jõgeva 
vald, Estonia) which produces food-grade rapeseed oil. 

The proximate analysis of rapeseed cake included analysis of crude protein, ash, 
fiber, fat content, moisture and volatile matter. Crude protein content (N×6.25) analysis 
were performed according to Kjeldahl method ASN 3402- The determination of nitrogen 
according to Kjeldahl in rapeseed meal with Foss Kjeltec 2300. Moisture and volatile 
matter content was determined by ISO 665:2020- (Determination of moisture and 
volatile matter content in oilseeds) and crude ash after ignition at 550 °C for 18 hours. 
Crude fat determination was done by Soxhlet extraction (Soxtec 2043) with petroleum 
ether. Crude fiber was determined according to ISO 6865:2000 Animal feeding stuffs- 
determination of crude fibre content. Nitrogen free extractives (NFE) were calculated as 
follows: NFE (%) = dry matter – (crude ash + crude protein + crude fat + crude fibre). 
Gross energy (GE) content was calculated by colorimetric coefficients of different 
nutrients as follows (Leming & Lember, 2005):  

GE (MJ kg-1) = (T123.9 + T239.8 + T320.1 + T417.5)/100, 

where T1 – crude protein (%); T2 – crude fat (%); T3 – crude fibre (%); T4 – nitrogen free 
extractives (%). 

The analysis were conducted in Food Technology Laboratory, Chair of Food 
Science and Technology of the Estonian University of Life Sciences and in Feed and 
Metabolism Research Laboratory (FMRL) of the Department of Animal Nutrition of 
Estonian University of Life Sciences. The study was carried out in Estonian University 
of Life Sciences under ERA- Chair for Food (By-) Products Valorisation Technologies. 

 
RESULTS AND DISCUSSION 

 
Results of rapeseed cakes proximate analysis are summarised in Table 1. This result 

is also compatible with quality characteristics of rapeseed cake set by the rapeseed oil 
producer- e.g. crude protein 34.0–40.0%; crude oil/fat < 11.8% and crude fiber < 16.0% 

The examples of characterised by-products include rapeseed cake/meal, cold-
pressed rapeseed cake/meal, prepressed rapeseed cake/meal, milled pelletized rapeseed 
cake/meal, milled sieved pelletized rapeseed cake/meal and defatted rapeseed cake/meal. 

 

(Scanola Baltic, 2020). 
Value of nitrogen free extractives 

based on FMRL results is 29.3% and 
gross energy 20.3 MJ kg-1. 

In order to compare obtained 
results with formerly conducted studies, 
available research data of rapeseed 
cake or meal characterisation, 
composition and possible applications 
for usage in material generation are 
summarised in Table 2. 

 
Table 1. Results of proximate analysis from the 
same rapeseed cake sample by Food Technology 
Laboratory (FTL) and Feed and Metabolism 
Research Laboratory (FMRL) (mean n = 3 ± s.d)

  FTL FMRL 
Crude protein, % 36.0 ± 0.1 36.9 
Crude ash, % 6.40 ± 0.0 6.70 
Crude fiber, %   13.7 
Crude fat, % 8.70 ± 0.1 9.10 
Dry matter, % 97.9 ± 0.0 95.7 
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Table 2. Overview of formerly conducted studies about rapeseed processing by-products (rapeseed meal/cake)- results of proximate analysis and 
usage outcomes in biomaterial production 

 Dry  
matter Moisture Protein Ash Fiber Fat/  

Oil Outcome- production of biomaterials Source 

Cold-pressed rapeseed 
meal 

92.0% - 40.6% 7.3%  2.8% Rapeseed protein concentrates (RPC) were 
prepared by different extraction methods  
from cold-pressed rapeseed meal and 
prepressed rapeseed meal. All RPCs had  
good film-forming properties. 

Fetzer et al., 
2019 

Prepressed rapeseed 
meal 

94.2% - 34.4% 7.2%  2.3% 

Rapeseed cake 93.13% - 38% - 12.6% 15.48% Milled rapeseed cake was successfully  
used in preparation of rigid polyurethane-
polyisocyanurate foams. 

Paciorek-
Sadowska 
et al., 2019 

Rapeseed meal,  
milled pelletized 
rapeseed meal, milled 
sieved pelletized 
rapeseed meal 

- - ~41%. - - - Rapeseed meal in different forms was  
used with plasticizer (glycerol) in injection 
moulding process. Combination with 
polycaprolactone was also tested. The results 
indicated suitability for biomaterial production. 

Delgado et 
al., 2018 

Canola meal - 9.8% 36.5% 7.3% 11.7% 4.1% Protein-based films from canola protein 
isolates (CPI) were generated by wet cast  
and heat compression processing method.  
It was verified that protein cross-linking  
took place in CPI matrix. 

Li et al., 
2017 

Defatted rapeseed cake - 9.58% 45.68% 5.3% 11.05% 1.59% Rapeseed protein isolates were used to  
form biomaterial in combination with 
polyvinyl alcohol and glycerol. The  
results indicated suitability for making 
disposable food contact articles. 

Patel et al., 
2016 

Defatted canola meal - 10.8% 40.6 %  6.6%  21.7%  2.1% Protein isolates (cruciferin, napin) from 
defatted canola meal demonstrated good 
foaming and emulsifying properties. 

Akbari & 
Wu, 2015 
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Acknowledging the fact that all these by-products may originate from very different 
production processes, including possible exposure to high temperature and different pre- 

or biomaterial generation, only one of the reviewed studies (Delgado et al., 2018) 
indicated the use of rapeseed cake directly (without prior protein extraction and 
isolation) in bioplastic production. The results from Delgado et al. (2018) indicated that 
relatively high protein content and low price, combined with good techno-functional 
properties can make rapeseed cake a considerable alternative for bioplastic production. 
But obviously there is a research gap on available data of using rapeseed cake directly 
for bioplastic generation and additional studies on that matter should be conducted. 
Previously conducted studies included protein isolation or concentration as pretreatment 
to material formation, resulting in relatively good film forming properties.Our results on 
the composition of rapeseed cake are comparable to previously conducted studies on 
rapeseed cakes suitability for material production, meaning direct usage in injection 
moulding or compression-moulding process could be considered. In addition, isolating 
proteins from rapeseed cake prior to material formation could be considered for protein 
based film generation. 

 
CONCLUSIONS 

 
Hot-pressed rapeseed cake from the Estonian oil production industry has 

comparable compositional qualities and this can be compared with previously reported 
works on rapeseed by-products. This indication holds high promise to be suitable for 
bioplastic production. As there is only one article available on the direct usage of 
rapeseed cake (without prior extraction of proteins) in biomaterial generation, more 
research activities should be directed to cover this research gap in Estonia. 
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and after-treatments (such as defatting), 
the values of reported composition have 
been compiled in Table 3. This 
illustrates that rapeseed cake available 
from Estonian oil production has 
similar compositional characteristics 
with those of previously published 
research data. 

When considering rapeseed cake 
suitability as input material for bioplastic  

 
Table 3. Summarised data of rapeseed 
by-products compositional values from Table 2

  Min Max Mean 
Protein, % 34.4 45.7 39.5 
Ash, % 5.3 7.3 6.7 
Fiber, % 11.1 21.7 14.3 
Fat/oil, % 1.6 15.5 4.7 
Dry matter, % 92.0 94.2 93.1 
Moisture, % 9.6 10.8 10.1 
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Abstract. The use of engineered nanomaterials in sustainable agriculture has demonstrated a 
completely new way of food production that can potentially overcome uncertainty in the 
agricultural sector with limited available resources. Nanoparticle engineering is one of the latest 
technological innovations which demonstrate unique target characteristics. 
During 2013–2020, research on the directions and effectiveness of nanopreparations in plant 
growing: nutrient source, activation of photosynthesis, immunocorrectors, stimulators of seed 
germination, plant growth and development, multivalent drugs for increasing plant resistance to 
stress was conducted. Monoparticles, nanoparticle combinations, and chelate complex of nano 
fertilizers on crops of soybean were tested. Field research was conducted in a stationary field 
experiment of the Plant Science Department of the National University of Life and Environmental 
Sciences of Ukraine. The soil of the stationary experiment is typical chernozem. In research was 
used soybean (Glycine max (L.) Merr.) of early-ripening variety Horol. Over the years of research, 
weather conditions varied, but were within the typical for zone of research. Average monthly 
temperatures were close or higher the perennial average indicators. 
The purpose of the research is to find out the influence of pre-sowing seed treatment and 
fertilizing of crops by nano-preparations Avatar (microfertilizer of carboxylates of natural acids), 
Iodis-concentrate (immunomodulator - stimulator of growth processes), and Super Micro Plus 
(nanochelate fertilizer) on leaf formation - rate, the activity of symbiotic nitrogen fixation and 
yield of soybean variety Horol. 
Nanopreparations were used for pre-sowing seed treatment and fertilizing - spraying during the 
growing season in several doses. The use of nanopreparations, as seed treatment in combination 
with inoculation and as fertilizer, intensified formation of the leaf surface area, symbiotic 
apparatus activity of soybean plants. The introduction of nanofertilizers complex in the  
top-dressing helped to increase yields and change the functional quality of crop products which 
indicates their unconditional effectiveness. Soybean yield significantly depended on weather 
conditions, varying from 1.23 to 3.48 t ha-1 depending on the weather conditions and the 
combination of seed inoculation and nanofertilizer. Soybean yield under favourable weather 
conditions in 2016, depending on the use of preparation combination ranged from 2.27 to 3.48 t ha-1. 
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As a result of the research, it was found that the use of nanopreparations Avatar, Jodis-concentrate 
and Super Micro Plus for seed treatment and fertilizing intensified leaf surface formation and 
symbiotic apparatus activity of soybean plants. The obtained results confirm that application of 
nanofertilizers complex Jodis-concentrate, Avatar and nano chelate fertilizer Super Micro Plus in 
the soybean fertilizing helped to increase the yield, which testifies to their unconditional 
effectiveness. The highest efficiency of nanofertilizers was shown by inoculation and seed 
treatment by Avatar and fertilizing by Avatar + nano chelate fertilizer Super Micro Plus, 
providing the formation of 52.4 thousand m2 ha-1 of leaf surface area of soybean varieties Horol, 
69.7 pcs per plant of root nodules, 785 mg per plant of their weight and yield at the level of 
2.79 t ha-1 an average of five years. 
 
Key words: nano fertilizers, forms of fertilizers, soybean, yields. 

 
INTRODUCTION 

 
To decide the growing challenges of sustainable production and food security, 

significant technological advances and innovations have been achieved in recent years 
(Dijk & Meijerink, 2014; Kou et al., 2018). The growing demand for food in the world 
causes an increase in the intensity of production in plant growing, which leads to a chain 
of negative consequences – soil depletion, reduced crop yields, a significant increase in 
economic and energy costs (Kirchmann et al., 2020). About 40% of agricultural land in 
the world, due to intensive production, degraded, this led to significant losses of soil 
fertility (Kale & Gawade, 2016). 

Sustainable agriculture involves the minimal use of agrochemicals, which has a 
positive impact on the environment, conservation of species from extinction, improving 
management tactics and conservation by reducing the cost of agricultural resources (Dubey 
& Mailapalli, 2016; Dwivedi et al., 2016). Energy use in agricultural production has been 
increasing faster than in many other sectors of the world economy. Owing to high energy 
consumption during the production of agricultural inputs, with mineral nitrogen 
fertilizers in particular, it is often questioned as to whether agricultural production is still 
energy efficient. The compared systems differed in nitrogen fertilization rates and the 
level of fungicide protection. The highest output/input ratio was noticed growing winter 
triticale in low-input production system. The most energy-consuming operation during 
winter triticale production in the compared systems was mineral fertilization. The  
high-input production system was significantly lower energy efficiency than the other 
systems (6.21, medium-input 5.95, low-input 8.19) (Bielski et al., 2019). 

Nanotechnology could become a key technology in the twenty-first century. Over 
the last two decades, a significant amount of research on nanotechnology and their use 
in agriculture has been conducted (Khan & Rizvi, 2014; Chen et al., 2016; Kozyrskyi et 
al., 2019). One of the ways to achieve food security can be the development of innovative 
technologies for plants growing (Makarenko et al., 2015; Eremenko et al., 2019). 

Advances in the production of nanomaterials of various sizes and shapes have given 
a wide range of applications in medicine, ecology, agriculture and food industry 
(Godfray et al., 2010; Panpatte et al., 2016; Worrall et al., 2018). The use of engineered 
nanomaterials has shown a completely new way of food production that can potentially 
overcome uncertainty in the agricultural sector with limited available resources (Lopatko 
et al., 2009; Godfray et al., 2010). Nanotechnologies have many promising areas of use 
in crop production: nutrient source, activation and growth of photosynthesis, 
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immunocorrectors, antistressors, nanopesticides, specific root effectors for rooting 
shoots and tissue crops, multivalent drugs to increase plant resistance to stress  
(Kwak et al., 2017; Prasad et al., 2017). 

An important role is given to nanofertilizers and growth-stimulating complexes 
(Kou et al., 2018.). It is estimated that at least a third of crop productivity is accounted 
for by fertilizers, and the rest depends on the efficiency of other agricultural resources 
(Dubey & Mailapalli, 2016). However, the efficiency of nutrient use from traditional 
fertilizers does not exceed 30–40% (Dijk & Meijerink, 2014) and largely depends on the 
final concentration fertilizer that reaches the target place (Solanki et al., 2015). And 
reaches much lower than the minimum required concentration, due to the loss of chemicals 
during leaching, application, runoff, hydrolysis, evaporation, degradation (Sabir et al., 
2014; Miao et al., 2015; Wang et al., 2015). Repeated use of excessive amounts of 
fertilizers negatively affects the inherent balance of soil nutrients, water purity, drinking 
water pollution, development of flora and fauna (Makarenko et al., 2015). 

Nanofertilizers synthesized specifically for the controlled release of nutrients 
depending on the crops needs, minimizing differential losses, have great potential (Sabir 
et al., 2014; Solanki et al., 2015; Batsmanova et al., 2020). Controlled released 
nanoparticles improve plant growth and development, increase yields and improve 
product quality (Vermeulen et al., 2012; Kale & Gawade, 2016; Shcherbakova et al., 
2017). The approach to targeted delivery of nutrients based on nanosized particles is used 
to optimize the production process, aimed at changing its passage, through certain areas 
of their functional efficiency (Sabir et al., 2014; Wang et al., 2015; Gogos et al., 2020). 

Fertilizer nanoformulas synchronize the ‘emission’ of nanoparticles with the 
demand of the culture, which prevents nutrient loss through direct use by plants, avoiding 
the interaction of nutrients with soil, water, air and microorganisms (Miao et al., 2015; 
Dubey & Mailapalli, 2016). 

An important problem in the growing crops efficiency is the use of high quality 
seeds. The search for ways of reducing seed injury during harvesting and post-harvest 
cleaning of crop seeds is quite relevant (Bulgakov et al., 2020). There are ongoing studies 
on ways to reduce seed injury and increase its sowing properties, which may also be 
associated with the use of nanopreparations or monoelements for pre-sowing seed 
treatment (Shcherbakova et al, 2017). 

 
MATERIALS AND METHODS 

 
Field research was conducted in 2016–2020 in a stationary field experiment at the 

‘Agronomic Research Station’ of NULES of Ukraine in a 10-field field crop rotation and 
on the basis of educational and scientific laboratory ‘Demonstration collection field of 
agricultural crops’ of the Plant Science Department of NULES of Ukraine. The soil of 
the experimental site is typical low-humus chernozem, coarse-dusty-medium-loamy in 
granulometric composition. The humus content is 4.39–4.53%; pH of salt extract -  
6.9–7.3; absorption capacity - 30.7–32 mg-eq. per 100 g of soil. The content of total 
nitrogen (according to Keldal) is 0.27–0.31%, total phosphorus is 0.15–0.25%, and 
potassium is 2.3–2.5%. The content of mobile phosphorus (according to Machigin) is 
4.5–5.5 mg per 100 g of soil, and of exchangeable potassium is 9.8–10.3. 

In research was used soybean (Glycine max (L.) Merr.) variety Horol. It’s early 
ripening variety of grain direction of use. Yield: 3.0–3.3 t ha-1. Resistance to diseases - 
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up to 1 point. Plant is 75–85 cm height with flower purple and yellow seeds. The weight 
of 1,000 seeds is 180–190 g, oil content - 19–20%. 

Soybean was sown with soil warming at the depth of seeding to +8 ℃. In all years 
of research, the calendar date of sowing corresponded to the first decade of May. 

In accordance with the set goal, research program and field experiment scheme 
were developed, which included options for seed treatment (Table 1). 

 
Table 1. The effectiveness of nanopreparations and pre-sowing seed treatments (scheme of the 
experiment) 

Pre-sowing treatment 
factorА 

Designation  
of a variant 

Drugs use 
factor В 

Designation  
of a variant 

Seed inoculation (control) А1 Seed treatment by water (control) В1 
Seed inoculation + Iodis 
concentrate 

А2 Iodis concentrate В2 

Seed inoculation + Avatar А3 Nano Chelate fertilizer Super Micro 
Plus 

В3 

  Avatar В4 
Avatar + Jodis concentrate В5 
Avatar + Nano Chelate fertilizer 
Super MicroPlus 

В6 

Seeds before sowing were treated by wet method according to the developed scheme. 
 
The area of the accounting plot is 50 m2, repetitions is quadruple. The placement of 

plots is systematic. Seeds sowing rate is 600 thousand seeds ha-1. HighStik (4 kg per 1 
ton of seeds) was used as inoculum. Preparative form is sterilized peat. Active substance 
is Bradyrhizobium japonicum (strain 532 C). 

Over the years of research, weather conditions varied, but were within the typical 
for zone of research. Average monthly temperatures were close or higher the perennial 
average indicators, except May 2020, which is was colder (Fig. 1). In general, years of 
research characterized by the warm spring and hot summer. 
 

 
 
Figure 1. The average monthly temperature for the years of research during the growing 
season, °C. 
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During the vegetations of 2016–2020, precipitation was unevenly distributed 
(Fig. 2). 
 

 
 
Figure 2. The average monthly precipitation during the growing season, mm. 

 
During the spring months of 2016, the plants were sufficiently provided with 

moisture, and in May, even in excess. Index of precipitation was much higher average 
perennial. The similar situations were observed in June and July 2018 and in May 2019. 

These conditions had both positive and negative effects on the development of 
soybean plants. 

Next preparations were used in our research: 
Complex microfertilizer Avatar (Co - 0.0001–0.0025%, Cu - 0.01–0.08,  

Zn - 0.001–0.007, Fe - 0.0015–0.008, Mn - 0.0005–0.005, Mo - 0.00001–0.0025,  
Mg - 0.01–0.08%), contains a complex of citrate chelates obtained from colloidal 
solutions of metals of such important trace elements as zinc, magnesium, copper, 
manganese, iron, cobalt, molybdenum. The complex microfertilizer contains 
microelements chelated by natural organic acids - carboxylates, necessary for plant 
growth and development. 

Iodis concentrate is an immunomodulatory drug. Aqueous solution containing 
biologically active iodine (70 mg dm-3). The total mineralization is not more than 
1,000 mg per dm3. Chemical composition, mg per dm3 (not more): Na + K - 10–100;  
Ca - 50–150; Mg - 10–100; chlorides - < 50; hydrocarbons -300–600. 

Nanochelate fertilizer Super Micro Plus contains Fe - 4.5% (FeO), (FeS) - 9% of 
the total quantity), Zn - 8% (ZnO), (ZnS) - 13% of total), Mn - 0.8% (MnO), (MnS) - 3.2% 
of the total), K - 3% (KO) - 5% of the total), Mg - 6% (MgO), (MgS) - 9.5% of the total), 
Cu - 0.65% (CuO) - 2.7% of the total), N - 5% (NO), (N₂H₄O₃) - 10.3% of the total),  
P - 3% ( PO) - 5% of the total), P - 3% (P O) - 5% of the total), Mo - 0.1% (MoO) - 2.1% 
of the total), Ca - 6% (CaO), (CaS) - 10.5% of the total), B - 0.65% (BO) - 2.7% of the 
total). 

The leaf surface area was determined by scanning the leaf surface and determined 
their area using the computer program IpSquare, yield by accounting method, statistical 
data processing was performed using the program SAS 9.4 and IBM SPSS. 
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RESULTS AND DISCUSSION 
 

Soybean is extremely demanding to environmental factors during the growth and 
development of plants and especially to weather conditions, nutrient supply. Weather 
conditions during the years of research differed significantly in both temperature and 
rainfall. The most favorable conditions for plant growth and development were in 2016 
and 2018 - sufficient rainfall and optimal temperatures. Weather conditions in 2017 and 
2019 were characterized by a deficit of moisture in certain periods of plants' growth and 
development at relatively high average daily air temperatures. At the same time, the 
weather conditions in 2020 were extremely unfavorable and close to extreme conditions 
for moisture supply in combination with critically high air temperatures, which 
negatively affected the growth and development of plants. 

The leaf area of soybean crops significantly depended on the weather conditions of 
the year (Figs 3, 4). Pre-sowing seeds inoculation in combination with nano preparation 
used for seed treatment and fertilizing during the growing season provided 
differentiation of plants in terms of growth and development, which could primarily be 
identified by the intensity of leaf surface area formation. 
 

 
 

Figure 3. The leaf surface area of soybean crops in the flowering phase (BBCH 65-70) depending 
on the plants and seeds treatment by nano preparations, thousand m2 ha-1. 
 

The advantage of foliar feeding by the liquid complex of nano fertilizers in 
comparison with the variant without fertilizing in terms of leaf surface area is obvious. 

The use of nano preparation for seed treatment and fertilizing intensified leaf 
surface area formation of soybean plants. The maximum leaf surface area -  
50.4 thousand m2 ha-1 was formed by seeds inoculation, seed treatment, and fertilizing 
by Avatar + Nano Chelate fertilizer Super Micro Plus. 

Soybeans, unlike many field crops, continue to actively form the leaf surface after 
the flowering phase. The determination of leaf area confirmed that the maximum size of 
the leaf surface of soybean crops was formed at 78–82 microstages on the BBCH scale 
(Fig. 4). The maximum area of the leaf surface of the crop was formed by the combined 
treatment of seeds by inoculant and Avatar, and fertilizing plants by solution of Avatar 
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+ Nano Chelate fertilizer Super Micro Plus - 52.4 thousand m2 ha-1 on average for  
2016–2020. The leaf surface area in 2016 and 2018, with this combination of nano 
preparation, was 58.0 and 58.8 thousand m2 ha-1, respectively. 
 

 
 
Figure 4. The leaf surface area of soybean crops in the beginning of ripening (ВВСН 78–82) 
depending on the plants and seeds treatment by nano preparations, thousand m2 ha-1. 
 

The leaf surface area in favorable for the growth and development of soybean 2016 
and 2018 with this combination of nano preparation, was 58.0 and 58.8 thousand m2 ha-1, 
respectively. The use of nano preparation, both for pre-sowing seed treatment and for 
foliar feeding, helps to increase the resistance of plants to abiotic stresses. During the 
combined drought in 2020, soybean crops formed a leaf surface area from 30.6 to 
44.4 thousand m2 ha-1, depending on the drugs' combinations. 

When the seeds were treated only by HighStick inoculant, the leaf surface area was 
significantly lower compared to other applications of nano preparations. During the 
years of research, it varied in the range of 30.6–42.2 thousand m2 ha-1. Among the studied 
combinations of nano preparations for soybean crops fertilizing on the background of 
inoculation, higher efficiency was noted in the variant of experiment A1B6, with the 
combination of inoculation and Avatar + Nano Chelate fertilizer Super Micro Plus. The 
leaf surface area, meanwhile, varied between 40.2–52.0 thousand m2 ha-1. 

The activity of symbiotic nitrogen fixation reached a maximum during the period 
of their greatest physiological activity, during the flowering period - the maturation of 
beans (BBCH 65-70 - 75–80). Prior to the start of beans maturation, there was an active 
root nodules formation and an increase in their mass in all studied variants, with the next 
phase the mass began to slowly decrease to full maturity of plants. The use of Avatar 
and Super Micro Plus nano fertilizers for foliar feeding proved to be quite effective for 
the formation and activity of the symbiotic apparatus of soybean plants. 

Among the studied variants of soybean seed treatment, a smaller number of root 
nodules, to 40.1 pcs per plant per vegetation, were formed on the plants' root system with 
seeds inoculation and treatment by Iodis-concentrate fertilizer. It should also be noted 
that the arid weather conditions in 2019 did not contribute to the significant root nodules 
formation on soybean roots and in the experiment with seed inoculation without 
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additional fertilizing of crops, the number of root nodules per growing season did not 
exceed 12.0 pcs per plant. 

Seed treatment by Avatar and Iodis-concentrate nano fertilizers in combination 
with inoculation and without additional fertilizing of crops increased the number of root 
nodules during the growing season by 7–11%. Foliar application of Avatar micro 
fertilizer and Super Micro Plus nanochelate fertilizer contributed to the growth of the 
root nodules number by 11–18%. 

The main criteria for evaluating the efficiency of photosynthesis, biological 
nitrogen fixation, and plant productivity formation are indicators of individual plant 
productivity and soybean yield. The results of the research made it possible to establish 
the positive effect of the use of Avatar fertilizer, Jodis-concentrate, and Nano Chelate 
fertilizer Super Micro Plus in the formation of individual productivity indicators. 
Soybean yield significantly depended on weather conditions, varying from 1.23 to 
3.48 t ha-1depending on weather conditions and the combined use of seed inoculation 
and nano fertilizer. The most favorable conditions for the growth and development of 
soybeans were in 2016. Yields, depending on the use of drugs combination ranged from 
2.27 to 3.48 t ha-1 (Fig. 5). 
 

 
 
Figure 5. Soybean yield depending on the combined use of nano preparations, t ha-1. 
 

The yield of soybean in the control variant without fertilizing(control) and seed 
treatment by inoculant only on average for 2016–2020 amounted to 1.93. Pre-sowing 
treatment of seeds by Iodis-concentrate or Avatar, in addition to inoculation, increased 
yield by 0.10–0.19 t ha-1. At the same time, the effectiveness of nano preparations 
increased with the combined use of Avatar and Nano Chelate fertilizer Super Micro Plus. 
The soybean yield in the control variant (A1B1) in 2019 was 1.71 t ha-1, and in the 
variants with fertilizing during vegetation and combined pre-sowing seed treatment 
(A2B1; A3B1) the yield varied from 1.86 to 2.36 t ha-1. The use of Avatar + Nano 
Chelate fertilizer Super Micro Plus for fertilizing increased the crop yield to 2.18 (on 
background of A1B1); 2.37 (at background A2B1); 2.39 t ha-1(on background of A3B1). 
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The highest yield of soybeans in all years of the research was formed by the use of 
nano preparations during plant vegetation, formed from seeds treated before sowing by 
inoculant and the drug Avatar. 

The combination of pre-sowing seed treatment with inoculant and Avatar (A3B1) 
and fertilizing during vegetation by Avatar + Nano Chelate fertilizer Super Micro 
Plus(A3B6) was more effective -2.79 t ha-1 on average for 2016–2020 over the range of 
yield changes by years from 1.92 to 3.48. 

The significance of yield difference 
depending on the drugs combination 
and application methods is shown in 
Table 2. 

Cluster analysis is a sequential 
process of combining into one group of 
the most similar, related combinations 
of drugs on a set of characteristics, 
performed using the IBM SPSS 
methodology. Signs are the value of 
soybean yield, which is formed 
depending on the combination and 
methods of nanopreparations' 
application. The Hierarchical method 
of cluster analysis and the method of 
proximity between clusters are used: 
the square of Euclidean distances. 

The cluster analysis of the 
effectiveness of drugs combinations 
and methods of their use for each 
vegetation year, allowed us to identify 
the most effective combinations 
(Figs 6–10). We present an analysis  
of the formed clusters in contrasting 
weather conditions - 2016 and 2020; 

 
Table 2. Significance of yield difference 
depending on the drugs combination and 
application methods 

Variant 
Year 

2016 2017 2018 2019 2020 Average 
А1В1 d e e e e e 
А1В2 d e e d d d 
А1В3 c c cd d b bc 
А1В4 d d e c d c 
А1В5 d d d c b c 
А1В6 b b c c a bc 
А2В1 d e e d d d 
А2В2 d c d c c c 
А2В3 b b c c a bc 
А2В4 c c d b c bc 
А2В5 c b cd a c c 
А2В6 b a b a a b 
А3В1 d d d d c c 
А3В2 c c cd c c bc 
А3В3 a b b c a b 
А3В4 b b cd b c bc 
А3В5 b b c a b bc 
А3В6 a а a a a a 
Significant differences (p < 0.05) between the mean 
values of different seed strengths in one line are 
indicated by different letters. 

and in 2017, 2018 and 2019, similar dependencies are observed. 
In 2016, favourable by the weather conditions, which formed the highest level of 

yield, according to the dendrogram results and analysis of the distance between clusters 
among 18 combinations of drugs and methods of their application can be divided into 3 
large clusters and one much smaller cluster, each of which combines options 
combinations of drugs that cause formation of close yields. The following combinations 
are combined into these clusters (Fig. 6). 

I cluster: A1B6, A3B5, A2B3, A2B6, A3B4 - yield in the range of 2.74–2.90 t ha-1; 
II cluster: A1B3, A3B2, A2B5, A2B4 - 2.54–2.62 t ha-1; 
III cluster: A1B5, A2B2, A3B1, A1B4, A2B1, A1B2, A1B1 - yield in the range of 

2.27–2.48 t ha-1; 
IV cluster: A3B3 and A3B6 - 3.23–3.48 t ha-1. 
Thus, in 2016, the highest level of yield was formed by pre-sowing seed treatment 

in both combinations with inoculant and Avatar and additional feeding by Nano Chelate 
fertilizer Super Micro Plus (B3) and Nano Chelate fertilizer Super Micro Plus + Avatar (B6). 
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Figure 6. Dendrogram of yield using the method of intergroup connections (year of 
research 2016). 
 

 
 
Figure 7. Dendrogram of yield using the method of intergroup connections (year of 
research 2017). 
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Figure 8. Dendrogram of yield using the method of intergroup connections (year of 
research 2018). 
 

 
 
Figure 9. Dendrogram of yield using the method of intergroup connections (year of 
research 2019). 
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In 2020, due to extremely unfavourable weather conditions because of lack of 
moisture, the lowest level of yield was formed. According to the results of cluster 
analysis, the following clusters and yield levels were identified (Fig. 10): 

I cluster: A2B5, A3B4, A3B2, A2B4, A3B1, A2B2 – 1.45–1.53 t ha-1; 
II cluster: A1B2, A1B4, A2B1 - 1.36–1.42 t ha-1; 
III cluster: A1B3, A1B5, A3B5 - 1.60–1.65 t ha-1; 
IV cluster: A2B6, A3B3, A3B6, A2B3 - 1.84–1.90 t ha-1. 

 

 
 
Figure 10. Dendrogram of yield using the method of intergroup connections (year of 
research 2020). 

 
Analysis of the formed clusters shows that the highest level of yield (cluster IV) is 

also formed by combined pre-sowing treatment of seeds by inoculant and Iodis 
concentrate (A2) or Avatar (A3), and fertilizing by Nano Chelate fertilizer Super Micro 
Plus (B3) or combination of Nano Chelate fertilizer Super Micro Plus + Avatar (B6). 

Feeding of soybean crops by nanofertilizer in combination with the drug Avatar 
with using for sowing seeds, inoculated and treated by the Avatar, and in adverse weather 
conditions and by Jodis concentrate, provide a significant increase in yield, which is 
observed in groups of formed clusters. 
 

CONCLUSIONS 
 

Based on the research, it was found that the use of nano preparations Avatar, Jodis-
concentrate, and Super Micro Plus for seed treatment and fertilizing intensified the 
formation of the leaf surface area and the activity of the symbiotic apparatus of soybean 
plants. The obtained results confirm that application of the complex of nano fertilizers 
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Jodis-concentrate, Avatar, and Nano Chelate fertilizer Super Micro Plus in the soybean 
fertilizing helped to increase the yield, which testifies to their unconditional 
effectiveness. The highest efficiency of nano fertilizers was shown by inoculation and 
seed treatment by Avatar and co-fertilization Avatar + Nano Chelate fertilizer Super 
Micro Plus, ensuring the formation of 52.4 thousand m2 ha-1 of leaf surface area of 
soybean varieties Horol, 69.7 pcs plant-1 root nodules, 785 mg plant-1 of root nodules 
weight and yield at the level of 2.79 t ha-1. 
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Abstract. The demand for sustainable, renewable and clean energy sources has been increasing 
in the past decade in order to combat global warming by reducing greenhouse gas emissions. Biogas 
has proven to be a versatile energy carrier which can be used for heating purposes, power and 
fuel. Having acknowledged the high potential for the use of biogas energy and having researched 
the demand and supply markets, the Digital Global Biogas Cooperation (DiBiCoo) project aims 
to link European biogas and biomethane technology providers with emerging and developing 
markets. To achieve this goal the development and application of innovative digital support tools 
is necessary - a digital matchmaking platform (DMP) with bi-directional partnership architecture. 
DMP can be used as means to build trust-based business relationships, share information on 
available European technologies and serve as an additional marketing option for EU and non-EU 
companies and industries. This article presents the developed platform prototype and 
demonstrates its basic functionality and the development process. Basic business and functional 
requirements were defined and then refined into functional, user-interface and performance 
requirements for implementation. User requirements were defined using user centred design 
approach in collaboration with potential platform end-users, considering their specific needs. 
During the development process Agile methodology was used. In the future digital platform 
functionality will be extended based on discussions and feedback of the stakeholders and  
end-users during local workshops and other events, where the DiBiCoo platform will be 
presented. 
 
Key words: DiBiCoo, biogas, international cooperation, matchmaking, IT platform. 
 

INTRODUCTION 
 
Building trustworthy partnerships in the business sector are crucial for successful 

expansion of businesses geographically and economically. Different approaches can be 
applied to address the commencing of business partnerships, such as matchmaking. Its 
scope in the context of business collaboration is to find suitable colleagues or business 
partners for mutual inspiration and support, ideally resulting in innovation (Kopplin, 
2020). However, matchmaking is not something new and previously it was used mostly 
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for the marriage purposes (Wu et al., 2018). As well in some cultures, the role of the 
matchmaker was and is quite professionalised. Nowadays, matchmaking platforms and 
information and communication technology (ICT) solutions allow to apply it in other 
ways as well, for example, finding right events, doing networking in an efficient way, 
finding the right candidates, investors (Afuah & Tucci, 2012), finding organ donors or 
supplier selection (McCutcheon & Stuart, 2000), improving the quality of university-
industry collaborations (Bjurström et al., 2020) etc. The main idea behind matchmaking 
is linking people or companies according to their values, goals and specific needs. In 
essence, the matchmaking process can be defined as searching for suitable agents that 
have complementary information, skills or other capabilities that you require. To achieve 
beneficial matching a digital platform can be used. A Matchmaking platform is a system 
where different people, groups of people and organisations can identify and connect with 
corresponding parties. There are various matchmaking platforms available online for 
different purposes like dating, tourism (Moreno et al., 2013; Grün et al., 2017), 
multiplayer games, e-commerce systems, medicine matchmaking system (Han et al., 
2019) and systems for different services like hotels, restaurants, car sharing, etc. In 
addition, such platforms become available for Business-to-Business (B2B) 
matchmaking. Some examples of matchmaking platforms are described in different 
scientific articles (Keijzer-Broers et al., 2013; Montuschi et al., 2014; Rabhi & Pal, 2019). 
In the B2B sector, matchmaking platforms may have a great impact whether for a big 
corporation or a new start-up. In some regions digital innovation hubs were developed 
to reshape the regional bioeconomy to enable regional cooperation between biomass 
suppliers and technology providers (Macias Aragones et al., 2020). 

 
DIBICOO PROJECT 

 
DiBiCoo1 is a cooperation project between biogas technology exporting and 

importing countries, with the overall objective to support the European 
biogas/biomethane industry by preparing markets for the export of sustainable 
biogas/biomethane technologies from Europe to developing and emerging countries like 
Indonesia, Argentina, Ethiopia, Ghana, South Africa (Rutz et al., 2020). The fast 
depleting supply of fossil fuels and growing environmental degradation by potent 
greenhouse gases is pushing the World´s economies towards the usage of alternative 
energy sources (Roubík et., 2017). In so-called developing countries, pollution and 
access to energy sources still represent a significant challenge, especially in connection 
with human and environmental health and with economic development (Shane et al., 
2015). Access to energy influences living standards and overall development (Demirbas 
& Demirbas, 2007). Therefore, bioenergy production by fermentation reaction is gaining 
popularity due to its easy operation and a wide availability of organic wastes (Priekulis 
et al., 2015). Biogas production and use have increased rapidly in many countries over 
the last 20 years, augmenting its importance as a renewable energy source (Scarlat et al., 
2018). The production of biogas is one of the most nature’s friendly alternative energy 
technologies and its demand is increasing (Dubrovskis & Plume, 2017). Biogas energy 
comes from biomass, which is the biodegradable fraction of products, waste and residues 

                                                           
1 http://dibicoo.org 
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from agriculture, forestry and related industries, as well as biodegradable fraction of 
industrial and municipal waste (Collotta & Tomasoni, 2017). 

DiBiCoo project objectives include the development and deployment of a digital 
support tool - a digital matchmaking platform (DMP), and other supporting activities to 
increase the biogas technology uptake and international cooperation for green economic 
growth. DMP is a web-based platform with bi-directional partnership architecture (see 
Fig. 1) allowing the stakeholders (companies providing biogas infrastructure 
technologies and services) and the potential business partners in demand for these 
technologies to register their profiles and submit business applications. Digital platform 
plays an important role for connecting and supporting data-rich society for information 
sharing, collaboration and collective action (Spagnoletti et al., 2015). In the business 
domain, digital platforms have been fundamental for organizational strategies, strongly 
relying on formal and informal relationships with other entities (Bellini et al., 2016). 
Having the data about both parties and using advanced matching approaches the supply 
and demand can be matched based on different constraints and parameters to initiate 
business relationships. 

 

 
 

Figure 1. Concept of the DMP matchmaking process. 
 
There are currently no ready-to-use solutions for efficient business partner 

matching in the biogas sector. Such a platform can facilitate bi-directional partnership 
and is considered as an additional marketing option for EU companies as well as an asset 
for stakeholders in the importing countries to network and connect with European 
stakeholders. 

The aim of this paper is to present the first developed prototype of the DMP and its 
development process with main features. 

 
DMP DEVELOPMENT PROCESS 

 
Prior to the DMP development process the analysis of the end user needs and the 

definition of potential platform requirements were performed. Basic business and 
functional requirements were defined and then refined into functional, user-interface and 
performance requirements for the platform implementation. User requirements were  
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defined using user centred design approach in collaboration with potential platform  
end-users, taking into account their specific needs. The development process was based 
on Agile methodology. 

During the whole development process, end-user groups, consisting of DMP users 
and stakeholders, were in constant communication among themselves and developers, 
resulting in immediate improvements of DMP and integration of the new features based 
on the discussed intermediate development results. 

 
DMP deployment 
In the field of information technologies (IT) software deployment means its 

transformation from a packaged form to an operating and working state. Deployment 
implies implementation of a product into a production environment with corresponding 
level of service and reliability. There are many system deployment options available 
nowadays. A system or a platform can be deployed on a local IT infrastructure  
(local server), on a rented infrastructure or in a cloud. There are advantages and 
disadvantages of any of the aforementioned options. Local servers provide fast access to 
data; however, privacy concerns and security may be the issue. Rented infrastructure can 
be an option when the server in a particular location is preferred, but local servers cannot 
support large data flow. Rented infrastructure requires a trustful and reputable service 
provider, which can be costly. The last option is to use a cloud. Most cloud platform 
service providers also provide additional connectivity services to ease data input/output, 
organize data flow and support additional security options. Cloud platform costs are 
based on the number of requests; therefore, it can be fairly cheap for small-to-average 
web systems. 

The developed DMP is deployed on a Google Cloud Platform2 . Google Cloud 
Platform, offered by Google, is a suite of cloud computing services that runs on the same 
infrastructure that Google uses internally for its end-user products. It was selected based 
on authors' experience and the set of provided services needed for DMP, such as built-
in data store, scalable front-end and back-end hosting, integration with mapping,  
e-mailing and files storage services. 

 
DMP structure 
The DiBiCoo DMP like any other classical web platform consists of a back-end 

module and a front-end module. The back-end performs all required data processing and 
storage functionality and provides a RESTful API supporting all DMP functions. The 
front-end, in essence, is the publicly available graphical user interface served as a static 
single page Web application. The front-end is communicating with the back-end using 
the provided API for accessing different data sets, structures and data logic. Multiple 
services are integrated into the DMP. These services are considered mandatory for this 
type of web platform and include user authentication, Google Maps service integration, 
Google Cloud Storage integration for storage of user files and images, Google Datastore 
integration for platform data storage. 

                                                           
2 https://cloud.google.com/ 
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Different technologies and frameworks are used for the development of the user 
interface: Angular version 9 and Angular Material design version 9. Angular is a 
TypeScript-based open-source Web application framework led by the Angular Team at 
Google and by a community of individuals and corporations. 

 
User roles 
Three user roles are available in the platform: anonymous user, authenticated user 

and the platform administrator. User roles and their available operations are summarised 
in the Fig. 2 below: 
 

 
 
Figure 2. DMP user roles. 

 
It is possible to use the system as an anonymous user for information browsing and 

searching for companies and applications or to log in to use the functionality to create a 
company profile and/or publish an application and participate in the matchmaking 
process. 

A registered (authenticated) user can manage their own companies (create, edit, 
delete and share), manage their own applications/business opportunities (create, edit, 
delete) or Log out from the platform Administrator has additional functions like: 
management of company categories, approval of company profiles and review of 
submitted applications. 

Useful function within the company management is a sharing option. Company 
managers can share the existing company profile with any other DMP authenticated user 
by sending a special one-time link, which is auto-generated by the platform. It is needed 
when additional company managers should be defined. Each company manager can view 
the list of active managers and in case of need delete unwanted ones or leave the 
company profile management. 
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Authentication 
DMP solution uses authentication and authorization services provided by Auth0 

universal platform3 . Auth0 is a ready-to-use platform with a wide range of built-in 
authorization related functionality and integration options. In particular, DMP uses 
specific authorization flows for Web applications, completely delegates user credential 
handling and access administration functionality to the platform. From a development 
perspective, usage of the Auth0 platform simplifies user administration tasks, removes 
the need to create custom solutions for secure user credential storage, user Sign-in and 
Log-in flows. Upon Log In, users are forwarded to Auth0 platform hosted Web page, 
where they have options to Sign Up or Log In using their own credentials or social media 
accounts. After successful authentication, the user is forwarded back to the DMP 
platform’s user interface. User authentication process is demonstrated in the Fig. 3 
below: 

 

 
 

Figure 3. User authentication process in DMP. 
 
DMP sections 
Digital matchmaking platform is divided into three main sections: company 

profiles, business opportunities and knowledge base (see Fig. 4). Company profiles 
section shows all registered companies within the platform. Business opportunities 
shows submitted applications or advertisements related to the biogas and gasification 
sector and knowledge base summarises some key literature sources on the biogas sector. 

 

                                                           
3 https://auth0.com/ 
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Figure 4. Front page of the DiBiCoo DMP. 
 
Company profile management 
One of the main authenticated user functions is creation and publishing of the 

company profile. Company profile creation is necessary for a successful matchmaking 
process in the future. A digital company profile is like a business card with primary 
information and data about the company which takes part in the digital matchmaking 
process. This company registration form is divided into several sections with one or 
several input fields. The company profile is published online only after the DMP 
administrator reviews and accepts it. The company profile life cycle statuses include: 
draft, pending, published, rejected (see Fig. 5 below): 

 

 
 

Figure 1. Company profile status changes. 
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Business opportunities section 
Within this section, authenticated users can submit advertisements or business 

opportunities describing particular services, products or a biogas project they are 
interested in or offering. 

Advertisements are not being reviewed by the DMP administrators and published 
without any content/liability check, but if any issues are found they can be unpublished 
by the advertisement creators or by the platform administrators afterwards. Furthermore, 
any user can file a report to the platform administrators by clicking the Report button. 

 
Knowledge base section 
Within the knowledge base section, informative materials (factsheets) and links to 

various sources about the biogas production and biogas related topics are summarised. 
In the future it is planned to also include information about the upcoming biogas events 
and conferences. 

 
DISCUSSION 

 
Digital matchmaking platform described within this article have been developed 

also to address ICT sector acceleration for attaining the sustainability goals of the Green 
Deal (European Commission, 2019). Green Deal is an integral part of the European 
Commission’s strategy to implement the United Nation’s 2030 Agenda and the 
sustainable development goals. It is a new socio-economic growth strategy that aims to 
transform the EU into a fair and prosperous society, with a modern, resource-efficient 
and competitive economy, with no net emissions of greenhouse gases in 2050 and where 
economic growth is decoupled from resource use. ‘Mobilising industry for a clean and 
circular economy’ is one of the major objectives of the Green Deal, which includes two 
challenges concerning digitisation of biomass value chains. Developed platform can be 
considered as one of the industrial mobilising structures showing the capacity to 
accelerate and maximise the impact of digital technologies on the implementation of the 
Green Deal. 

By focusing on digitisation of key actors within the biogas sector, effectively 
engaging and building networks between stakeholders involved in biogas industry 
development from different geographical location, a contribution to sustainability 
acceleration can be reached by the developed digital matchmaking platform. 

Within the platform company profiles are organised by the categories which are 
formulated based on business processes within the biogas industry. 

Companies matchmaking at this moment can be done in manual way by selecting 
several filtering options and searching for the target stakeholder by region or country of 
origin, company business field, company reference project location or company profile 
update time. In the future it will be possible to save matchmaking preferences and 
DiBiCoo platform will automatically notify the user when new matches will be found. 

Developed DiBiCoo digital matchmaking platform can act as a main source of 
stakeholder information involved in biogas sector development with some additional 
features for actor matchmaking for successful business project development. 

 



817 

CONCLUSIONS AND FUTURE DEVELOPMENT 
 

DiBiCoo project identified potential in expanding ICT solutions for matchmaking 
in biogas sector and developed platform helps to bring together needs from importing 
countries and open new possibilities for business opportunities. 

During the development process of the digital platform agile methodology was used 
which helped to establish close collaboration with potential stakeholders and end-users 
and allowed to get on-time feedback on every new developed feature. 

Usage of already available online service for authorisation helped to save resources 
and ease the user management process. As well other services like data and file storage, 
mapping, statistics allowed the developers to optimally use the resources and mainly 
concentrate them on developing critical features of the platform. 

DiBiCoo matchmaking digital platform can be publicly accessible online: 
https://dibicoo-matchmaking-tool.appspot.com/ 

Currently, on March 2021, the DMP platform beta version is operational and the 
end-user evaluation and testing phase is ongoing. 

It is planned to extend the DMP functionality in the future, based on feedback from 
end-users, stakeholders, beta testers and general audience of local workshops and other 
events, where DiBiCoo platform will be presented. It is also planned to integrate semi-
automatic matchmaking algorithms and reporting for the platform registered users. 

It is also planned to integrate statistics feature to the platform for tracking the 
company profile and business applications.   

After the launch it is considered to extend the platform to other renewable energy 
sectors and respective stakeholders. 
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Abstract. One of the promising methods of biogas upgrading is biological methanation 
(biomethanation). During biomethanation process hydrogenotrophic microorganisms use carbon 
dioxide from biogas and added hydrogen to generate biomethane. Application of biotrickling 
filter reactors is one of the prospective biotechnologies for methanation where hydrogenotrophic 
methanogens are immobilized over a material that is used in reactor. Packing materials for 
biomethanation are critical in terms of hydrogenotrophic methanogens immobilization on the 
surface of packing material. It acts as support for biofilm growth. Therefore, characteristics of 
filter material are important parameters that influence the growth of microorganisms and methane 
production. Factors, such as optimal specific surface area and porosity are important to sustain 
growth and activity of microorganisms. Optimal particle size and capability to mechanically resist 
compaction ensures avoiding high pressure drop. Optimal particle size also ensures uniform gas 
flow as gases distribute through the packing material. This review paper summarizes and compare 
the characteristics of different packing materials important for biomethanation through ex-situ 
biotrickling filter reactor systems. 
 
Key words: biogas upgrading; biomethanation; biotrickling filter; biofilm; packing materials. 
 

INTRODUCTION 
 

Biogas production is an important process for dealing with different types of waste. 
It is particularly difficult for farms to live without a biogas station. If there were no 
biogas plants, the surrounding population would have problems with both smell and 
local environmental. Biogas production is one of the technological components of 
agriculture. Waste recycling produces heat and energy, as well as digestates (material 
remaining after anaerobic digestion), which is a much more valuable fertilizer for soil 
than fossil fertilizers. 

Biogas is a product of anaerobic digestion - a renewable fuel which can be produced 
from different organic waste materials. In raw biogas methane content is about 50–70%, 
while carbon dioxide content is 30–50% (Baena-Moreno et al., 2019; Witte et al., 2019). 
Therefore, upgrading biogas by increasing methane concentration is a way to increase 
its usefulness. Upgraded biogas with methane content up to 96% can be directly added 
into the grid of natural gas (Dupnock & Deshusses, 2019; Witte et al., 2019). Unlimited 
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biogas injection into the gas grid can be achieved by removing carbon dioxide to acquire 
biomethane. The main advantage of biological biogas upgrading technologies is 
conversion of carbon dioxide into high value products under light operational conditions, 
which significantly promote to a sustainable bio economy and life cycle economy 
(Angelidaki et al., 2018). One of the promising methods of biogas upgrading is 
biological methanation (biomethanation). During biomethanation process 
hydrogenotrophic microorganisms use carbon dioxide from biogas and added hydrogen 
to generate biomethane. This method of biogas upgrading is energy intensive as it 
requires hydrogen as a material input (Mehrpooya et al., 2020). To ensure this method 
is sustainable, the hydrogen for the required reaction should come from a renewable 
source. Hydrogen can be produced via electrolysis using electricity from off-peak 
electricity surplus from solar or wind energy power systems (Akhlaghi &  
Najafpour-Darzi, 2020; Mehrpooya et al., 2020). Although in this system the cost of 
biomethane is determined of the cost of hydrogen used for biomethanation (Vo et al., 
2018). If there is surplus renewable power, it can be utilized for biogas upgrading and 
make biomethanation as an energy storage solution (De Vrieze et al., 2020). This kind 
of system is known as ‘Power to Gas’ concept (Bensmann et al., 2013). 

The biological hydrogen methanation using methanogens is possible to be applied 
in two different systems. First one is in-situ system (Luo & Angelidaki, 2012) where 
biomethanation is performed within anaerobic digester system. In this process organic 
matters are transformed into biogas under specific conditions (Holm-Nielsen et al., 
2009). Second is an ex-situ system, where a separate external reactor for biomethanation 
is used (Lecker et al., 2017). Main reaction for the biomethanaion process is known as 
Sabatier reaction (Eq. 1), 

CO2 + 4·H2 ↔ CH4 + 2·H2O (1) 

where methane is converted from molecular hydrogen and carbon dioxide (Leonzio 
2016). Carbon dioxide is used as a waste gas in this reaction to produce methane. 
Therefore, raw biogas which contents 30–50% of carbon dioxide can be upgraded to 
biometane. Methanogens are able to metabolize hydrogen into methane. These 
microorganisms are called hydrogenotrophic methanogens and they are often already 
present in anaerobic cultures that carry on the reaction. (Zabranska & Pokorna, 2018). 

Various reactor types can be outfitted for ex-situ biomethanation, such as 
biotrickling filter reactors (Burkhardt et al., 2015; Rachbauer et al., 2016), continuously 
stirred tank reactors (Thema et al., 2019), fixed bed reactors (Alitalo et al., 2015), biofilm 
plug-flow reactors (Savvas et al., 2017) and other bioreactors (Dupnock & Deshusses 
2019; Germec et al., 2020). There are several advantages for ex-situ systems. Industrial 
carbon dioxide can be easily added from external sources, if the biomethanation is 
carried out in ex-situ reactor by hydrogenotrophic methanogenesis. In this system CO2 
can be used in biogas upgrading by conversion into biomethane (Michailos et al., 2020). 
But in external bioreactor systems only gases (H2 and CO2) can be used as substrates and 
added to fermentation liquid as energy source (I. Bassani et al., 2016). Therefore, 
efficient gas diffusion systems and different biofilter configurations are important for 
increasing gas-liquid contact time and enhancing biofilm growth. By increasing biofilm 
growth more efficient methane production can be achieved (C.L. Bassani et al., 2017). 
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Application of biotrickling filter reactors is one of the prospective biotechnology 
for methanation where hydrogenotrophic methanogens are immobilized over a material 
that is used in reactor (Ashraf et al., 2020). By immobilizing microorganism cells it is 
possible to increase efficiency of the substrate conversion, shorten retention times and 
minimalize microbial contaminations. Microorganisms are more protected from shear 
stress compared to stirring reactors and can be reused. Therefore, the costs of process 
can be reduced (Sekoai et al., 2018). If cells are not immobilized, microorganisms are 
prone to washout which causes instability in process and reduces biomethane yield 
(Kourkoutas et al., 2004). Packing materials and characteristics of the materials within 
biotrickling filter reactor system play a large role. (Sekoai et al., 2018). Defined 
characteristics of materials can facilitate bioreactors setup configurations for 
biomethanation process. 

 
Biological trickling filter reactors 
Biological trickling filter (BTF) reactor is the most promising technology for 

biomethanation, based on recent research studies on the ex-situ biomethanation design 
(Rachbauer et al., 2016; Strübing et al., 2018; Sieborg et al., 2020). The main and most 
important reason is that biotrickling filter is equipped with large surface area available 
to form biofilm and this means that methane production per unit volume is higher than 
in most other reactor types (Ashraf et al., 2020). In the biotrickling filter packing material 
supports the biofilm and generally offer more valuable gas to liquid mass transfer. 
Because of larger surface area of biofilter between liquid and gaseous substrates, low 
gas and liquid flow rates are maintained. Fermentation liquid can be recirculated to 
maintain efficient CH4 production. Liquid biofilm on the packaging materials as well as 
rate of recirculation has been studied by Burkhardt et al., 2015. Results show that 
biomethanation of hydrogen and carbon dioxide in biotrickling filter was successful and 
productive using anaerobic sewage sludge as inoculum (Burkhardt et al., 2015). 

Biotrickling filter reactors have been studied in different conditions within 
biometnanation using hydrogen as energy source. By using trickle bed reactor, 
biomethane concentration successfully reached more than 98% in the output product 
(Rachbauer et al., 2016). This type of reactor was also used for syngas biomethanation 
and was successful at being very productive and having efficient conversion rates 
(Grimalt-Alemany et al., 2018). Tests are made to research appropriate conditions such 
as flow rate, pH rate, pressure, gas-liquid mass transfer, duration of reaction (Rachbauer 
et al., 2016; Porté et al., 2019) and also, best reactor setup for biomethanation efficiency. 
In the last few years many research works have been published where biotrickle filter 
reactor technology was used for biomethanation (Dupnock & Deshusses 2019; Porté et 
al., 2019; Dahl Jønson et al., 2020; Germec et al., 2020), making this one of the most 
promising novel technology for biogas upgrading. Using biotrickling filters, the energy 
demand is substantially lower as there is no need for stirring and dispersing liquid phase. 
Energy is used to pump the fermentation liquid to the top of the filter column where it is 
sprinkled over the packing material (Thema et al., 2019). The filter consists of packing 
material and microorganisms - hydrogenotrophic methanogens. Packing material act as 
support for biofilm growth, therefore characteristics of filter material are important 
parameters that influence the growth of microorganisms and, therefore, methane 
production. Packing materials could be examined as one of the main factors of the 
biotrickling filter reactor systems (Wu et al., 2018). Choosing an effective packing 
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material in a biotrickling filter for hydrogenotrophic methanogens to grow biofilm may 
be major design variable for the biotrickling filter reactor. However, testing the packing 
in a continuously operating biotrickling filter reactor is costly both in time and resources 
(Ashraf et al., 2020). 

The main function for packing material in biotrickling filter reactor is to ensure 
contact between microorganisms and substrate to allow production of high concentration 
methane (Wu et al., 2018; Maegaard et al., 2019). Surface on packing materials of 
biofilter is larger for microorganisms to attach. Therefore, using biotrickling filter 
reactors the speed of the methanation process is significantly increased. Immobilizing 
microorganisms in biomethane production stabilizes the pH of the medium, prevents 
microorganism washout and extends microbial activity providing continuous 
methanation process (Sekoai et al., 2018). 

 
CHARACTERISTICS OF PACKING MATERIALS 

 
Packing materials used as biotrickling filters can normally be classified into three 

categories: organic, inorganic, and mixed materials. Organic materials, such as soil, peat, 
and wood chips were being used in biotrickling filters at the beginning. Inorganic 
packing materials normally come directly from natural sources, such as lava and perlite. 
All these natural packing materials have good surface properties, but their shape may be 
irregular (Wu et al., 2018). With time a variety or inorganic packing materials were 
sythethized and used for biotrickling filters (or other systems), such as ceramic, plastic 
Pall rings, Rasching rings or rubber particles, clear polyvinyl chloride (PVC), 
polyurethane foam (PUF) and other materials (Park et al., 2011). Synthesized materials 
as packing materials sometimes have improved porosity and larger surface area. These 
materials have smoother surface, and specific made shape and strength that ensures good 
conditions for microorganisms. The escalated area of synthetized materials improves 
biotrickling filters performance. Most inorganic materials have advantage of uniform 
size and structure. These characteristics ensure better gas flow and reduce the 
compaction of materials (Ortiz et al., 2003). Mixed materials are combination of organic 
and inorganic packing materials.  

Packing materials for biomethanation are critical in terms of hydrogenotrophic 
methanogens immobilization on the surface of a material. Efficient contact time between 
added gas bubbles and liquid inoculum ensure effective gas retention but also allows 
sufficient gas flow. In a biotrickling filter the packing filter can be either filled with 
packing materials randomly or with specifically designed structured packing materials. 

Packing material should have following requirements in order to be suitable for 
immobilization of biomethane producing microorganisms (Freeman, 1984; Sekoai et al., 
2018): 

• Adequate surface area. 
• Optimal particle size. 
• Mechanically robust. 
• Chemical and thermal stability. 
• Non-toxic for biomethane producing microorganisms. 
• Able to resist compaction. 
• Able to resist plugging. 
• Reusable, inexpensive. 
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These are one of the core factors in BTF reactor systems. Packing materials must 
comply with some requirements such as optimal specific surface area to sustain growth 
and activity of microorganisms, optimal environmental conditions for activity of 
methanogens, optimal particle size and capability to mechanically resist compaction 
therefore avoiding high pressure drop. Particle size also is important to prevent high 
pressure drop and ensure uniform gas flow as gases distribute through the packing 
material (Dorado et al., 2010). Pressure drop is the difference of pressure between the 
inlet and the outlet of a biotrickling filter and is essential operating parameter as it is 
connected to the energy demands to drive gases through the reactor. Materials should be 
able to resist plugging and provide adequate homogeneity within a bioreactor. These 
requirements are defined by several physicochemical properties of materials, such as 
high porosity (%), high specific surface area (m2 m-3), density (kg m-3), water retention 
capacity, etc. Microorganisms should be evenly distributed on the surface of the carrying 
packing material, and gas flow should be unrestricted through the packing material. 
Materials used for microbial adhesion should not be toxic for hydrogenotrophic 
methanogens but also be chemical and thermal stable to ensure reusability and 
sustainability. An advantage is low cost of material. Sustainability of packing materials 
should be considered when biotrickling filter system is set up and when selecting packing 
materials. 

 
Specific surface area 
Specific surface area is one of the main factor of packing material in methanation 

within biotrickling filters. The larger the surface area of packing material is, the more 
biofilm can grow on material and increase methane production speed. Microbial 
populations are adhered to a filter packing material within trickling reactor achieving 
maximum surface area. 

Using packing materials is one of a methods how volumetric gas-liquid mass 
transfer in methanation process can be increased. The coefficient kLa (volumetric mass 
transfer coefficient) indicates systems ability to diffuse specific gases into liquid. It can 
be unique for different reactor types and can be adjusted by changing parameters, such 
as hydrogen diffusion devices, gas recirculation and mixing. These parameters are being 
tested in biogas upgrading systems (Díaz et al., 2015; Rusmanis et al., 2019; Voelklein 
et al., 2019; Díaz et al., 2020). As for packing materials, cost of time and resources would 
be too large to test different packing materials in constantly operating biotrickling filter 
reactors. 

Gas-liquid contact time mostly is not enough for all added hydrogen to dissolve. 
One way to deal with this matter is by recirculation of the gaseous substances (Zabranska 
& Pokorna, 2018). Some reactor configurations can influence the gas-liquid contact 
time. For example, the type of diffuser in the reactor and size of bubbles can be adjusted 
by the size of pores, as well as the ascending bubbles velocity (Bassani et al., 2017). Gas 
liquid contact time also can be increased by larger surface area of the packing material 
over which the hydrogen gas bubbles flow, thereby they are being separated into smaller 
bubbles. The gas-liquid mass transfer rate is increasing when surface area is larger. 
Bassani et al., 2016 performed an experiment, where packing material was replaced with 
one that had larger surface area. In the experiments within hydrogen injection chamber 
alumina ceramic sponge with higher surface area was used instead of ceramic rashing 
rings as a packing material. As a result, 67% of input hydrogen was utilized and the 
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output methane content using ceramic sponge was higher than with ceramic rashing 
rings. Also, H2 in output gas was reduced to smaller amount, which means that it was 
consumed by hydrogenotrophic microorganisms (Bassani et al., 2016). 

The surface area may be the most important factor in the biomethanation. 
Therefore, any aspect of the material surface is important. By applying materials with 
crumpled surfaces (Germec et al., 2020), the surface area can be expanded, and more 
bacteria can be attached and applied to the process. 

 
Porosity and particle size 
Packing material particles vary in size, which affects important media 

characteristics, such as the resistance to gas flow and the effective biofilm surface area. 
If the size of the particles is small, large specific surface areas essential for mass transfer, 
are provided. However, smaller sizes also create a larger resistance to gas flow and, thus, 
larger operating costs due to the electrical power consumption of the gas pump. 
Conversely, large-size particles favours gas flows but reduce the number of potential 
sites for the microbial activity. (Dorado et al., 2010). Optimal particle size ensures 
uniform gas flow as gases distribute through the packing material and high pressure drop 
can be avoided. 

Porosity also provides larger surface area for microorganism to attach. Synthesized 
inorganic materials sometimes have improved porosity and larger surface area as 
packing materials. Sometimes addition of foaming agent is used to increase porosity of 
packing materials (Lee et al., 2013). But if pores are too small, then they can be cluttered, 
and porosity would not be a core factor for methanation. 

The porous matrix of the materials enables the microorganisms to be placed in a 
suitable sheltered place against the hydraulic shear forces (Massol-Deyá et al., 1995; Ho 
et al., 1997). In porous materials, biofilm is formed not only on the surface but also in 
the pores. By using materials with large pores, some problems can be eliminated, such 
as accumulation of metabolites in pores and lack of nutrient diffusion to the cluttered 
pores (Germec et al., 2020). Some research work shows the importance of the 
distribution of gases for an efficient utilization of hydrogen by bacteria. The upgrading 
performances showed that the influence of pore size and porosity of the packing material 
demonstrates on efficient utilization of hydrogen (Muffler et al., 2014; Yang et al., 2014; 
Liu et al., 2015; Sekoai et al., 2018). Many materials that can be used as packing 
materials have high specific area and porosity. Liu et al., 2015 performed an experiment, 
where ceramic saddles as a random packing material had the largest porosity on the 
surface between other materials but the specific surface area is comparatively low. On 
the other hand, upon closer examination of the saddles showed even smaller pores on 
the surface of the material, which was assumed not to be considered when the particular 
surface area was provided by supplier (Liu et al., 2015). 

Porosity and particle size of material are quite important factors for microbial 
growth. In comparison with mammalian cells, the bacteria widely show no limitations 
in regarding growth inhibition by cell-with-cell contact. If pore size is too big, then 
distribution on the liquid within the reactors filter can be uneven (Grimalt-Alemany et 
al., 2018). If the particle size of the support material is smaller, then provided surface 
area will be larger accordingly. However, a crucial point to acknowledge is the variation 
of particle size of the packing material as support for microorganisms to retention 
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strategy. Therefore, to meet specific requirements of the microbial growth, an adjustment 
between the surface area and particle size is an important factor (Germec et al., 2020). 

 
Physical and mechanical properties  
One of the features a packing material should have is mechanical resistance. In the 

mechanics of all materials, the physical strength of a packing material is its capability to 
resist an adjusted load without any plastic damage and failure. Mechanical resistance of 
any packing material is identified by some physical factors such as density, 
hydrophobicity, surface charge and roughness. They also influence the adhesion of 
microbiological cells and following attachment onto them (Cheng et al., 2010; Germec 
et al., 2020). Density is one of the characteristics of materials that can be easily defined 
in studies for different kind of packing materials. Density can be known for most typical 
materials that are used or it is easy to measure using variety of methods, for example 
with graduated cylinder or analytically calculated (Haoran et al., 2013). Usually organic 
materials have less density than inorganic materials (Muffler et al., 2014). Biofilm 
should also be adapted to the specific conditions and have the required high cell density 
(Fortuny et al., 2008). Packing materials should be robust towards fermentative  
by-products (Sekoai et al., 2018). Compaction of material and water accumulation in it 
can be indirectly measured by pressure drop. This parameter is a consequential part of 
the costs operating bioreactor and also the majority of energy costs in bioreactors 
(Dorado et al., 2010). Compacted material increases she shear strength of the filter, but 
if it is too compacted than gas flow is lowered. Therefore, gas-liquid mass transfer 
decreases and there may be high pressure drop. 

Other characteristics of packing materials in bioreactors should be considered os, 
such as, good environment of the growth of microorganisms. It can depend on water 
holding capacity, nutrient content that can be inorganic or high organic, and water 
retentively of materials. All these parameters are involved in keeping the optimal 
productivity of the microorganisms that are immobilized on the surface of the packing 
material inside biotrickling filter reactor. It is important to test new materials that could 
be used for biomethanation and provide better results in methane content of the final 
product, but testing packing materials in the operating bioreactors costs too much time 
and money. There have been small scale experiments, where an assay of testing packing 
materials for ex-situ biomethanation was demonstrated by Ashraf et. al., where small 
amount of materials were put in laboratory bottles as mini reactors and tested for 
biomethane production between different configurations. Laboratory methods like this 
can be used to predict production of methane and overall gas composition in the reactor 
(Ashraf et al., 2020). 

 
PACKAGING MATERIALS FOR BIOMETHANATION 

 
Mostly experimental biotrickling filter reactor setups are made with inorganic 

packing materials that have been used in industry before and are easily available. Those 
materials are silica, ceramic, and plastic, polypropylene materials in different shapes. 
Materials that are mentioned in literature as applicable for use in bioreactors as packing 
materials are shown in Table 1. In some cases, there are data on many characteristics of 
materials that are used in bioreactors, in other cases materials are just mentioned, but no 
additional information about them is given. Therefore, data is collected from various 
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sources about materials in general to display average values of product specifications 
that are available. Also, some organic materials are included, though these are not 
commonly used in biotrickling filters nowadays. 
 
Table 1. Packing materials for biomethanation 
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References 

Ceramic (Rashing 
rings), ceramic 
saddles 

338 75/- 94 - 10 €€€ (Liu et al., 2015) 
(Bassani et al., 2016) 
(Ashraf et al., 2020) 
(Kougias et al., 2020) 
(Jiangxi Kelley, n.d.) 
(Wu et al., 2018) 

Ceramic balls 504 - - 80–110 10 €€€ (Daglioglu et al., 2020) 
Silica ceramic 
sponge 

- 79.9/100 - - -  (Jee et al. 1987)  
(Bassani et al., 2016) 

Glass tubes 111 - - - 10 €€€ (Daglioglu et al., 2020) 
Polypropylene 
packing rings, 
saddles  

313 91/- -  15 €€ (Liu et al., 2015) 
(Rachbauer et al., 2016) 
(Jiangxi Kelley, n.d.) 

Polyfoam – plastic 
matrix material 

600 - - - 15 €€ (Baransi-Karkaby et 
al., 2020) 

Polyurethane foam 600 97/20–30 35 - 15 €€ (Sakuma et al., 2006) 
(Fortuny et al., 2008) 
(Ashraf et al., 2020) 
(Sieborg et al., 2020)  

Polypropylene HD  
Q-PACO 

430 88/4 - - - €€ (Fortuny et al., 2008) 

Lantec HD Q-
PAC® 

650 87.8/- 120 - 15 - (Daglioglu et al., 2019) 

Lava Rock 458 57/80–160 96 8–16 15 €€ (Liu et al., 2015) 
Leca, clay pelets 372 91/- 25 80–100 5 € (Jee et al.1988)  

(Liu et al., 2015) 
(Ashraf et al., 2020)  
(Jiangxi Kelley, n.d.) 

Perlite 3.2 40 30–150 4 - € (Sakuma et al., 2006) 
(Alitalo et al., 2015)  

Porcelite  35 85 4 15 €€ (Sakuma et al., 2006) 
Vermiculite 30 70 172 0.1–4 15 € (Séguin et al., 2005) 

(Alitalo et al., 2015)  
Cellulose 383 98 2 - 1–2 € (Liu et al., 2015) 
Woodchips 532 58 21 - 1–2 € (Hernández et al., 2013) 

(Liu et al., 2015)  
Cattle bone porcelite 300 35 81  1–2 € (Sakuma et al., 2006) 
Fish bone  33 78  1–2 € (Dorado et al., 2010) 

(Voelklein et al., 2019) 
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Ceramic random materials 
Ceramic random shape materials are often mentioned within biogas industry. 

Ceramic packing material are with acid resistance and heat resistance (Jiangxi Kelley, 
n.d.), which is great for reactor configurations that include thermophilic microorganisms. 
They can resist corrosion of different organic solvents. These characteristics ensure 
longer biomethane production without change of packing material. Ceramic packing 
materials come in various shapes and sizes. Ceramic materials have quite large surface 
area ranging from 300 to 500 m2 m-3. Also porosity or void fraction is considerably  
high - up to 79.7%.  

Many researchers have used ceramic packing materials in biomethanation tests, for 
example, back in 1988 experiments in thermophilic reactor with ceramic material 
particles size of 2–3 mm. The achieved conversation efficiency was 80% and volumetric 
content of biomethane was 5.2 L/L/h (Jee et al., 1988). In recent biomethanation 
experiments slightly larger ceramic pellets (4–5 mm) were used in in biotrickling filter 
reactor as packing material (Zhang et al., 2020). Though, biomethane production rate is 
not comparable, because other reactor configurations and fermentation parameters are 
not similar. 

Ceramic material is also used as a diffuser for biotrickling filter reactor. Small holes 
in diffuser provide good gas flow and breaks bubbles (Daglioglu et al., 2020) to enhance 
gas-liquid contact time on biofilm. 

 
Plastic random materials 
Plastic packing materials are the most often used materials in biomethanation 

experiments in recent years. Most plastic packing materials, such as plastic saddles, 
rings, or other shape polypropylene materials are heat and chemical resistant, therefore 
the durability is much longer than organic materials (Dorado et al., 2010; Jiangxi Kelley, 
n.d.). These can be made in different sizes and shapes as it is commercially available 
material and also price is affordable (Dorado et al., 2010). These materials are cheaper 
than other materials except when compared to some organic packing materials. But 
durability of plastic materials compared to organic materials outstands the costs, because 
plastic materials can be used in biotrickling filters for 10 to 15 years (Dorado et al., 
2010). Various forms of plastic (polyurethane) packing materials have very large 
specific surface area reaching up to 650 m2 m-3 (Daglioglu et al., 2019). Porosity is also 
very high from 85 to 97%. 

There have been many research studies with these plastic materials in context of 
biomethanation (Cheng et al., 2010; Hernández et al., 2013; Lee et al., 2013; Sieborg et 
al., 2020). Biomethane production in biotrickling filter with polyurethane foam (PUF) 
as packing material was mentioned in several studies (Sakuma et al., 2006; Fortuny et 
al., 2008; Zabranska & Pokorna, 2018; Sieborg et al., 2020). Although, results of 
methane conversion rate are quite high, they are not comparable between the studies, as 
different fermentation setups were used. There is one experiment, where identical lab 
batch reactors were set up and used to compare how packing materials perform in context 
of biomethanation. Between three materials (PUF, cley pellets and plastic rasching rings) 
the measured CH4 production potential was the largest using polyurethane foam  
(Ashraf et al., 2020). Porosity is the highest (97%) with such type of foam and surface 
area is very large, up to 600 m2 m-3. Daglioglu et al., 2020 used polyurethane foam in 
biotrickling reactor system and similar fed gas H2/CO2 ratio (ratio of 4:1) as  
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Ashraf et al., 2020 in his experiments (Ashraf et al., 2020; Daglioglu et al., 2020). The 
results showed high methane content in the product (80–89%) (Baransi-Karkaby et al., 
2020; Daglioglu et al., 2020). Hydrogen consumption was increased by increasing 
circulation speed, therefore increasing methane production. With high circulation speed 
the biomass was not washout from reactor and immobilized polyurethane foam material 
provided stability. In another experiment plastic material was cubic form with grid 
openings 4 cm × 4 cm. With such packing material void fraction was 87.8% (Puhulwella 
et al., 2014). Main disadvantage of plastic materials is they are not sustainable. 

 
Volcanic materials 
Volcanic packing materials, such as perlite, vermiculite, zeolite. They are valid for 

biomethanation, because of mechanical and thermal stability, non-toxicity and resistance 
against organic solvents and fermentation by-products. These materials are used for 
different purposes and one of them is within filter materials. Such material as perlite is 
commonly used in biotechnological applications. It provides very good support for 
immobilization microorganisms and enzymes (Torabi et al., 2007). In a research within 
fixed bed reactor a vermiculite and perlite were used as packing materials for 
thermophilic methanogens to produce biomethane. In result hydrogen was completely 
converted, but only when liquid nutrition was recirculated. Only 3% liquid nutrition of 
reactor total volume was recirculated (Zabranska & Pokorna, 2018). Perlite, zeolite, 
vermiculite, and other packing materials were used for hydrogenotrophic 
biomethanation in different reactor types, such as fixed bed reactors and biotrickling 
filter reactors (Daglioglu et al., 2020). Costs of volcanic materials vary, but are similar 
to ceramic packing materials. 

 
Soil materials  
Soil materials are also considered as packing materials for biomethanation. These 

are typically Leca or clay pellets. Clay pellets are a lightweight and expand, when soaked 
in liquids. Some research work was made for testing clay pellets as packing material for 
ex-situ biomethanation (Ashraf et al., 2020, Liu et al., 2015). The surface area and 
porosity of material was not known. The amount of produced methane using clay pellets 
was almost half on an amount compared to polyurethane foam and 40% less then with 
plastic rings as packing materials. Clay pellets are very light, and they do not compact. 
Soil materials cost less than ceramic or plastic materials but are not so durable as 
volcanic, plastic, or ceramic materials. 

 
Organic materials 
Least popular materials for packing bioreactors are organic materials, such as 

cellulose, woodchips, cattle and fish bones or other materials. These materials are rich 
with nutrition that can cause an early degradation within fermentation reactors. Different 
organic materials vary in specific surface area and porosity. The use of organic materials 
would be most sustainable option for biogas upgrading if choosing amongst other 
materials. Moreover, if agricultural farm has its own biogas production system, and also 
some of these organic materials to use as packing materials, biogas upgrading can be 
efficiently done in one system. These also are the cheapest of all materials mentioned 
above (Dorado et al., 2010). 
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CONCLUSIONS 
 
Biomethanation is a prospective method to integrate renewable solar or wind power 

grid with biogas grid, where excess energy can be used to produce hydrogen for 
biomethanation of the biogas and produce biomethane. Application of biotrickling filter 
reactors with suitable packing materials for biomethanation are critical in terms of 
hydrogenotrophic methanogens immobilization on the surface of packing material. It 
acts as support for biofilm growth. Therefore, characteristics of filter material are 
important parameters that influence the growth of microorganisms and methane 
production. Moreover, the combination of surface area of material, porosity, pore size 
and mechanical resistance together is important in context of biomethane production and 
testing their correlation would be great input for further development of biogas 
upgrading. 

Testing of packing materials in constantly operating biotrickling filter reactors 
would be costing time and resources, considering different characteristics of materials 
and configurations. Therefore, smaller experiments, data reviews, modelling and 
simulations options for testing suitability of different packing materials in context of ex-
situ biomethanation should be done. Testing packing materials in smaller laboratory 
setups is one step closer to adjust existing technologies as biotrickling filter reactor 
systems for more efficient biogas upgrading. 

Non-traditional and new - more sustainable packing materials can be tested in 
laboratory scale tests and then new biotrickling filter reactor systems can be configured 
to increase biomethane production. 
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Abstract. Indoor air disinfection has become particularly relevant recently because of the  
Covid-19 pandemics. A shielded device for air and surface disinfection with UV radiation and 
ozone has been developed. It contains 28 low intensity (11 W) UV lamps (254 nm) in a specially 
designed three-dimensional grid to provide a large flow cross-sectional area and long path for the 
air particles to be irradiated. The device can be used in medical institutions, veterinary clinics, 
manufacturing plants, public premises, poultry, and livestock farms. It does not generate air-ions 
and ozone concentrations do not exceed the allowed 8-hour average values. The large number of 
UV lamps and powerful fans ensure air disinfection in large rooms in a relatively short time 
(400 m3 h-1). Simultaneously, the floor surface under the appliance is disinfected. Disinfection 
efficiency tests demonstrated 99.9999% reduction for Escherichia coli, Staphylococcus aureus 
and Pseudomonas phage Φ6 aerosols within a single transfer through the system (10 seconds of 
treatment). The housing of the device protects from direct UV radiation; therefore, people can be 
in the room during the operation of the device. 
 
Key words: air ions, disinfection, ozone, prototype, UV radiation. 
 

INTRODUCTION 
 

Air disinfection to reduce the transmission of contaminants is generally practiced 
in medical environments and industries related to the storage of fruit, vegetables, eggs, 
dairy and meat products, animal and poultry farms and production sites. During the times 
of local epidemics and pandemics, e.g., COVID-19, H1N1 influenza, African swine 
fever, avian influenza, efficient indoor air and surface disinfection is of high importance 
to minimize the pathogen spread. Gaseous ozone, UV irradiation and liquid disinfectant 
aerosolization are the most widely practiced systems. 
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The effect of gaseous ozone to reduce microbial load is generally lower than that 
of aqueous ozone. Furthermore, it has been reported that the reduction is surface 
dependent. The reported doses for gaseous ozone range from 25 µg m-3 to 200 µg m-3. 
Nevertheless, a 4–6 log10 reduction of bacteria can be achieved within 20 minutes of 
treatment (Wani et al., 2015; Hutla et al., 2020). The mode of action in microbial 
inactivation is related to the destruction of cell wall, damage of purines and pyrimidines 
and breakage of carbon-nitrogen bonds (EPA et al., 1999). At the same time it has been 
reported that exposure to elevated ozone concentration can cause dangerous effect on 
human health (Elvis & Ekta, 2011). Daily exposures to ozone increase mortality and 
respiratory morbidity rates. In 25 EU countries some 21,000 premature deaths per year 
are associated with ozone exceeding 70 µg m-3 of maximum daily 8–hour average 
(Amann et al., 2008). 

As an alternative approach liquid disinfectant vaporization or aerosolization is 
applied. Hydrogen peroxide aerosols with particles from 2–12 µm are injected into 
rooms, followed by passive aeration. A 4 Log10 reduction of spores has been reported 
for these systems. A ‘dry gas’ vaporized hydrogen peroxide system that utilizes 30% 
hydrogen peroxide has been shown to be effective against a variety of pathogens, 
including Mycobacterium tuberculosis, Mycoplasma, Acinetobacter, Clostridium 
difficile, Bacillus anthracis, viruses, and prions (Boyce, 2016). Nevertheless, indoor 
spraying or fogging with disinfectants is not recommended, since spraying as a primary 
disinfection strategy is ineffective in removing contaminants outside of direct spray 
zones. Moreover, spraying disinfectants can result in risks to the eyes, respiratory or skin 
irritation and the resulting health effects (WHO, 2020). 

Lately, the use of UV radiation for air, surface and materials, e.g., facial respirators 
(Yang et al., 2020), disinfection has become popular, and the number of various devices 
is increasing (Li et al., 2017; Guimera et al., 2018; Yang et al., 2019; Song et al., 2020). 
The germicidal effect in these systems generally results from UV–C causing damage to 
the cellular material of bacteria or viruses, including their DNA or RNA. At the same 
time, UV–C can also cause damage to human skin and eyes. To prevent human exposure 
to harmful levels of UV–C, precautions should be considered when the technology is 
operated (Chen & O`Keeffe, 2020), thus, open-type disinfection systems have a limited 
use in inhabitant-free rooms. 

Irrespective of the selected disinfection technology, ergonomic parameters and 
sound level should be in the permissible range. The weighted equivalent continuous 
sound pressure level in schools and classrooms should not exceed 35 dB, in dwelling, 
indoors - 35 dB, inside bedrooms - 30 dB, in hospital wards during day - 35 dB, at night 
- 30 dB and in industrial, commercial, shopping and traffic areas, indoors and outdoors 
- 70dB (Berglund et al., 1999), cow farms - 90 dB (Phillips, 2010; Andrade et al., 2020). 

Furthermore, if the technologies are operated in human presence, well-being will 
depend on the concentration and type of air ions. For example, the Sanitary and 
Epidemiological Rules and Regulations in the Russian Federation SanPin 2.2.4.1294-03 
set limit values for the amount of air ions: 400–50,000 cm-3 for positive ions,  
600–50,000 cm-3 for negative ions, and a unipolarity coefficient 0.4 ≤ K≤ 1.0 (SanPin, 
2003). Artificial and natural ionizers can be used to control the concentration of air ions. 
Artificial ionizers are electronic devices, natural ionizers can be plants, such as Pinus 
Mugo producing negative, human-friendly air ions under daylight (Sinicina et al., 2015). 
Air ionizers can be also used to purify indoor air. Dust particles (including PM10) 
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combine with light air ions generated by the ionizer, obtain an electric charge, form 
heavier structures and settle to the floor as a result of gravity. If the PM10 concentration 
is > 0.1 mg m-3, then the ionizers create heavy cluster ions that are harmful to health 
(Skromulis, 2019). In these cases, the indoor use of ionizers is prohibited. Therefore, all 
air disinfection equipment prior use should be tested if it is not acting as ionizer. 

Many bacteria and viruses can be spread by air and liquid droplets / aerosols or can 
persist on surfaces. Among the systems currently available on the market, the devices 
generally have low number of UV-C lamps (Guimera et al., 2018) or are open-type 
(Yang et al., 2019), work on low throughput regime (Li et al., 2017) or employ design 
elements that require additional energy use, e.g., cooling of light source (Song et al., 
2020), thus, there is still a lack in the equipment that is both effective and safe for the 
end-user, especially in the cases when humans are unable to leave room during the 
disinfection process, e.g., hospital wards. The aim of this research was to construct an 
effective UV–ozone disinfection device that can be used in the presence of humans and 
has a high throughput. Disinfection efficacy against Grampositive and Gramnegative 
bacteria that are representatives of healthcare-associated infections and Pseudomonas 
phage Φ6 (candidate surrogate for enveloped viruses such as EBOV, influenza virus, 
coronavirus (SARS-1), Venezuelan equine encephalitis virus, and other pathogenic 
enveloped viruses (Whitworth et al., 2020)) aerosols have been tested with the developed 
device. Furthermore, the presence of ozone and air ions have been evaluated to ensure 
end-user safety. 

 
MATERIALS AND METHODS 

 
UV–ozone device configuration 
The UV–ozone disinfection device was designed and constructed by engineers of 

Rezekne Academy of Technologies, Latvia. The device (400×400×670 mm, 25 kg total 
weight, 4 wheels for mobility, Fig. 1) was equipped with 28 mercury lamps (11 W, 
16 mm in diameter, 200 mm long) emitting UV radiation at 254 nm and ozone. The shaft 
mirrored walls were coated with silver to increase the generated radiation and reduce 
any potential accumulation of microorganisms during the device standstill. The mercury 
lamps were placed horizontally in a 200×200×200 mm vertical shaft in 6 individually 
controllable rows. The number of lamps in each row are placed in the following 
quantities: 5–4–5–5–4–5. Thus, a large flow cross-sectional area (min 240 cm2, max 
400 cm2) and a long path (20 cm) is provided. From the outside, the UV–ozone 
disinfection device is coated with steel plates to prevent direct contact of UV light with 
human skin and eyes. As a result, people can safely stay in the room during the 
disinfection tests; as well, without using the UV protective glasses. At the same time, 
the open 200×200 mm shaft under the device ensures simultaneous surface disinfection. 

To determine the particle flow and distance from lamps during irradiation, 
simulation tests with SolidWorks 2020 Flow Simulation were performed. 

To ensure air flow through the device, four fans with a flow capacity of 200 m3 h-1 
at no-load running were installed at the top of the device and operated in a manner that 
air enters the device shaft from the top, moving down along the UV radiation lamps, and 
flow out at the bottom of the equipment. If required, each fan can be run individually. 
To estimate the exposure distance and velocity field, calculations were performed in an 
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empty 12×6×4 m (length, width, height) space with SolidWorks 2020 Flow Simulation. 
The disinfection unit was located in the middle of the room. 

 

   
 
Figure 1. The schematic diagram of the UV–ozone disinfection device: (a) the 3D model; (b) the 
equipment elements: 1 – inner wall; 2 – inner top wall; 3 – UV lamps; 4 – truncated square 
pyramid; 5 – fans (WKA 125 TURBO); 6 – air inlet zone; 7 – air outlet zone; (c) a photo of the 
pilot-scale UV–ozone disinfection device. 
 

UV irradiation of the individual lamps was measured with spectrometer Avantes 
AVS-PC2000. Further, the intensity of the UV irradiation at a distance b from lamp 
surface was calculated according to the equation (1): 8 =   ∙ M¡ ∙ (¢ + 2 ∙ P) ∙ p (1) 

where   – UV lamp efficiency coefficient; P – power; D – lamp diameter; L – lamp 
length. 

To test the sound level, sound measurements were performed with VOLTCRAFT 
SL-451 (measurement error 1.4 dB) at 1 m distance from the device and 1 m above the 
floor. 
 

Microbial strains and growth conditions 
Antibacterial activity of UV–ozone disinfection device was assessed using 

Escherichia coli ATCC®10536 and Staphylococcus aureus ATCC®6538. Overnight 
cultures in Luria–Bertani (LB) broth (10 g L-1 tryptone, 10 g L-1 NaCl, 5 g L-1 yeast 
extract, pH 7.0) were thrice washed with sterile peptone water (0.1%) by centrifugation 
(6000 rpm for 2 minutes, Minispin, Eppendorf). The final bacterial pellet was  
re-suspended in sterile peptone water (0.1%) to obtain a stock solutions of E. coli and S. 
aureus (approximately 106 colony forming units (CFU) mL−1). For cell enumeration 
0.005 mL of the stock suspensions were filtered through a 25–mm-diameter 0.2–μm-
pore–size filter (Polycarbonate Track- Etch Membrane, Sartorius, Germany) and fixed 
with 3–4% formaldehyde for 10 minutes, washed with sterile distilled water and stained 
with 10 μg mL-1 DAPI (4’,6-diamidino-2-phenylindole, Merck, Germany) for  
5–10 minutes. Cell concentrations were determined with epifluorescence microscopy 
(Ex: 340/380; Em: > 425, dichromatic mirror 565 nm, Leica DM6000B, Germany) by 
counting of 20 random fields of view. 

For antiviral efficacy tests Pseudomonas phage Φ6 (DSM 21518, CsCl-purified 
from actively growing culture) was used. Estimated concentration ~ 3×109 plaque 
forming units (PFU) mL-1. 
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Disinfection efficiency tests 
To test the disinfection efficiency E. coli, S. aureus or Pseudomonas phage Φ6 

suspensions were sprayed into 2 or 4 air inlets (before the ventilators). Each spray dose 
contained 0.13–0.15 mL of the microbial suspension, thus, ~ 106 CFU of bacteria and 
~ 109 PFU of bacteriophage was introduced in each run. To measure the amount of 
organisms released from the system, simultaneously four 90 mm diameter Petri dishes 
of Tryptone soya agar (TSA, Oxoid Ltd) were placed at an air outlet zone of each side 
of the device (Fig. 1, b. 7). For surface disinfection one 140 mm diameter Petri dish 
representing ~ 39% of the treated surface was placed under the system. All samplings 
were performed for 10 or 30 sec by holding the dish exposed at the respective air or 
surface zone. Each run was repeated 4 times, each time placing the Plates at different 
sides of the device air outlet zone or at the surface exposure zone. Directly after the 
contact time the dish was removed. In-between the runs, the system was operated for 
5 minutes at full regime to exclude cross-contamination from previous runs. Tests have 
been performed for 1) 4 ventilator and 28 UV lamp regime; 2) 2 ventilator (suspensions 
were sprayed twice to ensure the same concentration) and 28 UV lamp regime, and  
3) 4 ventilator and 16 UV lamp regime. After the treatment, the plates from bacterial 
tests were directly incubated at 37ºC for 24 hours. Plates with Pseudomonas phage Φ6 
were covered with top agar and Pseudomonas spp. overnight culture, gently mixed and 
solidified, then the plates were incubated in an upright position for 24 h at 25 °C. The 
results are expressed as log reduction of CFU or PFU. 

Direct plating of suspensions prior tests was performed to obtain suspension 
controls (initial viability). Negative controls were obtained by running the device with  
4 ventilators and switched-off UV lamps and collecting air and surface samples after  
60 sec of exposure. All test results that were used for efficacy calculations had no growth 
in prior negative control tests. 

 
Ozone concentration measurements 
Ozone concentration was measured with ‘Gas Detector PLT300-O3’ (measurement 

error ± 10 mg m-3) in an auditorium (12×6×4 m) with forced ventilation. The UV-ozone 
disinfection device was placed in the middle. The measurements were performed for 2 h 
before the device is switched on and during 4 h of operation (4 ventilators and 28 UV 
lamps). 

 
Air ion concentration measurements 
To determine air ion concentration bipolar light air ion counter Sapfir-3M was used. 

All measurements were performed in an auditorium (12 m × 6 m × 4 m; 18 °C room 
temperature; 55% humidity) with no forced ventilation. Two days before the 
measurements all windows were closed with tight blinds. Overall test time (100 min) 
was divided into 6 steps. First air ion counters were placed on 2 tables at 1 m distance 
from the UV–ozone disinfection device and 1.5 m apart from each other (1, 2, 4–6 
measurement steps). In 3rd measurement step air ion counters were placed on the floor 
60 cm apart from the UV–ozone disinfection device at different sides. During the 
experiment steps 1–5 the measurements were performed in the dark, at step 6 – under 
artificial daylight (16 luminescent bulbs). During the test time there was 1 person in the 
room at a distance of 3 m from the experimental stand, except when it was necessary to 
turn on / off the UV–ozone disinfection device or place the air ion counters on the floor 
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or on a table. Windows and doors were closed during the test time. When the disinfection 
device was switched on all 28 UV lamps and 4 fans were operating. All other electronic 
equipment (excluding 2 air ion counters) was switched off during the test period. Each 
counter showed the average amount of air ions measured during 64 s. The concentration 
was calculated as the average of the results reported by the 2 air ion counters. 

 
RESULTS AND DISCUSSION 

 
System design and operational features 
During the design of an air UV disinfecting device, the placement of UV lamps is 

essential, as it is one of the main factors determining the effectiveness of the process. 
The particles should flow as close as possible to the UV source and contact time should 
be as long as possible. Airflow simulations (Fig. 2) of the device demonstrated that the 
maximum distance of all airflow particles from the lamps do not exceed 5 mm, thus, 
ensuring sufficient irradiation efficiency. 

 

(a)      (b)    
 
Figure 2. Airflow in the device at time moment 11 s after its switching on. (a) cross-section in 
yz axis; (b) cross-section in xz axis. Produced with SolidWorks 2020 Flow Simulation. 

 
At the same time, an intensive flow of air is required to ensure high throughput. It 

is practically impossible to achieve all these conditions simultaneously with one or a few 
UV lamps, because by reducing the maximum distance of the flowing air particles to the 
surface of the lamp, the cross-section of the flow must be reduced; this in turn increases 
the flow rate and reduces the UV exposure time. Devices with one (Guimera et al., 2018) 
to six (Yang et al., 2019) lamps, air velocity below 1.5 m s-1 (Guimera et al, 2018) have 
demonstrated germicidal efficiency. However, not all aspects related to throughput, 
efficiency or ergonomics can be addressed simultaneously.  Often, the lamps in the 
devices are open, thus, can cause serious damage to eyesight. Here all 28 UV radiation 
lamps were placed in a 20×20×20 cm three-dimensional grid of a shielded shaft to ensure 
efficient irradiation and high flow rate. Furthermore, the irradiation is not directly 
emitted into the room.  

Internal shaft airflow simulations (Fig. 2) resulted in 2.8 m s-1 average outlet 
velocity from the disinfection zone, which corresponds to a unit productivity of 
400 m3 h-1 (4-fan regime), 450 W maximum power at the moment of switching on, 
250 W during the operation mode and exposure time of 0.07–0.28 s depending on the 
amount of operating fans. During the full capacity operation, the measured sound level 
of the system reached 57.3–58.5 dB (registered background noise was 30.5–33.5 dB). A 
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minimal decrease is observed if only a single ventilator is running. In these cases, the 
noise level was 54.2–55.0 dB. Thus, at current setup the device cannot be used in 
bedrooms and hospital wards during the night. However, in industrial, commercial, 
shopping and traffic areas, indoors and outdoors, animal and poultry farms it can be 
operated without limitations. 

To estimate the exposure distance of the disinfection device, simulations in an 
empty space were performed. The results after 300 seconds of the device operation 
showed that air particles attained speed throughout the whole room volume (Fig. 3). The 
observed particle trajectories were vortices that start at the outlet of the device and end 
at the inlet of the device. 

 

(a) 
 

 
Figure 3. Airflow in the room (12×6×4 m) at time = 300 s after switching on of the device. (a) top 
view in xy axis; (b) side view in xz axis. Produced with SolidWorks 2020 Flow Simulation. 
 

To estimate the time it takes for the exhaust air to reach the far wall, rise to the ceiling 
and return to the unit, a velocity distribution in the selected perimeter direction was used. 
Calculations showed that an air particle can pass a given perimeter of 1,020 s (if the 
perimeter is selected at a distance of 50 mm from the floor, wall and ceiling) or 620 s  
(if the perimeter is selected at a distance of 100 mm from the floor, wall and ceiling). 

Furthermore, to reduce the possibility of dust rising and exposing human or animal 
airways to microbial pollution, the airflow after the exhaust at the bottom of the unit is 
directed in a horizontal direction along the floor (Fig. 2, Fig. 3). The dust in the vicinity 
of the device is drawn into this stream and blown away in a radial direction. In the 
periphery of the room, as the flow rate decreases, the particles settle on the floor. 

 
Air ion concentration 
In rooms with PM10 concentration above 0.1 mg m-3, devices that generate light 

air ions can form heavy cluster ions that are harmful to health (Skromulis, 2019). 
Alternatively, if the device does not generate air ions, it can be used also in dusty rooms. 
To determine if the UV-ozone disinfection device during operation forms any ions, 
measurements were performed under 6 regimes (Fig. 4) 

Some positive and negative air ion increase was observed from ion counters  
(1st regime, no other electronic devices are operating, no light is present and impossible 
that natural radiation background is changing so rapidly during the 100 min test time). 
Then, when the UV-ozone disinfection device was switched on, a certain decrease in ion 
concentration was observed (2nd regime). This could be explained by the movement of 
the person that was switching on the system, since human body absorbs air ions near the 
measuring equipment. Near the floor (3rd regime) the concentration of air ions was low 
since the floor surface adsorbed them. When the ion counters were placed back from the 

Velocity (m s-1) 
Velocity (m s-1) 

(b) 
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floor to the table (4th regime), first a low concentration of air ions is registered (the person 
is close to the ion counter; the human body adsorbs ions), but then, as the process 
stabilizes, the ion concentration increases. When 1st and 4th regime is compared (Fig. 4), 
it can be seen that the results are similar. When the UV–ozone disinfection device is 
switched off (5th regime), a low air ion concentration is observed (human body is 
absorbing those), then the ion concentration increases. When the artificial light is 
switched on (6th regime), an increase in the concentration of positive air ions is observed. 
The obtained tests demonstrated that UV–ozone disinfection device practically does not 
generate light air ions, thus, it can be used in all rooms, regardless of the concentration 
of dust particles. 

 

 
 

Figure 4. Positive and negative air ion concentration changes in the room with UV–ozone 
disinfection device present during 6 tested regimes: 1 – the device is switched off, in the dark; 
2 – the device is switched on, in the dark; 3 – the device is switched on and ion counters are 
placed on the floor; in the dark; 4 – the device is switched on, in the dark; 5 – the device is 
switched off, in the dark; 6 – the device is switched on, artificial light. 

 
Ozone generation and UV irradiation quality of the system 
To further assess the efficiency and safety of the device, ozone generation and UV 

irradiation assessment was performed. According to the WHO recommendations 
maximum daily 8-hour average ozone concentration should not exceed 100 µg m-3 
(Amann et al., 2008). Finnish Society of Indoor Air Quality and Climate sets more strict 
requirements, especially for rooms that reside elderly people, people with allergies or 
respiratory illnesses. There, ozone concentration cannot exceed 20 µg m-3. In rooms with 
good indoor climate, the norm is set to 50 µg m-3 and satisfactory indoor climate should 
have not more than 80 µg m-3 of ozone (Säteri, 2002). At the same time Republic of 
Latvia Cabinet Regulation No. 1290 ‘on ambient air quality’ set that maximum daily  
8-hour average ozone concentration should not exceed 120 µg m-3. If the one hour mean 
concentration reaches 180 µg m-3 information should be distributed. Alert threshold is 
reached when the ozone concentration exceeds 240 µg m-3 (Cabinet of Ministers, 2009). 
Within this study ozone concentration was measured in an auditorium before and during 
the operation of the UV–ozone disinfection device. The estimated background concentration 
of the ozone in the room was 40–70 µg m-3. During the operation of the device, the ozone 
concentration in the air ranged from 50–100 µg m-3. At certain short-term moments it 
reached the value of 120 µg m-3 meaning that short operational period of the device  
(15–30 min) will not affect the 8-hour average ozone concentration. Prolonged operation 
time should be evaluated on case to case basis and according to national or local regulations. 
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Furthermore, the device can be equipped with ozone meters that automatically control 
the operation of the UV device based on the ozone levels in the room. 

To assess the operational quality of the system, UV lamp efficiency was calculated 
based on the obtained spectra from individual lamps (Fig. 5). The spectral range of the 
mercury lamps was in the range from 185–855 nm. The calculated area under 254 nm 
peak accounted for 24.9% from the total spectral area, meaning, that the UV irradiation 
(254 nm) intensity is around 25% from the total irradiance. Based on the available 
information (Chen & O`Keeffe, 2020) efficient germicidal effect is produced only at 
254 nm UV irradiation. Infrared, visible light or near UV irradiation has no significant 
effect on disinfection. Thus, the efficiency of UV lamps was   = 0.25. 

 

 
 
Figure 5. UV irradiation spectrum of the lamp used in UV–ozone disinfection device. 
 

Use of more efficient UV lamps would allow to install more powerful ventilators 
and, thus, increase the throughput of the device without minimizing the germicidal 
efficiency. Lately alternative UV irradiation lamps filled with As, Tl or other elements 
have been described (Zorina et al., 2020). They have UV peaks at wavelengths below 
254 nm (up to 190 nm). Meaning that the photons emitted by these lamps have a higher 
energy. Thus, their biological effect must be more effective than that of widely used 
254 nm mercury lamps. So far, these high frequency electrodeless lamps (spherical 
shape) have only been described in experimental research with a diameter of 10 mm. If 
cylindrical UV lamps of such innovative filling electrodes will become commercially 
available, then they can be installed in the given equipment to significantly increase the 
air flow and reduce the operating time of the equipment in large rooms. 

In the UV–ozone disinfection device the lamps are arranged so that the flowing air 
particles approach the surface of the lamps at a distance b = 0–5 mm. Thus, airborne 
microorganisms receive the minimum UV irradiance (Imin) of 16.8 mW cm-2 if b = 5 mm 
and maximum intensity (Imax) of 27.4 mW cm-2 if b = 0 mm. 28 lamps that are arranged 
in 6 layers inside the device, significantly increase the disinfection time of the flowing 
air. Furthermore, the shaft has silver-plated mirror walls. The upper part of the shaft has 
a steel plate, the lower part is open to additionally disinfect the surface of the floor. The 
reflection coefficient for 251 nm UV irradiation of a polished silver surface is 24.1%, 
and 32.9% for a steel surface (Hulburt, 1915). The reflection coefficient for UV 
irradiation of floor coverings: 8% for concrete, 22% for white concrete tile and 11.5% 
Ceramic tile (Turner & Parisi, 2018). Considering these factors, it can be concluded that 
the intensity of UV irradiation in the disinfection shaft of the device increases by  
30–35% as a result of multiple reflections. Thus, the irradiance in the disinfection shaft 
is in the range of 21.9–36.9 mW cm-2. Operation of all 4 ventilators will result in the 
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flow of 2.8 m s-1 and exposure time of 0.07 s. This will result in the irradiance dose of 
1.5–2.6 mJ cm-2. Similar doses have been reported for 90 % reduction of SARS-CoV-2 
(Sabino et al., 2020). 

 
Disinfection efficacy tests 
Similar research with disinfection equipment (Heimbuch et al., 2011) has shown 

that 254 nm UV irradiation from one 80 W lamp with total intensity of 1.6–2.2 mW cm-2 
can reduce 4 log10 of viable H1N1 virus within 15 minutes. Alternatively, UVC 
irradiation for 120 seconds demonstrated ≥ 99.95% bacterial CFU decrease in simulated 
healthcare surface disinfection tests (Guridi et al., 2019). In the UV–ozone disinfection 
device designed within this study UV irradiance is around 15 times higher. The increase 
in power and irradiance results in the increased efficiency of the system. The disinfection 
time is reduced significantly and 5 log10 reduction can be obtained for both bacteria and 
virus within 10 seconds of contact time (Fig. 6.) in air quality tests. Only minor increase 
in the efficiency is observed if the sample contact time is increased to 30 seconds. 
However, the reduced counts could more account to certain UV irradiation at the air exit 
zones than efficiency as such. Higher efficiency in bacterial neutralisation was observed 
for 28 lamp regime than for 16 lamps (Fig. 6, a, b). 

 

(a)   (b)   

 

(c)   

 
 

Figure 6. The antimicrobial effect of 
UV-ozone disinfection device against 
aerosols of E. coli, S. aureus and 
Pseudomonas phage Φ6 when operated at
A) 4 ventilator and 16 UV lamp regime; 
B) 4 ventilator and 28 UV lamp regime; 
C) 2 ventilator and 28 UV lamp regime. 
Standard deviation represents the average 
value from 2 individual experimental runs.  
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Surface disinfection tests demonstrated no growth (> 6 log10) of either E. coli or S. 
aureus at the exposed area of the device irrespective of the amount of lamps used. Some 
viral particles were detectable after 10 sec treatment, however, it still accounted for more 
than (> 7 log10) reduction. 

No significant impact of the lamp quantity was observed for the neutralisation of 
Pseudomonas phage Φ6. Nevertheless, more than 5 log10 reduction was observed after 
10 seconds.  

Use of 2 ventilators decreased the air flow rate and resulted in an increased contact 
time of the particles in the system, thus higher efficiencies were observed (Fig, 6, c). 

The observed decrease is sufficient for a system to perform air-disinfection. A mere 
6 log10 reduction can be obtained under simulated conditions with high aerosol doses of 
healthcare-associated microorganisms. To a large extent, the high increase in 
disinfection efficiency can be associated with the use of many but smaller UV lamps, 
their correct placement (the air flow is as close as possible to the surface of the lamps) 
and installed mirror walls. 

 
CONCLUSIONS 

 
The shielded UV-ozone disinfection device with 28 UV lamps demonstrated high 

efficiency to reduce aerosols of Grampositive and Gramnegative bacteria and virus. 
More than 99.999% CFU or PFU were neutralized within 10 seconds of system 
operation. 

At the same time the system causes ozone concentration increase only for  
10–50 g m-3 from the background level and practically does not produce light air ions, 
so it can be used in dusty rooms with PM10 concentration above 0.1 mg m-3. 

Slight increase in operational noise, excludes the use of the equipment during the 
night, at the same time it operates at 400 m3 h-1 throughput to efficiently treat the air at 
6 m distance (empty room). 

The shielded construction allows to operate the equipment in human presence. 
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Abstract. The coffee production chain is a potential source of residual biomass inherent to the 
high productivity that can contribute to the generation of value-added products. The residues from 
the coffee sector are typically disposed to landfill without treatment causing potential 
environmental inconveniences. Briquetting presents an alternative process to produce a uniform 
fuel with high energy density. Briquettes facilitates easy transportation, enables better handling 
and storage of biomass residues. Properties such as low equilibrium moisture content, high energy 
density and compressive strength were reported for different coffee-pine wood briquettes 
treatments. Moreover, understanding of the thermal properties of the briquettes during 
combustion is crucial to evaluate their final application. This research is the first study that 
investigates the combustibility properties and kinetic parameters of the thermal decomposition of 
briquettes from coffee-pine wood using differential and integral thermal analysis under  
non-isothermal conditions. Multivariate analysis of the collected parameters through principal 
components analysis (PCA), was implemented to reduce the dimensionality of the data. 
The desired profile in the combustibility is directly related to high temperatures and long burning 
times, thus, the tested briquettes displayed a significant combustibility potential, reporting peak 
temperatures and burnout times around 600 °C and 27 minutes, respectively. Activation energy 
kinetic parameter in the range of 12–42 kJ mol-1 and average reactivity of 0.14–0.22 min-1, were 
also found. The results revealed the not thermally hard material to degrade when compared to 
biomasses typically used for combustion. 
 
Key words: briquette, chemometrics, combustion rate, reactivity, solid biofuels. 
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GRAPHICAL ABSTRACT 
 

 
 

INTRODUCTION 
 
Briquetting is one of the relatively simple technological alternatives that enables an 

efficient use of different biomass residues. In it, the feedstock material is transformed 
into blocks of compressed biomass at high pressure (Maradiaga Rodriguez et al., 2017). 
Biomass briquettes are widely used for any type of thermal application like steam 
generation in boilers, heating purposes, drying process, food processing industries, brick 
making units and gasifier systems (Lubwama & Yiga, 2018). The comprehensive 
understanding of briquettes energy potential is important to the process production, 
feasibility assessment and to the scaling in industrial applications. The manufacturing 
process of briquettes is shown in Fig. 1 (Bajwa et al., 2018). 

 

 
 

Figure 1. Production of biomass and charcoal briquettes (Bajwa et al., 2018). 
 
Briquettes combustibility 
The thermal decomposition of the biomass briquettes is one of the main 

characteristics to evaluate their energy potential, which is an important parameter for the 
planning and control of industries that use this type of fuel. As examples, the 
combustibility analysis is employed for the design of boilers, gasifiers and pyrolysis 
reactors, as well as in the optimization of thermochemical conditions (Tabarés et al., 
2006). Combustibility is directly related to high temperatures and long burning times. 
Heat and mass transfer limitations, physical and chemical heterogeneity, and systematic 
errors also influence the combustibility properties of the fuel. 

Cutting/chipping
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The literature reports significant number of publications about the development of 
briquettes from agricultural and forestry residues, such: rice husk and coffee husk 
(Lubwama & Yiga, 2018), sugarcane bagasse (Maradiaga Rodriguez et al., 2017), 
Madan wood and coconut shell (Kongprasert et al., 2019), sawdust and ground palm 
kernel shell (Obi, 2015), banana tree waste (Ku Ahmad et al., 2018), corncob and rice 
husk (Oladeji, 2010), coffee-pine wood (Mendoza Martinez, Sermyagina et al., 2019), 
guava wood (Ivanova et al., 2018), apricot branches after pruning (Akhmedov et al., 
2019), cotton post-harvest trash (Akhmedov et al., 2017), among others, revealing the 
improvement on the physic-mechanical characteristics of the biomass residues, when 
compared to the raw material. Despite this, few studies have been done on combustibility 
properties of briquettes from coffee wood for industrial applications. 

The International Coffee Organization (ICO) reported that coffee is one of the most 
consumed beverages in the world with a production of 9.9 million tons of coffee beans 
in 2019/2020 worldwide with Brazil as the largest producer and exporter country (ICO, 
2021). Coffee production chain generates significant amount of different residues. In 
Brazil, the high-density coffee plantations produce over 3 million tons of solid residues 
every year from the 2 million ha of harvested plantation area (Mendoza Martinez, Rocha 
et al., 2019). Some of the residues come from the cherry and some others from the 
cultivation after pruning (wood and leaves). Individual residue streams quantification 
are difficult to estimate due to the differences in the agronomic management practices 
(Mendoza Martinez et al., 2021). However, an approximate estimation of 31 million tons 
of coffee wood in Brazil during 2016/2017, was reported by ( Mendoza Martinez, Rocha, 
et al. (2019). In Brazil, the amount of annual available energy from the coffee wood 
residue is about 49.5 PJ, which reveals its high potential for bioenergy generation  
(De Oliveira et al., 2013). Nevertheless, the coffee crop residues in Brazil are mostly 
used for animal feed and bedding, as well as soil fertilizer. In that sense, coffee wood is 
practically unused as feedstock for briquetting in Brazil or any other energy conversion 
application. 

A previous development research, noted the attractive characteristics of coffee-pine 
briquettes for application in thermochemical conversion processes, such as low 
equilibrium moisture content, high energy density, apparent density and compressive 
strength (Mendoza Martinez, Sermyagina et al., 2019). The produced briquettes also 
presented a consistent quality with ease of handling, storage and transportation due to 
their size and regularity of shape. The briquettes were 100% natural, which means that 
no binder or chemical was required. Pine wood played an important role in the 
development of the briquettes, since the presence of natural resins in pine composition 
helps to increase the calorific value (Brito et al., 2008). In addition, the high pine lignin 
content improves the agglomeration of the particles, since natural lignin acts as a binder 
during the densification process (Mendoza Martinez, Sermyagina et al., 2019). Pine 
wood is a significant feedstock for important industries worldwide such pulp and paper 
mill, which means that the availability of pine residues would not be a limiting factor for 
the coffee-pine briquettes production. 

This study performs a combustibility and kinetic analysis to evaluate the behavior 
and thermal potential along different combustion stages of coffee-pine wood briquettes 
for future applications. Multivariate analysis of the collected parameters through 
principal components analysis (PCA), was implemented to reduce the dimensionality of 
the data by transforming the original variables into their main components (PCs), which  
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allows to visualize and explain in detail the combustibility properties results. From the 
experimental procedures, is expected that complete and uniform combustion from the 
coffee-pine briquettes is achieved as well as high burning efficiency, due to the high 
energy density, higher heating values and stable quality material characteristics. This 
information can then be used for modelling purposes, design of tailored equipment, or 
comparison of combustion behavior with other fuel materials. 

 
MATERIAL AND METHODS 

 
The pine-wood briquettes showed in Fig. 2 corresponded to a previous research 

developed by Mendoza Martinez, Sermyagina et al. (2019). Coffee wood samples: (i) 
stems (CS), (ii) primary branches (CPB), and (iii) secondary branches (CSB) from 
Coffea arabica L. and pine sp. wood (PW), were used as a feedstock for the briquettes 
production. Pinewood was mixed in ratios of 25%, 50% and 75% with stem, primary 
branch, secondary branch and a mixture of all woody parts (MIX) of coffee shrub. The 
presence of stems, primary and secondary branches were proportional in the mixture of 
all woody parts. Composition briquettes of 100% feedstock were also produced. 10 
briquettes per treatment were manufactured for a total of 170 samples. The briquettes 
were produced in a piston-press type of the laboratory scale briquetting machine from 
Lippel®, model LB 32. The materials were compressed for 4 min at a temperature of 
120 °C and pressure of 8.27 MPa with a subsequent cooling for 8 min. Coffee-pine 
briquettes had cylindrical shape with a fixed diameter of 30 mm and a variable length in 
the range 25–30 mm. 

 

 

 
 
Figure 2. Coffee-pine wood briquettes (top and lateral view). The percentages represent the 
amount of pine wood in the mixture. PW-pine wood; CS-coffee stems; CPB-coffee primary 
branches; CSB-coffee secondary branches; MIX-mixture of CS, CPB and CSB. 

 
Some of the biomass quality properties are reported in Table 1. Properties such 

moisture content, high heating value, ash content, cellulose and lignin are fundamental 
for biomass utilization, since they are able to influence the conversion process and 
thermal utilization. Additional briquettes characterization and manufacture information 
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can be found in an available article reported by Mendoza Martinez, Sermyagina et al. 
(2019). 

 
Table 1. Literature report characterization of feedstocks. 

***(Mendoza Martinez, Sermyagina et al., 2019); **(Mendoza Martinez, Rocha et al., 2019); *(Carvalho et 
al.,. 2015); aDry basis; bStandard deviation; MC – Moisture content; VM – Volatile matter; FC – Fixed 
carbon content; AC – Ash content; HHV– Higher heating value; Holocellulose (hemicelluloses + cellulose). 

 
Experimental set-up 

 
Mass and temperature variations 
The measurements of weight loss and temperature variation during the combustion 

process were collected with the balance and the thermocouple, respectively. The time 
required for the complete combustion of the briquette (i.e., immediately before its final 

Biomass 
Proximate analysis*** (wt%) HHV*** 

(MJ·kg-1) 
Chemical composition (wt%) 

MC VMa ACa FCa Holocellulose Lignin Extractive 

C
of

fe
e 

w
oo

d Stem 11.0 79.8 2.1 18.1 20.1 52.7** 29.6** 10.6** 
Primary 
branch 

8.7 80.7 2.3 17.0 19.8 54.1** 29.8** 13.1** 

Secondary 
branch 

9.3 76.5 4.1 19.4 19.7 50.1** 32.2** 13.9** 

Pine wood 12.2 82.5 0.7 16.8 20.7 65.9* 32.3* 1.82* 

SDb 1.6 2.5 1.4 1.2 0.5 6.9 1.5 4.8 

Fig. 3 depicts the combustion 
system used to evaluate the behavior 
of the briquettes during combustion 
(Quirino & Brito, 1991). The device 
consists of: cylindrical aluminum 
combustor covered by a combustor 
bulkhead that protect the equipment 
of excess of oxygen; laboratory 
scales with a precision of ± 0.005 g; 
wooden base for thermal insulation; 
temperature recorder coupled with a 
thermocouple, and compensation 
cables. The briquettes were loaded 
onto the burner grate using 
approximately 60 ± 10 g solid mass 
for every treatment, with two 
replicates. The ignition occurred by 
the combustion of 10 g of ethyl 
alcohol in a crucible located under the 
grate. The experimental assays were 
performed at room temperature  
(~25–28 °C), with selected time of 
30 minutes per treatment. 

 
 
Figure 3. Scheme of the combustion system 
(dimensions in mm): 1 – digital balance; 
2 – wooden base; 3 – ignition chamber; 4 – grate; 
5 – briquettes; 6 – combustor; 7 – combustor 
bulkhead; 8 – thermocouple; 9 – compensation 
cables; and 10 – temperature recorder. 
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residual mass remains constant) was established in 30 minutes. This analysis allowed to 
determine both the maximum temperature that briquettes can reach during combustion 
and the percentage of residual mass after burning. 

 
Determination of derivative conversion 
For the determination of derivative conversion, the obtained data from weight loss 

and temperature variation was transformed into the form of the conversion degree, 
according to Eq. (1) (Vyazovkin &Wight, 1997). �(T) = :Y − :(T):Y − :£  (1) 

where �(T) [g∙g-1] is the degree of conversion, :Y [g] the mass at time TY, :(T) [g] the 
mass at time T, and :£ [g] the mass at final time (30 minutes). 

A numerical differentiation of the transformed conversion data, using the finite 
difference method, was also applied. Three forms of finite differences: forward, 
backward and central, were used (Gupta et al., 1980) (Eq. (2)). The first two were applied 
to estimate the derivative conversion data at the start and end points, respectively. The 
latter was used to calculate the derivative conversion data for the intermediate points. 

¤v�vT ¥B =
⎩⎪
⎨⎪
⎧ �B�d − �BTB�d − TB                    ª�} TℎX �T;}T N��9T12 �B − �B�dTB − TB�d + 12 �B�d − �BTB�d −  TB       ª�} TℎX �9TX}:Xv�;TX N��9T�B − �B�dTB −  TB�d                      ª�} TℎX X9v N��9T

 (2) 

 

where �B and «D¬Du B  
[g∙g-1 min-1] are the conversion 
and derivative conversion of the 
ith point, respectively. 

The fluctuations of the 
curve were smoothed for further 
analysis. The LOWESS 
procedure was then applied to 
each ith data point (Cai et al., 
2018), as shown in Fig. 4. 

Numerical differentiation 
of the transformed data  
and LOWESS procedure 
application were used to 
validate and improves the data 
quality and help to detect null 
values, unexpected duplicates, 
incorrect indexing and outliners. 
Moreover, the LOWESS 
process allowed to easily 
identify patterns and trends 
from the data in a time series. 

 

 
Figure 4. LOWESS procedure for smoothing curve 
(Cai et al., 2018). 
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Reaction rate and reactivity 
The specific reaction rates were calculated as shown in Eq. (3) (Hart et al., 2001). | = 1{ ∙ v{vT  (3) 

where k [min-1] is the specific reaction rate, w the instantaneous mass [g], and dw/dt the 
mass loss rate [g∙min-1]. Eq. (3) can be rewritten as in Eq. (4). | =  ®9 (∆{)∆T  (4) 

The average reactivity, Ra [min-1] can be calculated from the specific reaction rate, 
k, by splitting the defined range of burnout into a series of discrete intervals as given by 
Eq. (5) (Tsai &Scaroni, 1987). =I,`% = ∑(| ∙ ∆g)∑ ∆g  (5) 

where ∆g [g] is the briquette weight loss in a 0.5 minutes time interval. 
 
Kinetic analysis 
This section describes the methodology adopted for the kinetic parameter’s 

estimation of coffee-pine wood briquettes combustion. For the isoconversional kinetic 
calculation, a solid-state reaction is described by the following equation:  v�vT = |(²) ∙ ³(�) (6) 

where ³(�) depends on the reaction mechanism, defined as ³(� = (1 − � K; n is the 
order of the reaction, � the degree of conversion defined by Eq. 1, and for |(T) the 
temperature dependent rate constant that obeys the fundamental Arrhenius rate 
expression: |(²) = w´ ∙ X<N ¤−bI= ∙ ²¥ (7) 

where ² is the absolute temperature [j[, = the universal gas constant [8.314 J·mol-1·K-1], w´ the frequency or pre-exponential factor [min-1], and bI the activation energy of the 
reaction [kJ·mol-1]. 

In non-isothermal combustion experiments, the heating rate vary as a function of 
time (El-Sayed &Mostafa, 2015). v�v² = v�vT ∙ vTv² (8) 

Where 
DµDu = � (heating rate [°C∙min-1]). 

Hence, Eq. (6) can be rewritten in the final form as: v�vT = � ∙ ¤v�v²¥ = w´ ∙ X<N ¤−bI= ∙ ²¥ ∙  (1 − �)K (9) 

The model can follow either a differential or an integral approach for the data to 
calculate the kinetic parameters. This study adopted the integral method of Flynn-Wall-
Ozawa (FWO) and the differential method described by Boycheva et al. (2013). 

The FWO method represents an approach to determining bI from weight loss and 
temperature data obtained at several heating rates. The variables given in Eq. (9) may be 
separated and integrated in logarithm form, using Doyle’s approximation for the integral 
(Ozawa, 1965), the following equation is obtained in the form 
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log(�) = log ¤w´ ∙ bI= ¥ − log (³(�)) − 2.315 − 0.4567 bI= ∙ ² (10) 

The activation energy can therefore be obtained from a plot of log(�) vs ²B�d for a 
fixed degree of conversion. 

The activation energy can be calculated by the following kinetic equation 
(Boycheva et al., 2013): 1² =  w´ − ¤ =bI¥ ∙ ln (�) (11) 

 
Principal Component Analysis (PCA) 
The PCA analysis facilitates visualization, and hence process understanding. In 

brief, the principal components are the axes of a new coordinate system given by the 
rotation of the original one. These new directions are defined in order to explain most of 
the variance in the original data through a smaller number of dimensions (Jolliffe, 2003). 
The components are linear combinations of the original variables. In this study, the 
features were combustibility properties measured for all briquette treatments. The 
original variables were initially standardized (zero mean and unit variance) to avoid the 
scale problem caused by the discrepant standard deviations among them, to obtain the 
PCA model using MATLAB R2019a. After obtaining the PCA model, the resulting 
score (the coordinates of the original data in the new coordinate system) were used for a 
cluster analysis to evaluate similarities and dissimilarities among the briquettes 
treatments. Python 3.8.0 was used for the analysis. 

 
RESULTS AND DISCUSSION 

 
Thermal analysis results 
Weight loss and temperature variation analysis as well-known as thermal 

gravimetric analysis (TGA) is the most commonly applied thermo-analytical technique 
in solid-phase thermal degradation studies (White et al., 2011). This technique can be 
implement for different purposes, for example, prediction of higher heating values 
(HHVs) though the thermal mass coefficients of samples composition (Li et al., 2017), 
determination of less combustible constituents in coals (Shu et al., 2002), combustion, 
kinetics and thermal behavior of lignocellulosic fuels for energy applications (Mishra & 
Mohanty, 2018). This article used the combustor instead of TGA analysis as a tool to 
obtain the weight loss curves along with their derived parameters and the temperature 
profile during devolatilization of the briquettes. The results are presented in Fig. 5. 

The briquettes chemical composition consists principally of cellulose, 
hemicelluloses, lignin and extractives, which have different thermal behavior during 
combustion. The chemical composition regarding lignin and holocellulose 
(hemicelluloses + cellulose) content of the feedstock is tabulated in Table 1. The 
degradation process of the lignocellulosic briquettes can be divided into three main 
sections (Janković et al., 2020): 

(i) moisture and very light volatiles components removal (< 120 °C). From Fig. 5 
(right) a slightly inclined weight loss curve with 10% average weight loss was reported 
during the first 5–6 minutes of the experiment, due to the appearance of endothermic 
reaction. The initial moisture content of the briquettes was between 9.5–10.1 wt% 
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(Mendoza Martinez, Sermyagina et al., 2019), which explains the initial weight 
reduction percentage. This process ends at around 200°C, with the next region starting. 

 

 
 
Figure 5. Weight loss along with their derived parameter curves (right) and temperature profile 
(left) versus time for the coffee-pine wood briquettes. 
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(ii) degradation of hemicelluloses (220–315 °C), cellulose and lignin 
decomposition (315–400 °C) and lignin degradation (> 450 °C) (El-Sayed & Mostafa, 
2015). The combustion of the briquettes was initiated between 6–7 minutes, where the 
75% coffee feedstocks composition reported less time to start combustion. Much of the 
devolatilization and oxidation occurred in the 6–17 minutes interval, a result of the 
thermal breaking of bonds in the polymeric structures of the hemicelluloses, cellulose 
and lignin. This stage is also characterized by the exothermic reactions in which the 
products are CO2, water vapor and most importantly the produced heat from exothermic 
transformation (Janković et al., 2020). On the derivative weight loss curve the times at 
which maximum rate of weight loss occurred is described by the position of the peaks in 
the curve. Two distinct peaks were observed in the range of 6–11 minutes, which 
correspond to the hemicellulose and part of the cellulose degradation, and  
11–18 minutes, which correspond to the cellulose and in some of the treatments part of 
the lignin degradation, this peak was distinctively smaller due to lower values of volatile 
matter content. 100%, 75% and 50% primary branch and 100% wood mix coffee-pine 
briquettes did not react more than 500 °C in the combustion, then, no percentage of lignin 
could have been degraded, in addition, the reaction time was short to complete an entire 
lignocellulosic decomposition. 

(iii) weight loss fraction of material, but in a milder pace till constant profile. 
Approximately 83–90% of weight loss at the end of the combustion was observed. This 
stage occurs above 18 minutes and the residual mass content can be related to the content 
of ash which was present in the tested briquettes. High moisture and ash contents in 
biomass may cause severe ignition and combustion problems, such as reduction of the 
burning rate and the heating value of the fuel (Demirbas, 2004). In addition, the low 
melting point of the ashes may promote fouling and slagging hampering the combustion 
process. 

In general, the behavior of the briquettes, given the same proportion of coffee 
residues, are quite similar: the weight loss and the highest peaks of temperature occur 
almost at the same time period. The briquettes solely composed of pine showed the 
highest temperature, longest burning region and slowest weight losses. The briquettes 
from the mixture of primary and secondary branches exhibited the lowest temperatures 
and shortest rapid burning sections. While the briquettes with coffee stem in its 
composition reached temperatures of 550 °C and 601 °C for 100% and 25% stem, 
respectively. As expected, briquettes with lower percentages of coffee residues showed 
higher and longer time range combustion temperatures probably because of lower ash 
and higher volatile contents in the pinewood (Table 1). 

Ignition and peak temperatures are the most important thermal characteristics of a 
combustion profile (Haykırı-Açma et al., 2001). By the place where the burning profile 
undergoes a sudden rise, the ignition temperature can be determined, namely 150 °C for 
100% stem, 120 °C for 100% primary branch, 117 °C for 100% secondary branch, and 
110°C for 100% pine briquettes. The release of volatile matter causes superficial 
structure modifications in the briquettes with a decrease in the free sites for an oxidative 
reaction, which promotes the ignition effect (Tognotti et al., 1985). In that sense, the 
lower ignition temperatures are favorable since they decrease the energy requirement to 
initiate the combustion process. As for the maximum combustion temperature, it 
corresponds to the place where the weight loss rate due to combustion is at the maximum 
level. Fig. 6 registered the peak temperatures of the coffee-pine briquettes. 
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Figure 6. Maximum combustion temperature of the coffee-pine wood briquettes. 
 
Total biomass burnout was also studied in this work based on weight losses, this 

property includes the heating up, devolatilization and the oxidation time (Li et al., 2016). 
The burnout occurred at the range of temperature where the rate of weight loss 
consistently decreases to less than 1%∙min-1 (El-Sayed & Mostafa, 2015). Fig. 6 also 
shows that the burnout time of the briquettes increases with an increase in the pine 
content. For instance, it takes about 27.5 minutes and between 20–25.3, 16.5–17.3,  
23.5–26.5 and 13–17 minutes to completely burn a 100% pinewood and steam, primary 
branch, secondary branch and wood mix present in the briquette composition, 
respectively. The maximum temperatures reveal that higher temperatures increases the 
devolatilization and the briquettes burnout process. 

The residual mass after the combustion process is composed mainly of inorganic 
material, originally contained in the fuel. The percentages of residual mass are shown in 
Fig. 7. The reduction of the residual mass among the treatments is due to the decrease of 
the coffee residues content in the mixture. Briquettes of 100% secondary branch 
displayed the highest residual mass percentage, mainly because of the high ash content. 
They present values approximately 83% higher than pinewood, which reported the 
lowest ash content. 

Nevertheless, high residual mass may also be attributed to the differences in 
composition and also to the strength of the molecular structure of the coffee residues in 
comparison to pinewood. The amount of structural polymers (holocellulose (lignin + 
cellulose) and hemicellulose) and their characteristics differ between softwood 
(pinewood) and hardwood (coffee wood) materials. Schutyser et al. (2017) reported 
content in the range of 46–50 wt%, 19–22 wt% and 21–29 wt% of cellulose, hemicellulose 
and lignin respectively for softwoods, and content in the range of 40–46 wt%, 17–23 wt% 
and 18–25 wt% of cellulose, hemicellulose and lignin respectively for hardwoods, in 
accordance of the data found in this study. For instance, the lignin and holocellulose 
content was 32.3 wt% and 65.9 wt% and between 29.6–32.2 wt% and 50.1–54.1 wt% 
for pinewood and coffee residues, respectively (Table 1). Lignin is the major plant cell 
wall component and has the ability to resist thermal degradation due to its chemically 
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complex structure (Cesarino et al., 2013). Consequently, the composition and the bonds 
that link the macromolecular structure of the briquettes with high content of coffee 
residues are less resistant to heat. 

 

 
 

Figure 7. Percentage of the residual mass of the coffee-pine wood briquettes. 
 
Reactivity of coffee-pine briquettes 
The average reactivity of the briquettes is illustrated in Fig. 8. It was calculated 

using the specific reaction rate (|). The | [min-1] property showed a similar behavior as 
the temperature profile, where a distinctively increase started from approximately 
6 minutes and reported | high values in the range of 6–18 minutes. Right after this 
interval, the | values decrease steadily due to the briquettes burnout, in that way, the 
combustion reaction rate depends on the velocity gradient of the mass of the unburnt 
combustible material remaining in the fuel. 

 

 
 

Figure 8. Average reactivity of coffee-pine wood briquettes. 
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From Fig. 8 it was possible to conclude that, higher amount of coffee residues in 
the briquettes decrease their reactivities. The reactivity is low because low volatile matter 
content fuels, which makes the combustion of the fuel difficult (Beamish et al., 1998). 
Table 1 reports the lowest volatile matter content for coffee stem and secondary branch, 
and the highest for pinewood, followed by coffee primary branch and wood mix, which 
explains the difference between coffee residue briquettes and pine wood briquettes. The 
reactivity difference solely from composition was 45%, 29%, 48% and 30% for stem, 
primary branch, secondary branch and wood mix regarding to 100% pinewood 
briquettes, respectively. Only slight differences were observed for the primary branch 
and wood mix average reactivity behavior. While the stem and the secondary branch 
show rather low reactivity at mono-combustion, the addition of pinewood improves it 
significantly. Fuels with lower reactivity levels usually have unburned particles in their 
ash, which decreases combustion efficiency (Tabarés et al., 2006). 

 
Kinetic model analysis 
Thermal analysis provides a useful tool that may support the determination of 

kinetic parameters of heterogeneous reactions. Parameters such as overall activation 
energy (bI) and frequency factor (w¬) provide a quantitative explanation of the  
thermo-analytical differential curve of the treatments, and enable to predict the process 
behavior outside of the experimental temperature region (White et al., 2011). The 
activation energy is considered as the energy threshold that must be reached before the 
molecules can get close enough to react and form the products. In other words, the 
molecules with a kinetic energy that overcomes this energy barrier will react (White et 
al., 2011). The pre-exponential factor represents the vibrational frequency of the 
activated complex (Vyazovkin, 2006). 

 

 
 
Figure 9. Heating rate during the combustion process of coffee-pine wood briquettes. 
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To obtain the kinetic parameters of a solid-state reaction, two model-free (differential 
and integral) non isothermal methods were evaluated. Those methods allow to obtain the 
value of activation energy from a linear plot, where heating rates are the values presented 
on the axis. Fig. 9 displayed the heating rates (β) of each treatment, β was estimated by 
the temperature profiles during coffee-pine briquettes combustion. In Fig. 9 it is possible 
to observe two distinct zones delimited by 5–11 and 11–19, 5–13 and 13–21, 5–13 and 
13–20, 5–10 and 10–19 minutes for stem, primary branch, secondary branch and wood 
mix briquettes, respectively. 

For the kinetic parameters calculation, the thermal profile was divided into zones. 
The zones reported the higher heating rates intervals during the combustion and 
corresponded to the maximum weight loss peaks and higher temperatures reported in 
Fig. 5. Plots of ®�¸(�) vs ²�d and ²�d vs ®9(�) for the FWO method and the model 
reported by Boycheva et al. (2013), are presented in Figs 10, 11. Best-fit regression lines 
with the highest value of correlation coefficient are showed in the figures. The kinetic 
dependence is obtained from the linear fitting of the experimental data, the activation 
energy values, and the pre-exponential factor, which were calculated from the slope and 
the intercept of the reported line equation, respectively. Table 2 shows the obtained 
values for the kinetic parameters. 

 

 
 
Figure 10. ®�¸(�) vs ²�d of FWO method for coffee-pine wood briquettes. 

 
The calculated activation energies for the studied materials are in the range of  

18.5–41.5 kJ mol-1, and 12.1–27.1 kJ mol-1 and the pre-exponential factor between  
3.3E-03 - 4.28E-03 min-1 and 1.0E-02 - 2.7E-01 min-1, for FWO and method reported by 
Boycheva et al. (2013), respectively. The range of the Ea and Ar values are in accordance 
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with respect to briquettes size. One of the most important factors from the view of 
combustion kinetics for the briquettes is size (Altun et al., 2004). Hence, small size 
briquettes as produced in this study will report small Ea and Ar values. To rise the 
activation energy it is necessary to increase the L/D (length/diameter) ratio of the 
briquettes considerably (Altun et al., 2004). 

 

 
 
Figure 11. ²�d vs ®9(�) of model reported by Boycheva et al. (2013) for coffee-pine wood briquettes 

 
Table 2. Kinetic parameters of coffee-pine wood briquettes 

Biomasses % 
FWO method  Method reported by Boycheva et al. (2013) 
Ar [min-1] Ea [kJmol-1]  Ar[min-1] Ea [kJmol-1] 

Stem 100 5.8E-02 21.8  3.6E-03 30.2 
75 3.6E-02 19.4  3.5E-03 33.9 
50 2.6E-02 16.0  3.7E-03 27.9 
25 1.0E-02 12.1  3.6E-03 30.4 

Primary 
branch 

100 1.4E-01 22.1  3.7E-03 28.9 
75 5.0E-02 14.1  4.2E-03 20.5 
50 7.8E-02 16.8  4.0E-03 23.2 
25 2.7E-01 26.9  3.6E-03 32.8 

Secondary 
branch 

100 2.2E-01 27.1  3.4E-03 41.5 
75 6.4E-02 16.8  4.3E-03 18.5 
50 9.7E-02 20.9  3.8E-03 25.2 
25 1.4E-01 23.0  3.4E-03 38.4 

Mixture 100 8.4E-02 16.1  3.9E-03 25.9 
75 7.1E-02 18.8  3.7E-03 28.4 
50 2.0E-01 26.1  3.6E-03 33.2 
25 1.7E-01 22.6  3.7E-03 29.1 

Pine 100 6.4E-02 25.4  3.3E-03 35.6 
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The values found for different percentages of pinewood in the mixtures are not 
following any visible pattern of behavior for all biomass mixtures. However, the 
presence of pinewood in the mixtures yields higher activation energies and  
pre-exponential factors through most of the treatments. The results, to some extent, are 
in agreement with the data obtained by integral and derivate methods and also matched 
with values calculated by literature report for coal briquettes using similar kinetic models 
analysis (Altun et al., 2004; Boycheva et al., 2013; Idris et al., 2017). However slightly 
difference among the results were observed. These variations are probably caused by the 
difference in both physicochemical composition and metal concentration (Mendoza 
Martinez, Rocha et al., 2019). The presence of alkali (Na and K) and alkaline earth 
metals (Mg and Ca) on the feedstock tends to decrease the activation energy. 

 
Principal component and cluster analysis 
PCA analysis was used to investigate the effects of the process conditions, given 

by the briquette treatments over the combustibility properties. All briquette samples were 
used for a cluster analysis by PCA. The seven autoscaled features used are the residual 
mass, maximum heating rate, burnout time, activation energy, pre-exponential factor, 
maximum temperature and average reactivity. The first two principal components (PCs), 
preserved 44.1% and 29% of the total variance, respectively. In that way, it was feasible 
to carry out the study using only two PCs rather than seven (given by the original space 
of properties) dimensions. The analysis of the relationships between treatments and 
properties in the PC1-PC2 plane was performed through the bi-plot graph, as shown in 
Fig. 12. This graph plots scores (points) and loads (represented by lines) simultaneously. 
The scores are the coordinates of each point in the original space in the new coordinate 
system defined by the principal components, and the loads are the weights associated to 
the original features in a component (each component is a linear combination of the 
original variables). This way, they can be used to characterize the strength of the original 
variables in each principal component. 

Samples build a relative diverse behavior. Generally, briquettes with high content 
of pine wood are centered in the cluster represented by squares. From PC1, it can be 
observed that the largest positive loads are related to the activation energy and the 
maximum heating rate, equal to 0.46 and 0.41, respectively. On the other hand, the most 
significant negative loads refer to pre-exponential factor and the average reactivity, equal 
to -0.44 and -0.27, respectively. Therefore, the greater the value (score) of this first 
component, the higher the energy consumed for briquette ignition, but higher 
temperatures and longer burning time will also be reached. Regarding PC2, it can be 
observed that the most significant negative load (-0.58) refers to average reactivity. In 
the opposite direction, higher values of residual mass, with loads equal to 0.58, result in 
more positive PC2. Therefore, the higher the scores of this second component, the more 
propitious will the briquettes be for ash production and the briquette will produce less 
energy. It can also be observed that the features that reveal poor briquette combustibility, 
remain in the upper left quadrant, with positive values for PC1 and PC2, since high 
residual mass means high tar content and less energy generated. High content of coffee 
residues in briquettes showed the highest residual mass values in each set of treatments 
of the same biomass. This indicates that the briquettes with pinewood in its composition 
are better for combustion. 
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Figure 12. Bi-plot for the PCA analysis of coffee-pine wood briquette treatments. The circle and 
square symbol denote the clustering groups centered in the X symbol. CS-coffee stems;  
CPB-coffee primary branches; CSB-coffee secondary branches; MIX-mixture of CS, CPB and 
CSB; PW-pine wood. Subscript represent the percentage of pinewood in the mixture. 

 
The previous load analysis was then coupled with the scores analysis. Higher  

pre-exponential values contribute significantly for negative PC1-scores and positive 
PC2-scores. This condition resides on the upper right quadrant, where briquettes 
treatments are represented by the cluster (circles). In brief, it means that these treatments 
yield to combustibility processes that present higher pre-exponential factors. This may 
be explained by the high molecular collision frequency during the combustion process. 
It means that the influence of temperature into the reactant molecules is higher for CSB75 
and CPB75 treatments. The relation between the variables that affect the combustibility 
and the most energy-attractive briquette treatments can be determined. 

Other subsets of treatments can be observed. Treatments located in the lower right 
quadrant are related to higher activation energies and burnout time and can reach higher 
temperatures. This combination increases the potential of combustibility. Such behavior 
is given by positive PC1 scores and negative PC2 scores. In this region is possible to 
observe briquettes with higher content of pinewood in its composition. Other group is 
given by coffee wood mixture treatment, which presents the highest average reactivity 
during combustion. The last group is given by the CSB100, CS100 and CSB50 treatments. 
It is characterized by positive scores of both PC1 and PC2. This region is strongly  
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associated with the residual mass obtained during the combustion process. The higher 
quantity of residual mass in these treatments may be explained by the high content of 
ash in final composition. Therefore, it can be verified that the composition of the 
briquettes, and more specifically the wood coffee residues, change considerably the 
combustibility behavior. The briquettes centered in the cluster represented with squares, 
displayed the highest combustibility potential, once they provide significant peak 
temperatures and burn out times. 

 
CONCLUSIONS 

 
Coffee wood from varied parts of the shrub mixed with pinewood were used to 

produce coffee-pine wood briquettes. The combustibility analysis of the produced 
briquettes was evaluated in this work. It was possible to observed by means of the mass 
loss and temperature behavior, small difference between the sample’s combustibility 
properties, acknowledge that all produced briquettes are an alternative solution to 
maximize the thermochemical properties of coffee-pine-based biomass residues. 
However, coffee-pine briquettes composed of coffee stem and secondary branch 
displayed the highest combustibility potential, given their peak temperatures over 550 °C 
and burnout times over 20 minutes. Properties such as high volatiles matter (82.5 wt%) 
and low ash content (0.7 wt%) in pinewood favor the combustion process and the energy 
potential of the briquettes. The kinetic analysis provided useful parameters for 
optimization of the combustion of the briquettes improving the burning stage in domestic 
and industrial applications. The presence of coffee wood in the mixture, yields to higher 
values of activation energy and pre-exponential factor in relation to 100% pine wood 
briquette. Lastly, the PCA analysis made the similarity and dissimilarity analysis among 
the briquette treatments easier favoring the selection of those most energy attractive, 
which again point the coffee-pine briquettes composed of coffee stem and secondary 
branch. PCA chemometric technique presents a great potential for a better understanding 
of combustion processes in general, and more specifically with respect to the use of 
coffee residues wood in briquettes should be more explored, due to its high energetic 
potential. 
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Abstract. Kinematic viscosity and density are important fuel properties because they influence 
fuel atomisation during injection into the engine cylinder. The viscosity and density of neat 
vegetable oils usually are too high to allow optimal use of these oils in compression ignition 
engines. Blending vegetable oils with alcohols can improve these properties, but it is not known 
whether the blend properties remain stable during storage. This study measured kinematic 
viscosity (at 40 °C), density (at 15 °C) and surface tension of rapeseed oil-alcohol blends that had 
been stored in closed borosilicate glass bottles at room temperature in the dark for 49 weeks. The 
values were compared with those of the fresh blends. Further measurements of oxidation stability 
for the rapeseed oil and the blends were taken after 72 weeks of storage. The blends consisted of 
rapeseed oil with ethanol at 5 vol–%, and rapeseed oil with 1–butanol at 5 vol–%, 10 vol–%, 20 
vol–% and 30 vol–%. All in all, the observed changes during storage were small. Density values 
deviated by less than 1%, surface tension by no more than 3% and kinematic viscosity differed 
from the fresh blends’ values by 1% to 8%. Surface tension had increased in some blends and 
decreased in others. Kinematic viscosity rose in all blends, with the smallest increase measured 
for the rapeseed oil–butanol 30 vol–% blend. This blend also showed the best oxidation stability, 
which was close to six hours. 
 
Key words: blending, butanol, ethanol, stability, vegetable oil. 
 

INTRODUCTION 
 

Research into renewable fuels has been conducted for some time to find solutions 
that help mitigate climate change and balance depletion of fossil oil resources. In the 
Renewable Energy Directive II of the European Union, the member states have agreed 
that renewable energy should account for at least 32% of their total energy consumption 
by 2030, with the sub-target for renewables providing at least 14% of the energy 
consumed in road and rail transport (Directive (EU), 2018). Using fuels produced from 
biomass can contribute to reaching these goals. The Directive encourages member states 
to limit the amount of biofuels and bioliquids that are produced from cereal and oil crops, 
for example, but it does not restrict the possible use of such biofuels and bioliquids 
(Directive (EU), 2018). Obviously, the use of as sustainable feedstock as possible is 
highly desirable and recommended. 
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Alternative renewable fuels must have properties suitable for combustion in 
existing technologies and they also need to be stable. Viscosity, density and surface 
tension are all important fuel characteristics because they affect fuel injection, drop 
formation and atomisation (Guibet, 1999). Vegetable oils are a renewable source and 
have been used as neat material or in blends with fossil diesel in compression ignition 
engines (D’Alessandro et al., 2016; Čedik et al., 2018; Mat et al., 2018). Two of the 
critical properties for use of vegetable oils in combustion engines are density and 
viscosity: both usually are too high in neat vegetable oils to work optimally. 
Transesterification of oil triglycerides into fatty methyl esters can profoundly reduce 
viscosity of oils or fats (Kralova & Sjöblom, 2010). Blending vegetable oil with alcohols 
can also reduce viscosity and density of vegetable oil (Laza & Bereczky, 2011). 

Another challenge with vegetable oils is their propensity to degrade when in contact 
with oxygen. All vegetable oils, animal fats and biodiesels are susceptible to oxidative 
degradation and this is related to the occurrence and the amount of unsaturated fatty 
acids in the material (Dunn, 2005). In turn, oxidative degradation of biodiesel can lead 
to an increase in viscosity due to the formation of high molecular weight molecules 
(Pölczmann et al., 2014). 

When developing and testing new fuels or fuel blends, it is important to study 
properties over time to evaluate fuel stability. One way of investigation is to store fuels 
for an appropriate time under defined conditions. 

This study investigates some selected fuel properties of rapeseed oil-alcohol blends 
after having stored the blends in closed borosilicate glass bottles in the dark at room 
temperature for almost one year. Kinematic viscosity, density and surface tension were 
measured and compared with results reported for the fresh blends before storage. Data 
from the initial measurements of fresh rapeseed oil and rapeseed oil-alcohol blends were 
presented in Nuortila et al. (2020). The current study also used a Rancimat test to 
measure oxidation stability of the neat rapeseed oil and its blends with ethanol and 
butanol after storage for over one year. This study presents results from investigating the 
stability of rapeseed oil-alcohol blends as a contribution to exploring potential 
alternative renewable fuels for compression ignition technology. 

 
MATERIALS AND METHODS 

 
Blends of rapeseed oil and ethanol at 5 vol–% and rapeseed oil and 1–butanol at 5, 

10, 20, and 30 vol–% were prepared to a final volume of 200 mL. The blending ratios 
and abbreviations used for the blends are shown in Table 1. In pre-tests, the blends had 
proven to be stable at these blending 
ratios for a couple of weeks prior to  
the initial measurements. The  
blend components were commercial 
products: ethanol (denatured, 91.2% 
Etax A12) from Altia, Finland; 
*butanol (1–Butanol ≥ 98.5%, GPR 
RECTAPUR®) from VWR International, 
France; and rapeseed oil (100% 
rapeseed oil) containing vitamin E from 
Avena Kantvik Oy, Finland. 

 

Table 1. Blending ratios and abbreviations of 
rapeseed oil and alcohol blends 

 Blending ratio (v–v%) 
Blend  
abbreviation 

Rapeseed  
oil Alcohol 

RSO 100% no alcohol 
BU5–RSO 95% 1–Butanol 5% 
BU10–RSO 90% 1–Butanol 10% 
BU20–RSO 80% 1–Butanol 20% 
BU30–RSO 70% 1–Butanol 30% 
E5–RSO 95% Ethanol 5% 
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The kinematic viscosity at 40 °C, density at 15 °C and surface tension at room 
temperature were measured for the fresh blends and the original rapeseed oil. The blends 
and the rapeseed oil (RSO) were then stored in closed borosilicate glass bottles in a dark 
chemical safety cabinet in the laboratory at room temperature. After 49 weeks, kinematic 
viscosity at 40 °C, density at 15 °C and surface tension of the blends and the rapeseed 
oil were measured again. In addition, oxidation stability was measured after 72 weeks of 
storage. A visual inspection of the blends and the RSO was made after storage before 
mixing the batches prior to analyses. 

 
Kinematic viscosity and density 
Kinematic viscosity and density were measured with a Stabinger SVM 3000 

rotational viscometer (Anton Paar GmbH, Austria). The measurements follow standard 
EN ISO 3104 for kinematic viscosity at 40 °C and EN ISO 12185 for density at 15 °C. 

 
Surface tension 
Surface tension was measured with a Lauda tensiometer TD 2 (Lauda Dr. R. Wobser 

GmbH & CO.KG). Measurements were made according to the manufacturer’s 
instructions (Tensiometer TD 2 Operating Instructions). 

 
Oxidation stability 
In order to evaluate the blends’ susceptibility to oxidation, samples were 

investigated in an accelerated aging test. Samples of three grams of each were measured 
at 110 °C in a Biodiesel Rancimat 873 (Metrohm AG, Herisau, Switzerland). The 
method is used for measurement of biodiesels and is based on change of conductivity in 
ionised water when degradation products are vented from the heated sample into the 
water. The induction time is recorded, i.e. the time that passes until secondary reaction 
products are formed. This analysis had not been done with the fresh blends. 

Two replicate measurements were made to determine kinematic viscosity, density 
and oxidation stability for each blend and the rapeseed oil. The results are shown as the 
arithmetic mean of the two measurements. Single measurements were made to determine 
surface tension of the samples. 

The analysis methods had been previously validated in the laboratory using 
validation samples. The relative standard deviation (RSD) for both kinematic viscosity 
and density was < 1%; RSD for oxidation stability was 2.10% (validated for bio–oils). 
The RSD was not measured for surface tension. 

 
RESULTS AND DISCUSSION 

 
There was no phase separation in any of the rapeseed oil-butanol blends. In the 

BU20–RSO and BU30-RSO blends there was some slight deposit at the bottom of the 
bottles. The E5-RSO blend had separated into three phases of which the lowermost and 
biggest phase was slightly turbid. A clear phase had formed about 5 mm thick beneath 
the surface, and a third phase was distinguished just at the surface, slightly oscillating in 
colour. Phases disappeared after mixing the blend batch. 

Rapeseed oil-alcohol blends showed only relatively small changes in kinematic 
viscosity and surface tension during storage. Essentially, there were no changes in 
density when compared to the values for the fresh blends and rapeseed oil. All of the 
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changes were about one unit or less for any of the measured properties in the  
RSO-butanol blends, and at most two units in the RSO-ethanol blend. 

The kinematic viscosity at 40 °C decreased with increasing vol–% of butanol in the 
rapeseed oil–butanol blends, from 35.9 mm2 s-1 for RSO to 11.4 mm2 s-1 for BU30–RSO 
(Fig. 1). The relationship of kinematic viscosity to butanol vol–% could be described 
with a reciprocal exponential equation. The kinematic viscosity increased in the rapeseed 
oil and all the blends by between 1% to 8% compared to the values measured for the 
fresh material (Fig. 2). The biggest change was seen in the E5-RSO blend, and the 
smallest change in the BU30-RSO blend. Also, kinematic viscosity of the rapeseed oil 
and the 30 vol–% blend underwent a similar degree of change during storage. 

 

 
 

Figure 1. Kinematic viscosity of rapeseed oil-alcohol blends after 49 weeks of storage. The 
trendline and equation is given for the rapeseed oil–butanol blends only. 

 

 
 

Figure 2. Difference (as a percentage) in kinematic viscosity at blend age 49 weeks as compared 
to the fresh blends and rapeseed oil. 
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Density at 15 °C decreased with increasing vol–% of butanol in the blends, from 
920 g cm-3 for RSO to 888 g cm-3 for BU30-RSO (Fig. 3). The relationship was linear 
between density and the increasing vol–% of butanol in the blends. The density of the 
E5-RSO blend was 914 g cm-3, the same as the BU5-RSO blend. Over the storage time 
of almost one year, the density of the RSO and all the rapeseed oil-alcohol blends 
changed only minimally, by less than 0.2% (Fig. 4). 

 

 
 

Figure 3. Density of rapeseed oil-alcohol blends after 49 weeks of storage. The trendline and 
equation is given for the rapeseed oil-butanol blends only. Note the y-axis scale starts at 870 g cm-3. 

 

 
 

Figure 4. Difference (as a percentage) in density at 15 °C at blend age 49 weeks as compared to 
the fresh blends and rapeseed oil. 
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tension was either almost the same as in the fresh material or had decreased during 
storage. 

 

 
 

Figure 5. Surface tension of rapeseed oil-alcohol blends after 49 weeks of storage. The trendline 
and equation is given for the rapeseed oil-butanol blends only. 

 

 
 

Figure 6. Difference (as a percentage) in surface tension at blend age 49 weeks as compared to 
the fresh blends and rapeseed oil. 
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the result for BU20-RSO was 3.8 h, and for BU30-RSO it was 5.7 h. The oxidation 
stability of the E5-RSO blend was 3.2 h. At 5 vol–%, the ethanol-RSO blend showed 
better oxidation stability than the butanol-RSO blend. Oxidation stability was rather poor 
in all the samples. 

y = -0.2602x + 33.042
R² = 0.9574
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At present, there is no information available in the scientific literature reporting 
effects of storage on vegetable oil-alcohol blends. Therefore, the results from this study 
will be compared to results from storage studies with vegetable oils and biodiesel. 

 

 
 

Figure 7. Oxidation stability measured as induction time in a Rancimat for rapeseed oil-alcohol 
blends after 72 weeks of storage. The trendline and equation is given for the rapeseed oil-butanol 
blends only. 

 
Kreivaitis et al. (2013) reported an increase of approximately 5% in kinematic 

viscosity of rapeseed oil after 70 days of storage at 70 °C. Bezergianni & Chrysikou 
(2012) investigated oxidative stability of waste cooking oil and white diesel stored in 
air–tight bottles in the dark at room temperature for a year. They reported that density of 
the waste cooking oil did not change noticeably, but viscosity increased slightly by 
approximately 2%. In a study by Pattamaprom et al. (2012), kinematic viscosity of palm 
stearin and palm olein biodiesel did not increase during six months of storage in dark 
and closed containers at room temperature, but density increased by 5–6%. The authors 
noticed that viscosities dropped slightly and argued that this was possibly caused by 
chain scission of biodiesel into smaller molecules. Palm-oil diesel without antioxidants 
showed an increase in kinematic viscosity, from approximately 6 cSt to approximately 
7 cSt (i.e. approximately 6 mm2 s-1 to 7 mm2 s-1, equalling a change of about 16%) when 
stored at 20 °C for 125 days (Lin & Chiu, 2009). Bouaid et al. (2009) reported an 
increase in viscosity from 5.1 to 6.9 mm2 s-1 (equalling an increase of 35%) for biodiesel 
made from Brassica carinata and ethanol after 12 months storage. The samples had been 
stored under argon in a closed glass bottle at room temperature and exposed to daylight. 
These literature results indicate that kinematic viscosity of oils and biodiesel can vary in 
response to different materials and storage conditions. 

Biodiesels vary also in oxidation stability depending on their constituent materials 
(reviewed in Jain & Sharma, 2010). A neat animal fat methyl ester without antioxidant 
showed an oxidation stability of only 2.2 h (Sirviö et al., 2018). The oxidation stability 
of biodiesel made from rapeseed oil and used cooking oil decreased from 5–6 h to 
approximately 1 h over the course of 136 weeks (Pölczmann et al., 2014). Laza & 
Bereczky (2011) measured oxidation stability of rapeseed oil and propanol, and of 
rapeseed oil and butanol blends with alcohol volume percentages from 5% to 20% at 

y = 1.9282e0.0345x

R² = 0.9431

0

1

2

3

4

5

6

7

8

0 5 10 15 20 25 30 35

O
x
id

a
ti
o
n
 s

ta
b
ili

ty
(i
n
d
u
c
ti
o
n
 t

im
e
, 
h
)

Alcohol vol-% in blend

Butanol

Ethanol



875 

80 °C in a Rancimat. The authors found that oxidation stability was about 4.3 h for the 
RSO and its various blends. The study did not investigate blend properties in relation to 
storage. So far, oxidation stabilities reported in the current study are comparable to 
literature values. 

The Rancimat test, routinely used for biodiesel, is designed to measure oxidation 
stability of oils and fats (Läubli & Bruttel, 1986), not vegetable oil-alcohol blends. The 
measurements made in this study therefore should be treated with caution and the results 
should be verified with additional measurements and with other methods. For instance, 
adjusting the operation temperature might be necessary to achieve adequate time to 
ensure reliable results (Dunn & Knothe, 2003). 

The results from the initial measurements of fresh rapeseed oil-alcohol blends 
already had been compared with standards for automotive fuels, biodiesel and marine 
fuels (Nuortila et al., 2020). That earlier study had concluded that the blends were 
suitable for use in power plants and marine engines, but not for use in on-road vehicles. 
The same conclusion holds for the results after storing the blends for almost one year. 

 
CONCLUSIONS 

 
Storage of the neat rapeseed oil and the blends for one year did not cause 

noteworthy changes in their kinematic viscosity, density and surface tension. Density 
showed almost no changes at all, while kinematic viscosity showed an increase of 
between 1% and 8% compared to the initial results from the fresh blends. Nevertheless, 
values of the measured parameters changed by only one to two units. The blends and the 
neat rapeseed oil remained relatively stable under their storage conditions of tightly 
closed glass bottles in the dark, at room temperature. This observation encourages further 
investigation of vegetable oil-alcohol blends. 

As a preliminary conclusion, oxidation stability in rapeseed oil with ethanol at 5 
vol–% or butanol at 20 vol–% or 30 vol–% was better than that of the neat rapeseed oil. 
The results indicate that blending rapeseed oil with higher-chain alcohol not only 
improves kinematic viscosity and density, but also oxidation stability. However, 
additional research is needed to confirm the observations. Experiments could focus on 
properties of blends with higher volume ratios of butanol. 
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Abstract. Climate changes, environmental pollution and resource depletion are one of the 
numerous major problems humanity faces. United Nations sustainable development goals are 
aimed at solving these problems. The requirement for affordable, renewable, sustainable, 
biodegradable and environmentally friendly fossil fuel alternative sources is prompted by the 
development and advancement of biofuel production technologies. Of the various biofuel 
alternatives, biobutanol has increased the interests of researchers due to its desirable 
characteristics such as hydrophobicity, relatively high heating value and energy density, relatively 
low vapour pressure, etc. Nowadays, sustainable production of the biobutanol depends on the 
used feedstock source and its pre-treatment method, selected enhancing microorganism strain, 
acetone–butanol–ethanol fermentation effectiveness and titer of biobutanol. The main research 
challenges in biobutanol production are an improvement of production efficiency and increasing 
the financial viability of the technology. This review summarizes the latest results of 
lignocellulosic components content and fermentable sugars composition in different  
agro-industrial residues; biobutanol production depending on the Clostridium enhancing strategy, 
process optimization and selection of substrate. Such analysis provides a better perception of the 
capability of using agro-industrial residues for biobutanol production efficiency. 
 
Key words: ABE fermentation, agricultural residues, biobutanol, Clostridium, lignocellulosic. 
 

INTRODUCTION 
 

The awareness of harmful impacts over global warming, environmental pollution 
and limitation of fossil fuels creates a need to find an alternate source for renewable 
energy resources (Anandharaj et al., 2020) Consequently, a variety of sustainable potent 
biofuels have been explored such as biodiesel, bioethanol, biobutanol, biomethanol, biogas 
etc. (Rathour et al., 2018). Butanol is a four-carbon straight-chained alcohol with a formula 
of C4H9OH (Lv et al., 2021). It is a promising alternative biofuel, owing to its appropriate 
physical properties. Compared to bioethanol it has a greater heating value and 25% 
higher energy content, higher viscosity, lower heat of vaporization and lower corrosivity 
(Jiang et al., 2018; Anandharaj et al., 2020). Butanol has better intersolubility than that 
of ethanol fuel, it is hydrophobic, can be blended in any concentration with gasoline 
without any modification of current vehicle engines, and can be transported in existing 
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infrastructure (Rathour et al., 2018; Lv et al., 2021). To assess the profitability of biofuels, 
including biobutanol, the important criteria is energy return on investment (EROI) 
defined as the ratio of the total energy output to the energy input. Because of relatively 
high energy density of butanol, biobutanol production process has the potential to have 
higher EROI than it is for corn-based ethanol (EROI ranges from 0.8 to 1.6) (Tao et al., 
2013; Rezaei et al., 2021). Research by Tao et al. (2013) shows that cellulosic n-butanol 
lower than that of ethanol, by-product appearance during the butanol production process 
eventually compensate and increase the EROI of butanol (Tao et al., 2013). 

Selection of the feedstock is other important factor affecting EROI of the butanol 
production. Shift from first to the second generation biofuels by utilizing lignocellulose, 
instead of edible resources - is accompanied by the increase of EROI (Rezaei et al., 
2021). Compared with the first generation of biofuels production using starch-based 
feedstock, the second generation of biofuels is suitable for acetone-butanol-ethanol 
(ABE) fermentation, because does not compete with food market (Li et al., 2019; Jiang 
et al., 2019; Tsai et al., 2020). Utilizing lignocellulosic biomass seems to be the best 
alternative for biobutanol production since it is a renewable and widely available low 
cost resource (Huzir et al., 2018). Additionally, utilizing lignocellulosic biomass helps 
to properly manage the waste generation (Huzir et al., 2018). 

The selection of biomass of feedstock for butanol production should be considered 
is the variety of cultivated agricultural crops available in each country, its growth time, 
the request for each crop for other purposes, and harvesting, transportation and  
pre-treatment costs (Procentese et al., 2017). Lignocellulosic biomass from agricultural 
residues like rice straw, sugarcane bagasse, wheat straw, corn cob and corn stover are 
potential sources for bioethanol and biobutanol production. These crops have a  
short-harvest rotation, thus allowing greater availability of these residues throughout the 
year (Sindhu et al., 2016; Araújo et al., 2018). Very interesting lignocellulosic by-
product of the mushroom industry is the spent mushroom substrate. Food and 
Agriculture Organization have estimated, that in 2019 year world production of spent 
mushroom substrate was about 12 million tons. For every ton of mushroom produced, 
about 5 tons of spent mushroom substrate is generated (FAO, 2019) As a kind of 
lignocellulosic materials, it could be a source of reducing sugars for producing biofuels 
(Rajavat et al., 2019). 

Many lignocellulosic biomasses with high cellulose and hemicellulose content and 
low lignin content are the ideal substrate for biobutanol production (Galbe & Wallberg, 
2019). However, lignocellulosic biomass cannot be converted into biofuels directly and 
has to be pre–treated to release the fermentable sugars for solventogenic Clostridium sp., 
which produce butanol via ABE fermentation (Jiang et al., 2018; Kolesinska et al., 
2019). Lignocellulosic biomass feedstock selection, ABE fermentation time and 
biobutanol yield were some of the major factors which predominantly affect the cost and 
sustainability of the butanol production process. The production cost of biobutanol can 
be reduced by various Clostridium strain metabolic engineering and fermentation 
process optimization strategies (Tian et al., 2019b; Gao et al., 2020). 

In recent years, a numerous researchers has reviewed the potential of agricultural 
feedstock, lignocellulose pre-treatment methods and process optimization for 
sustainable production of biobutanol, for example, Ravindran & Jaiswal (2016), Araújo 
et al. (2018), Kolesinska et al. (2019), Vivek et al. (2019). In this study the latest results 
for lignocellulosic components content and fermentable sugars composition in different 
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agro-industrial residues were summarized. Based on this, biobutanol production 
depending on the Clostridium enhancing strategy, process optimization and selection of 
substrate were analyzed. Such analysis provides a better perception of the capability of 
using agro-industrial residues for biobutanol production efficiency. 

 
AGRO-INDUSTRIAL RESIDUES 

 
Agricultural crops capable of generating residues still in the harvesting phase and 

obtained residues at different stages of industrial processing must be considered for a 
potential feedstock for ABE fermentation (Araújo et al., 2018). Most studies emphasize 
that agricultural residues and waste with high cellulose and hemicellulose and low lignin 
content is appropriate substrate for biobutanol production (Huzir et al., 2018). According 
to Araújo et al. (2018), among the main agro-industrial residues, the most promising for 
use as raw materials, based on cellulose content in its composition, are soy straw, 
sugarcane leaves, corn husks and straw, as well as sugarcane pulp. The least potential 
was attributed to apple pomace, potato skin and tomato pomace. Most suitable residues 
originate from the most productive crops which have high cellulose content. Some 
residues such as sugarcane bagasse, mango seed, coffee husk and pineapple peel are 
potential feedstock due to low lignin content (Araújo et al., 2018). 

Lignocellulosic biomass consists mainly of three essential polymers in plant cell 
walls, which are cellulose, hemicellulose and lignin (Huzir et al., 2018). The interactions 
of these components create a highly resistant and recalcitrant biomass. Cellulose is the 
major component of lignocellulose and the most abundant polysaccharide present on 
earth (Madeira et al., 2017). It is made up of D–glucose units attached via β–1,4 
glycosidic bonds. Due to crystallinity and hydrogen bonding cellulose possesses high 
resistance to enzymatic hydrolysis (Jiang et al., 2019). Hemicellulose is a heterogenous 
polymer made of short chains of polusaccharide molecules. They constitute 15–35% of 
the plant biomass and are composed of penthoses (xylose, arabinose), hexoses (glucose, 
mannose, galactose, fucose, rhamnose) and sugar acids (Ravindran & Jaiswal, 2016); 
(Chong et al., 2020) The component sugars in hemicellulose may vary depending on the 
source of the plant biomass (Ravindran et al., 2018). It helps strengthen the cell wall by 
interactions with cellulose or lignin via hydrogen bonds (Jiang et al., 2019). Lignin is a 
phenolic heteropolymer, which is formed by oxidative polymerization of plant  
p-hydroxycinnamyl alcohols (Chaudhary & Verma, 2020). Lignin is providing structural 
support, resistance against microbial attack and water impermeability to the secondary 
cell walls of plants. However, lignin also serves as both a physical and biochemical barrier 
that impedes most biomass-to-bioproducts conversion processes (Madeira et al., 2017). 

Regardless of lignocellulosic biomass source it is difficult to use it as a substrate in 
fermentation and usually lignocellulose has to be pre-treated to release the fermentable 
sugars, which are then convert into biofuels by microorganisms. Pre-treatment methods 
for lignocellulosic biomass have been extensively studied using physical, chemical and 
biological means, with the aim of improving the efficiency of hydrolysis. The pre-
treatment processes disrupt the highly crystalized cellulose structure and the lignin–
carbohydrate complex, remove lignin, and ultimately hydrolyse cellulose and 
hemicellulose to simple sugars (Wang et al., 2014; Ibrahim et al., 2015; Narayanasamy 
et al., 2019). These pre-treatment methods are usually combined because no pretreatment 
technique alone can meet the objectives cited above (Houfani et al., 2020). 
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Depending on the morphological structure and pre-treatment method the ratio of 
cellulose, hemicellulose and lignin varies in different lignocellulosic materials 
(Shirkavand et al., 2016; Araújo et al., 2018). However, the main constituents are basically 
the same, although the contents of individual carbohydrates, aromatics and other 
compounds vary: about 50–60% are carbohydrates, i.e. cellulose and hemicelluloses, 
20–30% lignin, while the rest consist of extractives, fatty acids, ash, etc. (Galbe & 
Wallberg, 2019). In general, lignocellulosic biomass consists of 39–50% of cellulose, 
24–31% of hemicellulose and 15–25% of lignin (Jiang et al., 2019; Houfani et al., 2020). 

 
Table 1. Chemical composition of agro-industrial residues 

Agro-industrial residues Pre-treatment 
Chemical composition (% dry mass) 
Cellulose Hemicellulose Lignin 

Rice straw1 untreated 36.8 25.8 15.8 
Rice straw1 ammonia 57.4 22.1 8.6 
Rice straw2 alkaline 71.20 22 1.6 
Brewers spent grain3 untreated 23.1 22.9 14.1 
Soybean straw4 untreated 44.2 5.9 19.2 
Soybean straw4 alkaline 74 10.3 10.1 
Palm empty fruit bunches5 untreated 41.32  10.8 
Palm empty fruit bunches5 acid 63  16.0 
Palm empty fruit bunches5 alkaline 63  13.2 
Palm empty fruit bunches5 alkaline and acid 68.4  15.1 
Bamboo6 milling 42.5 20.1 17.1 
Wheat straw7 acid 38.7 19 17.3 
Sugarcane top8 acid 39.8 28.6 22.5 
Sugarcane bagasse9 untreated 43.1 22.8 24.1 
Sugarcane bagasse9 alkaline 68.4 6.9 17 
Hazelnut shell10 alkaline 42.1 28.2 25.2 
Barley straw11 milling 31–45 27-38 14-19 
Barley hull12 acid 30.6 46.8 9.5 
Coconut husks13 milling 18.2–21.3 11.3–17.3 46.4–53.1 
Coconut husks13 alkaline 33.7–36.9 22.6–24.2 36.8–37.6 
Coconut husks13 acid 17–25.6 13.2-22.4 48.7–51.5 
Sorghum straw14 untreated 37.7 28.1 21.5 
Sorghum straw14 alkaline 71.4 16.2 6.3 
Sorghum straw14 acid 57.8 11.8 17.8 
Sorghum straw14 oxidising agents 54.6 24.5 11.6 
Sweet sorghum bagasse15 alkaline 36.9 17.8 19.5 
Corn stover16 milling 36.3 31.4 17.2 
Corn strover17 alkaline 64 16 13 
Corn stalk18 acid 34.5 27.6 21.8 
Deshelled corn cobs18 alkaline 69.8 27.4 1.5 
Oat straw19 milling 34.8 26.7 8.7 
Spent mushroom substrate20 organosolv 52.7 14.6 10.5 
Spent mushroom substrate21 thermal drying 37.5 18.6 20.5 
1(Nguyen et al., 2010); 2(Cheng et al., 2012); 3(Plaza et al., 2017); 4(Kim, 2018); 5(Noomtim & Cheirsilp, 
2011); 6(Kumar et al., 2017); 7(Pérez–Rangel et al., 2015); 8(Szczerbowski et al., 2014); 9(Yue et al., 2015); 
10(Demirbaş, 2005); 11(Saini et al., 2015); 12(Guerfali et al., 2018); 13(Ding et al., 2012); 14(Dong et al., 2019); 
15(Umagiliyage et al., 2015); 16(Saha et al., 2016); 17(Yoav et al., 2017); 18(Ma et al., 2011);  
19(Arreola–Vargas et al., 2014); 20(Zhu et al., 2016); 21(Rajavat et al., 2019). 
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Table 1 present cellulose, hemicellulose and lignin values for a range of chemical 
pre-treated and untreated or physical treated lignocellulosic biomass wastes derived from 
food and agricultural industries. Depending on the converting process of lignocellulose 
(Table 1), agro-industrial residues consist of 18–74% of cellulose, 4–47% of 
hemicellulose and 4–53% of lignin. For example, untreated and pre–treated sorghum 
straw contains 38% and 55–71% of cellulose, 28% and 16–25% of hemicellulose, 21% 
and 6–18% of lignin, respectively (Dong et al., 2019). Residues particle size is important 
factor to. For example, coconut husks particle size diminishing from 850–1500 µm2 to 
300–600 µm2 increases content of cellulose to 3%, hemicellulose to 6% and reduce 
lignin to 7% (Ding et al., 2012). 

In studies an alkaline and acid pre-treatment of residues often was used, which 
effectiveness is different between crop and waste types. Alkaline was an effective 
chemical pre-treatment method used for agro-industrial residues, such as coconut husks 
(Ding et al., 2012) sorghum straw (Dong et al., 2019), sorghum bagasse (Umagiliyage 
et al., 2015), sugarcane bagasse (Yue et al., 2015), rice straw (Cheng et al., 2012), 
soybean straw (Kim, 2018) and deshelled corn cobs (Wen et al., 2014). A study by Dong 
et al. (2019) demonstrates how the selection of treatment method influences the final 
ratio of components in sorghum straw. Alkaline pre-treatment increases cellulose 
content in it by almost 34%, while the lignin content was reduced by 15%, what makes 
sorghum straw more available for further use in ABE fermentation (Dong et al., 2019). 
The result of Noomtim & Cheirslip (2011) study showed, that the treatment efficiency 
of palm empty fruit bunches with acid and alkaline was equal for cellulose and lignin 
content (Noomtim & Cheirsilp, 2011), compared to Dong et al. (2019). The usage of 
H2O2 as oxidising agents is able to lower the lignin content by almost 10% in comparison 
with untreated sample, and appears to be more effective than acid treatment, having 
higher total cellulose and hemicellulose content by 10% (Dong et al., 2019). One of 
potential by-product types is the spent mushroom substrate, which is high in a cellulose 
content and moderate in lignin. After organosolv treatment, it has increases by 15% of 
cellulose and reduced by 10% of lignin (Zhu et al., 2016; Rajavat et al., 2019). 

These chemical composition values describe the possibility of dividing 
lignocellulosic material into different effectiveness. The ratios should not be interpreted 
directly, as each study used different acid or alkaline concentrations, different liquid to 
solid ratio, and other parameters as particle size. Although chemical pretreatment can be 
effective at deconstruction, but the production of toxic materials, carbohydrate loss and 
the high cost of the process - are common disadvantages (Shirkavand et al., 2016). 
Therefore, parameters and method selection of lignocellulosic biomass pretreatment is 
an important step for efficient use of wastes. Abundantly available agricultural wastes 
from rice, sugarcane and wheat, with high level of cellulose and hemicelluloses is the 
main advantage for their usage for the production of biobutanol. 

 
LIGNOCELLULOSE CONVERSION TO SUGARS 

 
The degradation of cellulose into glucose molecules requires a combined hydrolysis 

by three key enzymes: endoglucanase, exoglucanase and β-glucosidase. They are 
categorized in the glycoside hydrolase family and catalyse the cleavage of glycosidic 
bonds (Ravindran et al., 2018). Hemicellulose degradation needs depolymerase and 
debranching hemicellulases enzyms, such as a xylanase, mannanse, β-glucanase, 
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xyloglucanase, α–glucuronidase, α-arabinfuranosidease, α-d-galactosidase, acetyl xylan 
esterase and ferulic acid esterase (Chen & Wang, 2017; Ravindran et al., 2018). 
Commercial enzymes with cellulose and hemicellulose degradation activity are mainly 
produced by aerobic fungi and anaerobic bacteria (Chen & Wang, 2017). Fungi, mainly 
Aspergillus and Trichoderma species are potentially useful for because, generally, their 
secreted enzyme levels are much higher than those of yeasts and bacteria (Godoy et al., 
2018). However, for the more cost–effective production of biobutanol, the use of 
cellulolytic Clostridium (Ou et al., 2017; Wen et al., 2020b) and Thermoanaerobacterium 
sp. with xylanases and β–xylosidases activity is preferred (Jiang et al., 2018). 

Glucose is the major monosaccharide present in lignocellulosic biomass 
hydrolysates, xylose is the next, followed by arabionos and mannose, galactose etc. (Tsai 
et al., 2020). Considering the amount of reducing sugars recovered in the pre-treated 
enzymatic hydrolysates from agro-industrial residues, the sugar yields are 3.1–21.7 g L-1 
for glucose, 0.3–18.8 g L-1for xylose, 0.9–12.2 g L-1 for arabinose, 0.5–3.2 g L-1 for 
mannose (Table 2). The rice straw and sugarcane bagasse hydrolysates in Cheng et al. 
(2012) study shows higher sugar yields, 52.3 and 50.7 g L-1 for glucose, 7.7 and 15.2 for 
xylose, respectively (Cheng et al., 2012). High glucose values of 34.8 g L-1 were 
observed in spent mushroom substrate pre–treated with organosolv and enzymatic 
hydrolysis (Zhu et al., 2016). Corn fiber (Ezeji et al., 2007), brewers spent grain (Plaza 
et al., 2017), wheat straw (Quershi et al., 2008) and barley straw (Qureshi et al., 2010) 
hydrolysates shows high xylose content - 18.8 g L-1, 18.4 g L-1, 17.3 g L-1 and 15.9 g L-1, 
respectively. High arabinose and galactose content was founded in corn fiber hydrolysate 
(Ezeji et al., 2007). These agro-industrial residues are promising for use as substrate for 
ABE fermentation. 

 
Table 2. Sugars composition in agro-industrial residues 

Agro-industrial residues Pre-treatment Hydrolysate sugar contain, g L-1 
Glucose Xylose Arabinose 

Spent mushroom substrate1 organosolv and enzymatic 34.8 1.03 0.055 
Rice straw2 alkaline and enzymatic 52.3 7.7  
Sugarcane bagasse2 alkaline and enzymatic 50.7 15.2  
Sugarcane bagasse3 acid 11 14  
Brewers spent grain4 acid 20 18.4  
Corn fyber5 acid and enzymatic 20.9 18.8 12.2 
Wheat straw6 acid and enzymatic 3.1 17.3 3.1 
Rice bran7 acid and enzymatic 21.74 0.37 1.44 
Rice bran7 enzymatic 6.2 0.26 0.88 
Rice bran7 acid 12.66 0.29 1.14 
Barley straw8 acid and enzymatic 20.2 15.9 6.1 
Oat straw9 acid 1.53 3.69 1.3 
Apple peel 1/10 to water 
ratio10 

hydrothermal 25   

1(Zhu et al., 2016); 2(Tsai et al., 2020); 3(Narayanasamy et al., 2019); 4(Plaza et al., 2017); 5(Ezeji et al., 
2007); 6(Qureshi et al., 2008); 7(Lee et al., 2009); 8(Qureshi et al., 2010); 9(Arreola–Vargas et al., 2014); 
10(Raganati et al., 2016). 
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POTENTIAL CLOSTRIDIUM SP. FOR PRODUCTION OF BIOBUTANOL 
 

Biobutanol production is usually done by solventogenic bacteria from Clostridium 
genus, such as C. acetobutylicum (Ibrahim et al., 2015), C. beijerinckii (Plaza et al., 
2017), C. saccharoperbutylacetonicum (Zetty–Arenas et al., 2019) and C. pasteurianum 
(Lipovsky et al., 2016). These bacteria produce biobutanol by fermenting sugars through 
acetone, butanol and ethanol fermentation (Zetty–Arenas et al., 2019; Ashani et al., 
2020). ABE fermentation can be divided into two phases: acidogenic phase, where cell 
growth occurs and acids (butyric acid, acetic acid) are the main metabolites; and 
solventogenic phase, where acids are reassimilated and solvents are produced. Later, 
fermentation ceases and cells form endospores (Birgen et al., 2019; Xue & Cheng, 2019); 

Butanol producing Clostridium sp. are able to use a wide variety of carbohydrates 
such as starch, cellobiose, sucrose, glucose, fructose, mannose, dextrin, galactose, xylose 
and arabinose (Plaza et al., 2017). Glucose is the most preferred carbon source for 
Clostridium sp., and all the central carbon metabolic pathways are expressed 
constitutively enabling efficient and rapid glucose utilization. (Jang et al., 2013; Ibrahim 
et al., 2015; Tsai et al., 2020). Other simple sugars, such as xylose, could not be 
consumed by bacteria in the presence of higher concentrations of glucose, due to a 
phenomenon called carbon catabolite repression, which might reduce butanol yield from 
the lignocellulosic biomass (Wen et al., 2020b). Bacteria have developed sophisticated 
mechanisms to adapt to environmental changes. For example, carbon catabolite 
repression allows bacteria the assimilation of a preferred (i.e. rapidly metabolisable) 
carbon source when they are exposed to more than one carbohydrate (Deutscher, 2008). 
Improvement of either native or genetically engineered strains for simultaneous 
utilization of hexoses and pentoses without carbon catabolite repression, could improve 
the biobutanol production efficiency, resulting in a more economicaly feasible process 
(Vivek et al., 2019). 

Acidogenic Clostridium such as C. tyrobutyricum, C. thermocellum, 
C. cellulolyticum and C. cellulovorans produces butyric and acetic acids as the main 
metabolic product, but not butanol, because of lacking some key enzymes, including 
CoA transferase (ctfAB), acetoacetate decarboxylase (adc), and aldehyde dehydrogenase 
(ald), in the pathways leading to ABE production (Yu et al., 2015; Xue & Cheng, 2019); 
(Bao et al., 2019). These strains have had evolving interest of researchers, due to the 
possibility of engineering their metabolic pathways in benefit for butanol production. 
Especially, C. thermocellum, C. cellulolyticum and C. cellulovorans with cellulolytic 
activity, because they natively secrete cellulases and consume cellulose, xylan and 
mannan (Yang et al., 2015; Ou et al., 2017; Wen et al., 2020b). 
 

ENHANCING PRODUCTIVITY OF BIOBUTANOL 
 

Solvent producing Clostridium strains rarely tolerate more than 10–20 g L-1 butanol 
in fermentation broth (Yang et al., 2015; Amiri & Karimi 2018; LV et al., 2020). 
Depending on the species, 10–20 g L-1 butanol concentration induces an adverse change 
in phospholipid and fatty acid composition in cell membrane (LV et al., 2020). Which 
induces bacteria sporulation, that results in, viable cell metabolism and end of solvent 
biosynthesis (Kumar & Gayen, 2011; Cheng et al., 2019). Most solventogenic 
Clostridium sp. share similar central carbon metabolic pathway and may encounter 
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similar problems, including low butanol yield (g of butanol from g of consumed sugar) 
and final titer (g butanol in L of fermentation broth), in the fermentation (Cheng et al., 
2019). 

To improve Clostridium sp. biobutanol yield and titer various strategies have been 
explored, such as genetic modification, metabolic engineering, randomly induced 
mutation by UV light, irradiation and chemical mutagenesis (Jang et al., 2013; Schwarz 
et al., 2017; Tian et al., 2019b; Gao et al., 2020). These strategies have been used to 
engineer (1) solventogenic Clostridium with improved biobutanol tolerance and 
productivity, (2) acidogenic Clostridium to produce butanol, (3) cellulolytic Clostridium 
to produce butanol and improve cellulases activity (Wen et al., 2017; Xin et al., 2018; 
Cheng et al., 2019). 

 
Metabolic engineered Clostridium sp. 
Metabolic engineering (ME) has been widely applied for Clostridium strain 

improvement for enhanced production of butanol (Raganati, 2016; Zhang et al., 2018b; 
Bao et al., 2019; Wen, 2020b). In study by Jang et al. (2012) butanol production in 
engineered C. acetobutylicum BKW increased by 60% from 11.8 g L-1 to 18.9 g L-1, 
compared with a wild strain (Jang et al., 2012). By using ME to enhance solvent 
tolerance of C. acetobutylicum strain an increase of 61% butanol titer from 12.6 to 
20.3 g L-1 with increase in yield from 0.20 to 0.23 g/g was observed (Xu et al., 2015). In 
another study, Tian et al. (2019b) have reported significant increase in butanol tolerance 
by C. thermocellum of 15 g L-1, which is up to 300% higher, compared to wild strain 
(Tian et al., 2019b). In Wen et al. (2020b) study, metabolic engineered C. cellulovorans 
was metabolic engineered, resulting in 4.96 g L-1 butanol titer from alkali extracted corn 
cob xylose (Wen et al., 2020b). Some Clostridium wild type strains and engineered 
strains are able to convert acetone to isopropanol, producing a mixture of isopropanol, 
butanol and ethanol, all of which can be used as biofuels without purification (Youn et 
al., 2016). Youn et al. (2016) reported on an effective isopropanol and butanol (IB) 
fermentation using a newly isolated Clostridium sp. A1424 capable 13.92 g L-1 of IB and 
9.43 g L-1 of butanol producing from glucose with a small amounts of residual acetone 
(Youn et al., 2016). Zhang et al. (2018a) engineered C. tyrobutyricum and these 
recombinant bacteria produced 26.2 g L-1 butanol and 38.2 g L-1 butanol and ethanol 
mixture without acetone, which is the highest value when cultivated on glucose based 
batch fermentations using natural butanol–ethanol producers (Zhang et al., 2018a). 

Table 3 summarizes the highest butanol titer results from 24 studies, depending on 
the choice of Clostridium specie, substrate, fermentation process and enhancing strategy. 
The highest titer results showed the ME C. tyrobutyricum 26.2 g L-1 (Zhang et al., 
2018a), ME C. acetobutylicum 20.3 g L-1 (Xu, 2014), chemical mutant 
C. acetobutylicum 17.6 g L-1, which have used glucose as substrate (Jang et al., 2013) 
and ME C. cellulovarans 15.8 g L-1 from fructose (Wen et al., 2020b). It should be noted 
that such high titer values are observed in experiments, where sugar content in batch was 
more than 60 g L-1. Rather well butanol titer rates of 7.6–11.8 g L-1 were obtained from 
other carbon sources as mannitol, xylose, mannose, arabinose and crude glycerol 
(Raganati 2016; Xin 2017; Wen et al., 2020a). Sugarcane bagasse showed  
good results as substrate, resulting in 14.5 g L-1 of butanol, fermented by 
C. saccharoperbutylacetonicum (Zetty-Arenas 2019). Although not large, but optimistic 
results have ME C. cellulovarans that consumes cellulose, with butanol titer of  
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1.11–2.31 g L-1 (Bao, 2019; Ou, 2017) and 3.37–4.96 g L-1, fermented from pre-treated 
corn cob hydrolysate without enzymatic treatment (Ou 2017; Wen et al., 2020b). That is 
notably higher than it was obtained by ME C. thermocellum, when biobutanol titer was 
0.04–02 g L-1 from cellulose (Tian 2019a). C. cellulovarans seems to be suitable 
microorganism for cellulose degradation and butanol production with solventogenic 
Clostridium consortium. 
 
Table 3. Production of biobutanol with Clostridium sp. from different substrate 

Process Microorganism Carbon source Biobutanol 
titer, g L-1 

Mono–culture, wild type 
batch C. acetobutylicum ATCC 8241 sago pith residues 5.41 
simultaneous 
saccharification 
and fermentation 

C. acetobutylicum ATCC 8242 pre–treated oil palm 
empty fruit bunch 

2.75 

batch C. beijerinckii BGS13 glucose 10.21 
consolidated 
bioprocessing 

Clostridium sp. NJ44 Jerusalem artichoke 13.25 

batch Clostridium sp. A14245 glucose 9.43 
fed–batch C. pasteurianum NRRL B–5986 glucose 8.3 
batch C. beijerinckii DSM 64227 brewer’s spent grains 6.6 
batch C. beijerinckii DSM 64227 sucrose 9.61 
batch C. saccharoperbutylacetonicum DSM 149238 sugarcane bagasse 14.5 
Mono–culture, mutagenesis 
batch C. acetobutylicum BKM199 glucose 17.6 
batch Clostridium sp. CT710 crude glycerol 11.8 
batch C. acetobutylicum ATTC 82411 rice straw 9.1 
Mono–culture, metabolic engineered 
batch C. tyrobutyricum ATCC 2575 (Δcat1, adhE2)12 glucose 26.2 
batch C. cellulovarans13 cellulose 1.11–2 
consolidated 
bioprocessing 

C. cellulovarans (adhE2)14 corn cobs 3.37 

consolidated 
bioprocessing 

C. cellulovarans (adhE2)14 glucose 3.08 

consolidated 
bioprocessing 

C. cellulovarans (adhE2)14 cellulose 2.31 

batch C. acetobutylicum15 glucose 13.2 
batch C. acetobutylicum15 mannose 8.91 
batch C. acetobutylicum15 arabinose 9.62 
batch C. acetobutylicum15 xylose 8.45 
batch C. acetobutylicum BEKW (buk)16 glucose 18.9 
batch C. tyrobutyricum (adhE2), (ctfAB)17 glucose 10–13.4 
batch C. acetobutylicum JB20018 glucose 20.3 
batch C. cellulovorans DSM 743B19 corn cobs 4.96 
consolidated 
bioprocessing 

C. cellulovorans DSM 743B19 fructose 15.81 

batch C. tyrobutyricum ATCC 25755 CTpM220 glucose 3.47 
batch C. tyrobutyricum ATCC 25755 CTpM220 mannitol 7.55 
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Table 3 continued 

Co–culture 
consolidated 
bioprocessing 

Phlebia sp. & C. 
saccharoperbutylacetonicum21 

cellulose 3.2 

consolidated 
bioprocessing 

C. cellulovorans DSM 743B & C. 
beijerinckii 805222  

extracted corn cob 11.5 

consolidated 
bioprocessing 

C. thermocellum NBRC 103400 & C. 
saccharoperbutylacetonium N1–423 

rice straw 5.5 

consolidated 
bioprocessing 

Thermoanaerobacterium sp. M5 & C. 
acetobutylicum NJ424 

xylan 8.34 

consolidated 
bioprocessing 

Thermoanaerobacterium sp. M5 & C. 
acetobutylicum NJ425 

xylan 13.25 

1(Linggang et al., 2013) 2(Ibrahim et al., 2015); 3(Zhang et al., 2018b); 4(Jiang et al., 2020a);  
5(Youn et al., 2016); 6(Lipovsky et al., 2016); 7(Plaza et al., 2017); 8(Zetty–Arenas et al., 2019);  
9(Jang et al., 2013); 10(Xin et al., 2017); 11(Tsai et al., 2020); 12(Zhang et al., 2018a); 13(Bao et al., 2019); 
14(Ou et al., 2017);15(Raganati et al., 2016); 16(Jang et al., 2012); 17(Yu et al., 2015); 18(Xu et al., 2015); 
19(Wen et al., 2020b); 20(Yu et al., 2012) 21(Tri & Kamei, 2020); 22(Wen et al., 2017); 23(Kiyoshi et al., 
2015); 24(Jiang et al., 2018); 25(Jiang et al., 2020b). 
 

Process optimization 
It should also be noted that with optimization in the medium composition, 

fermentation conditions and process integrations, higher butanol productivity and titer 
can also be achieved (Yang et al., 2015). Supplementation of micronutrients and 
chemical compounds has been proven to be an effective (Xin et al., 2017). For example, 
supplementation of zinc and iron could enhance butanol titer production to 12.8 g L-1 
compared to 4.5 g L-1 of butanol (Wu et al., 2016). Calcium carbonate had ability to 
enhance Clostridium tolerance to butanol by stabilizing cell membrane (Zhang et al., 
2018b). In Raganati et al. (2016) study, the highest butanol titer was obtained from 
glucose, mannose, arabinose and xylose, when added 5 g L-1 and 10 g L-1 calcium 
carbonate in fermentation broth, respectively (Raganati et al., 2016). Yang et al., 2015 
reported on synergistic effect of surfant PEG 4000 with xylanase on saccharification 
process efficiency, when used glucose and xylose yield increased from 53.2% to 86.0% 
and from 36.2% to 70.2%, respectively (Yang et al., 2015.) The influence of pH has been 
recognized as an important factor in determining the outcome of ABE fermentation, that 
the initiation of solvent production occurred only after the medium pH had decreased 
between 4.5 and 5.5 (Xin et al., 2017; Wen et al., 2020b). Generally, cultures at high pH 
values mainly produce acids, whereas in cultures maintained at a low pH, solvent 
production usually predominates. However, the pH range, over which solvent formation 
may occur, appears to vary quite widely depending on the particular strain and applied 
culture conditions (Xin et al., 2017). 

In the last decade, to reduce the butanol toxicity during the fermentation process, 
various in situ solvent recovery techniques were successfully employed. These recovery 
techniques are integrated into the fermentation process for simultaneous production of 
solvents and its removal, which leads to increase in consumption of fermentable sugars 
by solventogenic Clostridium, prolongs the time of solventogenic phase and improves 
fermentation productivity and biobutanol yield (Jiménez-Bonilla & Wang, 2018; Azimi 
et al., 2019). Solvents removal methods, that have been studied and optimized all the 
time, are liquid–liquid extraction (Díaz & Tost, 2018), pervaporation (Zhu et al., 2020), 
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perstraction (Merlet et al., 2017), adsorption (Raganati et al., 2020), gas stripping 
(Naidoo et al., 2018), vacuum fermentation (Mariano et al., 2012) and other. These 
methods are admitted to have numerous advantages and disadvantages, that are reviewed 
in detail by Jiménez-Bonilla & Wang, (2018), Outram et al. (2017), Xue et al. (2017), 
Cai et al. (2018), Azimi et al. (2019). 

 
Co-cultivation 
In recent years, co-cultivation of cellulolytic and solventogenic Clostridium, by 

means of consolidated bioprocessing, has been actively studied (Jiang et al., 2018; Xin 
et al., 2019; Wen et al., 2020a). Consolidated bioprocessing (CBP), which combines 
hydrolytic enzymes production, cellulose and hemicellulose hydrolysis and sugars 
fermentation through ABE production, has a promising potential (Ou et al., 2017). The 
combination of cellulose saccharification and fermentation in CBP shows numerous 
advantages, including reduction of contamination risk, increased overall production 
yield and ability to reduce the reactor and enzyme costs (Vivek et al., 2019;  
Olguin–Maciel et al., 2020; Tri & Kamei, 2020). A co–culture system will also increase 
the substrate utilization rate when both bacteria can use the substrate to produce the 
target product (Du et al., 2020). 

However, such consolidated bioprocessing implementation strongly depends on pH 
regulation (Wen et al., 2020b). Solventogenic Clostridium usually produce solvents after 
acidogenesis, when the culture pH decreases to 4.5–5.5 (Wen et al., 2020b), which, 
however, would inhibit growth and hamper cellulose degradation by cellulolytic 
Clostridium (Cheng et al., 2019). The change of pH during ABE fermentation by 
C. acetobutylicum could initiate the switch from acidogenesis to solventogenesis (Ou et 
al., 2017). Ou et al. (2017) study showed, that cell growth of the C. cellulovorans stopped 
when the culture pH dropped below 5.5, but high fermentation pH could reduce the 
production and selectivity of butanol. Therefore, the pH of 6.5 was identified as the 
optimal cellulosic fermentation pH in CBP using C. cellulovorans, resulting in 3.07 g L-1 
butanol production. Higher pH value reduces titer 1.82 g L-1 and 1.33 g L-1 at pH of 7.0 
and 7.5, respectively (Ou et al., 2017). 

Recently, metabolic engineered strains with tolerance to butanol and low pH, or 
with higher butanol production capability, was studied towards Clostridium species, 
Clostridium sp. & bacteria, Clostridium sp. & fungi co-cultivation (Table 3) (Kiyoshi et 
al., 2015; Jiang et al., 2018; Wen et al., 2017; Jiang et al., 2020b; Tri & Kamei, 2020). 
In Jiang et al. (2018) study, thermophilic Thermoanaerobacterium sp. M5 was used, 
which possesses the indigenous capability of butanol production (1.17 g L-1). 
Optimization of co-cultivation process of mesofilic C. acetobutylicum NJ4 has increased 
butanol titer to 8.34 g L-1 from xylan (Jiang et al., 2018). In the other study, thermophilic 
C. thermocellum and mesophilic C. saccharoperbutylacetonicum was co–cultivated, 
resulting in 5.5 g L-1 of butanol synthesis from 40 g L-1 of cellulose, indicating the 
highest butanol biosynthesis from cellulose (Kiyoshi et al., 2015). High result was 
obtained from engineered C. cellulovorans with C. beijerinckii in consortium, where 
butanol titer was 11.5 g L-1 from alkali pre-treated corn cobs (Wen et al., 2017). 
Interesting results were obtained in the Tri & Kamei (2020) study, where the synergistic 
effect of the white–rot fungus Phlebia sp. KO77 and C. saccharoperbutylacetonicum  
co-culture was successful in terms of both butanol production and enhancement of 
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saccharification, resulting in 3.2 g L-1 production of butanol from cellulose (Tri & 
Kamei, 2020). 

 
CONCLUSIONS 

 
Although intense research and development have been made in the field of 

production of biobutanol using a lignocellulosic substrate, it is necessary to select the 
best pre-treatment method for each type of lignocellulosic feedstock for efficient 
biomass conversion to sugars. The most promising feedstock from agro-industrial 
residues are rice straw, rice bagasse, soybean straw, sorgum straw, corn strover and spent 
mushroom substrate. Due to the high results of metabolic engineering strains, it is 
possible to use lignocellulosic biomass more efficiently. Cellulolytic C. cellulovorans 
shows sufficient enzyme activity for cellulose degradation to fermentable sugars, which 
allows cost–effective lignocellulose conversion for ABE fermentation with 
C. acetobutylicum, C. beijerinckii or C. saccharoperbutylacetonicum co–cultivation. 
Further research is needed on co-cultivation optimization of solventogenic with 
cellulolytic engineered Clostridium or with other potential microorganisms capable of 
degrading lignocellulosic biomass for technically feasible and simplified strategy to 
produce butanol from agro-industrial residues. A consolidated bioprocessing is well 
suited for these purpose, because it increases substrate utilization rate from 
lignocellulosic wastes through co-cultivation process. At the moment, there are not many 
studies on the production of butanol by co-cultivation of bacteria using CBP, and further 
research is needed. 
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Abstract. The goal of this article is the analysis of the specific technical properties of the 
agricultural machinery to prevent the ecological impacts on nature in case of a machine accident. 
The loss of stability and overturning of the machine is an important part of the farm safety code 
of practice document and the source of the ground contamination with fuel and no-bio lubricants. 
The main work is oriented to determine and derive the steps of prevention or prediction of 
dangerous states of the agricultural off-road vehicle operating on sloped ground and even 
applicable for heavy trucks. These steps are based on the experimental measurement of 
accelerations functions and implementing these into the mathematical model and following the 
European Union Regulations. The recommended simulation and obtained results can tell the 
engineers in the design process of the prototype how to accurate the technical parameters to keep 
the machine in a safe state while the machine is under acting the dynamic loads. Optimization of 
specific dimensions in the process of design can help to improve the ecological safety of the 
agricultural machines operating on sloped ground. Some theoretical methods are based on the 
Slovak National Standard STN 47 0170. 
 
Key words: acceleration gauge, accident on slope, overturning, soil contamination, 
EU regulation. 
 

INTRODUCTION 
 
A report from Eurostat (2019) declared that the countries in the EU have a total 

land area and share of farmland in total land area in 2016 year 39.9% and 4.1% from 
EU populations are employers in agriculture. Agriculture is one of the most dangerous 
employment in the economy. Many researchers have been analyzed the causes of the 
employer’s accidents. In Slovakia, the accidents rate in agriculture between 2000–2012 
years period has been analyzed and has been counted the total injuries rate 12,874 and 
90 was the fatal injuries (Váliková et al., 2013). The accident rates and their types in 
EU agricultural area have been analyzed between 2013–2019 years and in 2013 was in 
EU 366 fatal accidents and 135,260 non-fatal accidents (Merisalu et al., 2019). The 
EU farming population is predominantly self-employed, who are largely outside the 
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scope of EU occupational safety and health (OSH) legislation. Utilizing effective 
communications approaches to transmit clear messages is a possible way of motivating 
farmer OSH adoption. The Public Health Model (PHM) of accident causation 
conceptualizes an accident as occurring due to multiple interacting physical and human 
factors while the Social-Ecologic Framework enhances the PHM by defining various 
levels of the social environment, which are influential on persons’ OSH actions 
(Mc Namara et al., 2019). The national bodies for control of employer’s accidents record 
all occurred cases. The National Labour Inspectorate in Slovakia in the 2010–2019 years 
period recorded 23 deadly cases, 9 hard injuries, and 2 soft injuries, and these data were 
processed by the Statistical Office of the Slovak Republic (2019). As a representative 
unit of EU we were chosen the analysis of the Estonian accident provided by Enn & 
Merisalu (2019). Their study aimed to analyze the dynamics of work accidents (WA) 
incidence by severity, gender, and lost workdays in Estonian agriculture in 2008–2017. 
They found in total 13 fatal work accidents have occurred, which accounts 0.8% of all 
the WAs (n = 1,696). The published results from the analyses about accident rates, 
causes, and levels of injuries were analyzed very well, but the analyses do not tell us the 
detailed scenes and backgrounds of accidents or possibly raised environmental damages. 
Several accidents arise as a consequence of agricultural machine overturns. These 
machines operating on sloped ground or operating on rough terrain in forestry. Wide 
analysis about the causes of tractors overturns and accidents from past to 2010 year has 
been done by Abubakar et al. (2010). A similar analysis about fatal accidents due to 
tractors' overturns has been published by Antunes et al. (2018). Garland (2018) published 
that, the harvesting machines are now being used on slopes over 100 percent (i.e. greater 
than 45 degrees) in varying site conditions. This should also be considered in accident 
reporting and analysis. As defined by Visser & Stampfer (2015) the dynamic factor 
reduces the slope limit where a rollover can occur. As such, loss of traction can become 
a significant factor and it can be deduced that most rollover accidents result from an 
initial loss of traction. It results in an uncontrolled gain in momentum and if followed by 
hitting an object, such as a stump, or a change in terrain slope, can readily result in a 
rollover. The basic physics with regard to retaining traction on a slope is that the gravity 
force pulling the machine down should not exceed the traction force that the machine 
can develop on the ground. Another study published by Issa et al. (2019) analyzed the 
influence of agricultural engineering development on the occurrences of fatal accidents 
in agriculture-related to farm machinery in USA. The mentioned review of accidents 
shows, that the fatal and other injuries of employers are the cause of the agricultural 
machines accidents, especially tractors overturn. To prevent machinery accidents the 
wide research of the operating stability is in progress. Nowadays is running intensive 
research, which evidence are several published research papers. The serious research has 
been published by Bulgakov et al. (2016), where the aim of their study was to the 
elaboration of the theoretical basis for the process of vertical oscillation of the combined 
plowing and chopping tractor-implement unit and the validation of its dynamic stability 
in the longitudinal and vertical plane. The research has been performed with the use of 
the methods of designing the analytical mathematical models of functioning of 
agricultural machines and machine assembly units based on the theory of tractor, the 
vibration theory, the theory of automatic control and dynamic stability, and the methods 
of computer program construction and PC-assisted numerical computation. The next 
research of Bulgakov et al. (2017) has been aimed on substantiate the set-up and 
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parameters of the plowing unit with a front-mounted plow basing on the theoretical 
investigation of the stability of its motion in the horizontal plane. Another research 
published by Bulgakov et al. (2019) dealt by the investigation is a detailed examination 
of criteria for the stability assessment of a mechanical system used in agriculture, 
enabling their wide application to study the performance of the system in the case when 
it is affected by random forces that were not taken into account in the original model. 
The considered calculation methods and examples of their application make it possible 
to evaluate the performance of complex dynamic systems without numerical solution of 
complicated differential equations of the movement in the presence of external 
disturbances. 

To prevent the possible accidental cases the European Union Commission released 
regulation No 167/20133, where says: ‘point 11: To ensure a high level of functional 
safety, occupational safety, and environmental protection, the technical requirements 
and environmental standards applicable to vehicles, systems, components, and separate 
technical units concerning type-approval should be harmonized. Point 12: It is 
appropriate to establish the principle that vehicles must be designed, constructed, and 
assembled to minimize the risk of injury to the vehicle occupants and other road users.’ 
For that purpose, manufacturers must ensure that vehicles comply with the relevant 
requirements set out in this Regulation. Those provisions should include, but not be 
limited to, requirements relating to vehicle structural integrity, systems to aid the driver’s 
control of the vehicle, systems to provide the driver with visibility and information on 
the state of the vehicle and the surrounding area, vehicle lighting systems, vehicle 
occupant protection systems, the vehicle exterior and accessories, vehicle masses and 
dimensions and vehicle tires. In Chapter, I, Article 3 ‘Definitions’, point 24, defines: 
‘functional safety’ means the absence of unacceptable risk of physical injury or damage 
to the health of persons or property owing to hazards caused by mal-functional behavior 
of mechanical, hydraulic, pneumatic, electrical or electronic systems, components or 
separate technical units. The meaning of this regulation justifies the research of static 
and dynamic stability of agricultural off-road vehicles. 

The important field of reduction of the possibilities of agricultural machinery 
accidents and consecutive ecological impacts is standardization. The International 
Organization for Standardization (ISO) released a few standards and technical reports, 
which deal with the safety of machinery and risk assessment. The ISO 12100 (2010) 
deals with the determination of the limits of machinery. Risk assessment begins with the 
determination of the limits of the machinery, taking into account all the phases of the 
machinery life. This means that the characteristics and performances of the machine or 
a series of machines in an integrated process, and the related people, environment, and 
products, should be identified in terms of the limits of machinery. Recommendations for 
machine manufacturers say about the inherently safe design measures. Machines shall 
be designed so that they have sufficient stability to allow them to be used safely in their 
specified conditions of use. Factors to be taken into account include: 

 the geometry of the base, 
 the weight distribution, including loading, 
 the dynamic forces due to movements of parts of the machine, of the machine 

itself, or of elements held by the machine which can result in an overturning moment, 
 vibration, 
 oscillations of the center of gravity. 
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Characteristics of the supporting surface in case of traveling or installation on 
different sites (ground conditions, slope, etc.), and external forces, such as wind pressure 
and manual forces. Stability shall be considered in all phases of the life cycle of the 
machine, including handling, traveling, and installation, use, dismantling, disabling, and 
scrapping. The standard ISO 14123 (2015) deals with the reduction of risks to health 
resulting from hazardous substances emitted by machinery. 

In Slovakia was reported the overturn of the heavy vehicle with the tank with diesel 
fuel. From the damaged tank has been overflowed 14,135 liters of diesel fuel and 
contaminating the nearby agricultural soil. Accident recovery cost was 88,662.68 Euro, 
Polák (2014). Streche et al. (2018) published a research paper about methods of remediation 
of contaminated soil with petroleum and analyzed the energy consumption of the applied 
method of remediation. The research about the relationship between soil contaminations 
due the agricultural machinery accidents is very weak. As published Visser & Stampfer 
(2015) for forestry machinery actual guidance on slope limits, based on either science or 
experience, is rare. Many guidelines refer to manufacturer’s specifications, yet few of 
the major forestry equipment manufacturers provide slope and/or operating limits for 
their purpose-built machinery. Komatsu (2019) has recently published operating 
guidelines that indicate a slope limit of 55% when using winch assist. Also, the wheeled 
machines with chains or bands might have an upper limit of 45%, integral track machines 
up to 60%, and that tethered machines should be able to operate up to a range of 75 to 
85% slope. Jucherski et al. (2005) documented that the ecological degradation of 
mountain areas in Poland is still significant. The situation cannot get better unless 
agricultural technology and engineering for mountain areas are properly developed. 
Currently, the lack of appropriate combined tractor-machine units and multifunctional 
aggregates with self-propelled tool carriers for mountain farming is especially acutely felt. 

 
Nomenclature 

1 2 3, ,a   translational acceleration with 
respect to the  
xX̅d, yX̅4, zX̅�, 

m ∙ s�4 q  coordinate base directions 
(1,2,3) 

 

1 2 3, ,ag  acceleration gauges  }̅º position vector of point P   

qan  acceleration signals from 
accelerations gauges, n = 1,2,3  

m ∙ s�4 }»¼½½½½ position vector of point CG  

mna   
components of transformation 
matrix 
m = 1,2,3 n = 1,2,3 

  rotations matrix rad 

7¾ center of gravity  v  velocity m ∙ s�d b7¾½½½½½½ computational distance m 
fx  dislocation of center of gravity 

from front-end axle 
m 

1 2 3x,y,z , ,e  
coordinate base directional 
vectors 

 
rx  dislocation of center of gravity 

from rear axle 
m 

g  gravitational acceleration  
(=¿ 10) 

m ∙ s�4   angular acceleration rad ∙ s�4 ¾ machine gravity vector N   roll - angle produced by 
rotations 

rad 

1 2 3, ,G  components of gravity vector G 
respect to the xX̅d, yX̅4, zX̅�,  

N   slope angle deg 

3h  height of center of gravity from 
ground 

m   pitch - angle produced by 
rotations 

rad 
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HR distance of CG to labile stability 
position 

m 
1 2,  computational angle rad 

2J   machine moment of inertia with 
respect to the yX̅4, axis 

kg ∙ m4    yaw - angle produced by 
rotations 

rad 

KE kinetic energy kg ∙ m4 ∙ s�4    computational angle rad 

1 2 3, ,L  dimensions of acceleration 
gauges dislocations 

m   Einstein summation parameter  

m  machine mass kg  Euler parameters  

TM  transformation matrix    matrix of Euler parameters  

n  index (1,2,3,4,5,6,7)  



 
matrix of Euler parameters 
derivatives 

 

M any point on rigid body    angular velocity rad ∙ s�d 
PE potential energy kg ∙ m4 ∙ s�4   matrix of angular velocities rad ∙ s�d 
 

MATERIALS AND METHODS 
 

Physical model 

the ride along the contour line with reversible turning back to the contour line. 

Applied physical model include 
the off-road machine parameters, 
mounting adapter parameters, 
measurement devices with sensors, 
experimental ground parameters. The 
Reform Metrac is a municipal services 
tool carrier designed for extreme slopes 
and difficult terrain. The machine on the 
experimental ground is depicted in 
Fig. 1. The technical parameters of the 
tool carrier are in Table 1. The mounted 
front-end tool was mulcher Carroy the 
technical parameters are in Table 2. The 
area for the experiment was located near 
village Pohranice in Slovak Republic. 
The ground average slope angle was 17 
degrees. The vegetation composition 
was follows: Festuca pratensis 15%, 
Poa pratensis 30%, Dactylis glomerata 
30%, Arrhenatherum elatius 5%, 
Alopecurus pratensis 5%, clovers 5%, 
other herbs 10%. The average humidity 
of soil in the soil depth 10–25 cm was 
19.5%. The average soil penetrometer 
resistance in soil depth range 0–80 cm 
was 2.7 MPa. On the measurement,  
the manoeuver with the machine was  

 
 
Figure 1. Machine Metrac H6X. 
 
Table 1. Parameters of off-road machine 

Parameters Value 
Manufacturer Reform Werke 
Type Metrac H6 X 
Engine VM-D 754 SE 
Fuel diesel 
Tyres 33×1550-15 BKT 
Weight (kg) 2,370 
Weight with tool (kg) 2,780 
Wheel base (m) 1,995 
Wheel track (m) 1,630 
Center of gravity xf (m)1 1,180 
Center of gravity y (m)2 +0.007 
Center of gravity h3 (m) 0.74 
1 With respect to the front end; 2 With respect to the 
left side of the +y coordinate axis. 
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Measurement devices were set up for experimental measurement in-situ. For this 
purpose we are used the Adlink data acquisition devices which have been connected to 
PC through USB port. The data recording was realized in real-time. The used 
acceleration gauge ADXL 325EB is depicted in Fig. 2 and mounted on the machine in 
Fig. 3. The ADXL325 is a small, low power, complete 3-axis accelerometer with signal 
conditioned voltage outputs. The product measures acceleration with a minimum  
full-scale range of ± 5 g. It can measure the static acceleration of gravity in tilt-sensing 
applications, as well as dynamic acceleration, resulting from motion, shock, or vibration. 
The user selects the bandwidth of the accelerometer using the CX, CY, and CZ capacitors 
at the XOUT, YOUT, and ZOUT pins. Bandwidths can be selected to suit the application with 
a range of 0.5 Hz to 1,600 Hz for X and Y axes and a range of 0.5 Hz to 550 Hz for the 
Z axis. The detailed technical parameters are available at www.analog.com. The 
dislocations of mounted accelerations gauges are depicted on the picture 4. 

 
On Fig. 4 the accelerations gauges are signed as ag1, ag2, ag3, ag4, where the 

measured accelerations with respect to the coordinate axes directions is ;9À which 
means a – acclereation, n – number index for moving euquations, q – coordinate 
directions x,y,z X̅1,2,3 axis with respect to the coordinate base ov machine with origin in 
center of gravity of machine. The determinantion of center of gravity and weigth 
deistribution on the machine were published by Rédl & Páleš (2017). 

 
Table 2. Parameters of mounted tool 

Parameters Value 
Manufacturer Dsp Production Sas 
Mark Carroy 
Type GF 2072 RE7F C6 2S 
Description mulch-laying adapter 
Weight (kg) 410 
Length (m) 1.0 
Width (m) 2.27 
Height (m) 1.10 
 

 
 

Figure 2 ADXL gauge. 

 

 
Figure 3. Dislocations of sensors of acceleration 
on machine (is the same on the hidden part of 
machine). 
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Figure 4. Model of ddislocations of sensors of acceleration on machine. 

 
Mathematical model 
Initial conditions for mathematical model are: 
 neglecting the Coriolis acceleration, 
 neglecting the fuel weight loss, 
 neglecting the operator weight, 
 neglecting gyroscopic moment of the crankshaft of motor and shafts of the 

mounted aggregate, 
 diameter of tires are constant, 
 location of center of gravity is constant with respect to the machine base 

dimensions. 
The motion of any mass point of a rigid body in the three-dimensional space is 

defined with motion Eq. (1), where the mass point is a part of a rigid body, Fig. 5. The 
rigid body is defined as the center of gravity itself with respect to the inertial coordinate 
system. The position of any point P is defined with the position vector with respect to 
the center of gravity 7¾ → M. 

 

 
 
Figure 5. Rigid body in three dimensional inertial space. 
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1 2 3

i i i j k i i k i i
i i jk i jk q i mn jk n j

CG PP CG

k i j k
q i jk q i

CG P CG P

e v e v v e r e

r e r e ,

where i, j ,k , , ; q x, y,z

       

 

  





 

               

      

 

 
(1) 

Where ie is a unit vector with components  1 2 3e e ,e ,e of inertial base, 

 1 2 3q x y ze e , e , e is a unit vector of body base. For all vectors ie , q e , parameters i
jk  

and all remained components of the Eq. (1) we used the Einstein summation convention 
where v  is a velocity, r  is a position vector,   is an angular velocity. The point sign 
above the some components indicates its differentiation. Neglecting the Coriolis 

acceleration  2i j k
jk q i

CG P
r e 



     and decomposition of elements with Einstein 

summation to its components, we got the moving equations of center of gravity with 
respect to the inertial base as follows: 

 2 2
1 1 2 3 3 2 2 3 1 2 3 1 3 2a v v v x y z         

                       
   

, 

 2 2
2 2 3 1 1 3 1 2 3 1 3 2 3 1a v v v x y z         

                       
   

, 

 2 2
3 3 1 2 2 1 1 3 2 2 3 1 1 2a v v v x y z         

                       
   

. 

(2) 

The Eqs (2) could be rewrite for six degrees of freedom where the accelerations  �d − �� are obtained from experimental measurement from accelerations gauges. The 
dislocation of accelerations gauges are mounted on steel frame, oriented in horizontal 
plane of center of gravity, with dislocations depicted on Fig. 4. 
For the spatial identification of rigid body with respect to the inertial base we were used 
the Euler parameters   expressed in the matrix form as follows: 

   1
2

       
, (3) 

where      
   is a matrix of Euler parameters derivatives, WΩ[ is the matrix of angular 

velocities obtained from experiment. Solving the Eq. (3) we got the transformation 

matrix parameters ija  where 1 2 3 1 2 3i , , ; j , , .   We were created the transformation 

matrix as follows:  

 
11 12 13

21 22 23
1 2 3

31 32 33

T

n

T i
i , , ,..

i

a a a

M a a a

a a a


 
   
  

 , (4) 

where the T in matrix superscript position indicates the matrix transposition on each 
steps i t on .  For parameters transformation from body base to inertial base the 
transformation matrix Wiµ[ has been used as follows: 

gravity acceleration vector in initial position    0 1 2 3, ,G T G    , (5) 
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gravity acceleration vector    0i T ( i )G M G    , (6) 

angular velocity      Ts T TM    , (7) 

The differential Eqs (2) and (3) were solved numerically with application the 
Runge-Kutta numerical method of fourth degree as published by Rédl et al. (2015). 
 

 
 
Figure 6. Machine center of gravity accelerations. 
 

Solving the Eq. (3) we got the components of transformation matrix (4) as follows: 

a11 0
2

1
2

2
2

3
2       ,  12 1 2 0 32a         ,  13 1 3 0 22a         , 

 21 1 2 0 32a         , a22 0
2

2
2

3
2

1
2       ,  23 2 3 0 12a         , 

 31 3 1 0 22a         ,  32 2 3 0 12a         , a33 0
2

3
2

1
2

2
2       , 

(8) 

Rotation matrix 1 2 3, ,T    has the next form: 

1 2 3

1 0 0 0 0

0 0 1 0 0

0 0 0 0 1
, ,

cos sin cos sin

T cos sin sin cos

sin cos sin cos

   
   
   

     
                
          

 (9) 

To derive the stability factor of machine which is operating on slope we had to 
determine the gravity mass vector and its components during the experiment. In the start 
position the machine gravity acceleration force has the form: 

1 0

2 0 1 2 3

3 0

0

0
( )

( ) , ,

( )

G

G T

G G

   
         
     

, (10) 

For the determination of the stable state of the machine during the maneuver on the 
slope we designed the model of the vehicle overturn. The geometrical interpretation of 
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the center of gravity dislocation during the overturning is depicted in Fig. 7. The 
displayed overturning process is related to the manoeuver in Fig. 8. 
 

 
 

Figure 7. Machine overturning model. 
 
The tool carrier operated on the sloped ground on the defined trajectory. The 

trajectory was signed with surveying rods. The duration of the maneuver was approximately 
23 seconds. The maneuver was a ride along the contour line with turning to the opposite 
direction of the contour line. This a usual maneuver of the agricultural off-road machines 
operating on slopes. From experimental measurement, we got the relevant time series 
function of translational and angular accelerations of the center of gravity of the machine. 
They are depicted in Fig. 6. 

 
RESULTS AND DISCUSSION 

 
The overturning model has three phases. The overturning process is related to the 

tipping axes. The phase  is defined with the stable condition of the ride. The phase  
is defined with the beginning of the overturning when the dislocation of the center of 
gravity changes due to the influence of dynamics of ride and increasing slope angle. The 
kinetic energy is raising as a cause of increasing angular velocity and translational 
velocity. The translational velocity is increasing due to the operator interaction with the 
sustainable velocity of the machine. The phase  is defined with the state of labile 
position. In this state, the overturning is not finished yet. The kinetic energy does not 
have a sufficiently high value cause to overturning the machine around the rear tipping 
axis. The value of angular velocity in the labile state of stability we called a critical 
angular velocity. Overrun of the value of critical angular velocity causes the machine to 
overturn inevitably and causes fatal damages to the machine. To derive the value of 
critical angular velocity we define the gravity acceleration vector components as follows: 
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1 1 0

2 2 0

3 3 0

( i ) ( )

( i ) T ( )

( i ) ( )

G G

G M G

G G

   
   

    
   
   

. (11) 

Deriving the next geometrical relationships with respect to the Fig. 5 are the next: 
2 2

1 3G G G  . 

1
1

3

arctan
G

G
  , 

3

1

arctan
2 r

CG

x
SH






 ,  

2 2
3 rECG CG x  , 

1cos cos
2

HR ECG


  
        

  
, 

(12) 

Kinetic energy will be: 
22

2 2 2

1 1
2 2

KE J ECG m      , where  

0 1
10

G G
m . G

g
   , and we got:  

 22
2 2

1
0.1

2
KE J G ECG    , 

(13) 

where 2J  is the moment of inertia of machine about the 2Y e  axis and has the value  
J2 =943.36 kg.m2. 

Consumption of kinetic energy (13) from state  to state  will be K E H R G  . 
If the position of center of gravity is on the labile position its means that the line ECG
is perpendicular on the plane of slope and lays on the tipping axis. The center of gravity 
has the potential energy: 

PE m g h   , where  1sinh ECG ECG        and after some corrections we got: 

  11 sinPE G ECG       . (14) 

The labile stability will change when the condition K E P E  will be satisfied with 

the range of critical angular velocity 2 Crit
 . With combination of Eq. (13) and (14) we 

got the critical angular velocity: 

  1

2

2

2 1 sin

0.1
crity

G ECG

J G ECG

 


   


 
. (15) 

The stability is failure when x4 ≥ x4ÄÅÆÇ. For other tipping axes the mathematical 
procedures are identical. The critical angular velocities for analyzed machine maneuver 
are depicted in Fig. 9. 

From Figs 6 and 9 we can detect that the turning maneuver starts around 15 seconds. 
When the machine running along the contour line, the rear tipping axis is inactive. After 
this moment the rear tipping axis became active (machine front end goes in front of the 
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slope) and lateral tipping axes became active. The machine starts turning. The dynamic 
forces acting on the vehicle on rounding especially the inertial centrifugal force. Between 
15 seconds and 20 seconds, the rear tipping axis became active. In this position of the 
machine is a high risk of overturning around the rear overturning axis. Also, the left and 
right tipping axes are activated as is shown in Fig. 8. The most dangerous state occurs in 
the critical angular velocity of lateral tipping axes. The critical angular velocity reaches 

Prediction of the tractor overturn is the serious problem in the agricultural machinery. 
The mathematical models created by Previati et al (2014) are able to estimate the rollover 
limit of a farm tractor. The rollover phenomenon is investigated by considering the static 
stability of the farm tractor on a sloped surface. The authors derived three mathematical 
models to understand the basic features of the rollover mechanism. The models are able 
to predict the (static) rollover limit for any orientation of the farm tractor with respect to 
the slope. The effects of tyre stiffness (vertical and lateral) and nonsymmetrical 
implement positioning are analyzed also. The limitation of presented model is fact that 
the models did not actuated by real technical function. From this point of view is usable 
for prediction of static states of overturns. 
 

 
 
Figure 9. Critical angular velocity. 
 

Bietresato & Mazzetto (2018) stated that unstopped overturning must be avoided 
at all to prevent serious damages to people and things near the facility, due to the 
dangerous condition of having a relevant mass in a not-controlled motion within an 
enclosed area. Reporting of the agricultural damages and the outflow of the fuel or other 
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the machine will increase the operating and 
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Figure 8. Maneuver. 
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technical liquid due to machine accident is very lack. Kogler et al. (2015) determined that 
the information content of accident reports, because of insufficient information about the 
accident-causing human-machine interaction, does not suffice to derive or develop further 
sustainable preventive measures. The reporting of the soil contamination is missing. 

The Slovak standard STN 47 0170 defines the mathematical background of 
determination of allowed operating slope angle for agricultural machines. The developed 
mathematical model based on the Slovak standard enables the prediction of the 
dangerous states of the machine during the maneuver. 
 

CONCLUSION 
 

The study presenting the nowadays actual problems about the dangerous 
consequences of agricultural machines overturn and the ecological impact on the 
agricultural soil. We designed the mathematical model for the determination of critical 
angular velocity which has a major influence on the dynamic stability of the agricultural 
machine operating on sloped ground. The mathematical model is based on the Slovak 
national standard STN 47 0170. We realized the experimental measurement with an 
agricultural machine on defined land parameters and slope. Designed mathematical model 
processed the measured technical function of the acceleration of the center of gravity of 
the machine. The derived geometrical relationship of the center of gravity dislocation 
allows determining the critical angular velocity related to the active tipping axis. 
Carrying out the experimental measurements for certain maneuvers for certain operating 
conditions we able to implement the boundary ranges of critical angular velocities into 
the active stability control devices and eliminated the machine accidents. That improve 
also the ecological safety of agricultural machines operating on the sloped ground. 
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Abstract. Açai is a typical Amazonian fruit that has enormous potential for use in medicines and 
foods, whose consumption has been growing year after year. One of the major environmental 
impacts related to Açai is the generation of agro-industrial wastes, which are disposed of in 
landfills. One of the major problems related to the reuse of natural fibres in cementitious materials 
is related to their durability due to the alkalinity of the matrix. Thus, the objective of this work 
was to evaluate three different methodologies for surface treatment of Açai fibre, by immersion 
in NaOH, KOH and Ca(OH)2 solution to mortar application in rural construction. After the 
treatments, the fibres were added in a proportion of 2.5 and 5.0% in relation to the cement mass, 
in addition to the reference mortar (without fibre) in the making of the prismatic specimens 
(40×40×160 mm) and cured for 28 days in room temperature. Right after the curing period, the 
specimens were evaluated according to the mechanical strength of flexion and compression, 
workability, water absorption by capillarity and mass density in the hardened state of each 
methodology. The results showed that the best treatment methodology is with NaOH solution, 
with the addition of 5% Açai fibre in relation to the cement mass, producing a suitable mortar for 
use in rural buildings. 
 
Key words: agro-industrial wastes, açai, reuse, rural constructions, sustainability. 
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INTRODUCTION 
 

The Açai is a small fruit with a rounded shape, usually dark in colour, with a small 
lump and its pulp (Sato et al., 2019). The fruit is found predominantly in the Amazon 
region, which spreads to countries like Brazil (predominantly), Peru, Colombia and 
Venezuela, but also in other regions of Brazil, spreading its cultivation in several places 
due to the constant increase of its added value in all world (Sato et al., 2020). 

The most traditional açaí is the fruit of the açaizeiro (Euterpe oleracea), which is 
native to the amazon region, and in some cases is also called juçara, being a tree that can 
reach up to 30 meters in height, predominantly in the humid regions, favouring its growth 
in amazon region and coastal locations. The fruit's productivity is high, since in one 
hectare the production can reach 12 tons a year, when the appropriate management 
techniques are used (De Azevedo et al., 2021). 

According to the Brazilian Institute of Geography and Statistics (IBGE) and the 
Municipal Agricultural Production (MAP) survey, Brazil produced more than 
1.5 million tons of the fruit in 2018, a figure that has been growing day by day, reaching 
a projection of almost 2 million tons in 2021, due to the greater dissemination of this 
fruit internationally, which enhances exports, and research aimed at its application for 
medicinal purposes and uses in food (IBGE, 2019). 

In Brazil, the state of Para is the main producer with 95% of the production of açaí 
in Brazil (Cruz et al., 2019). Currently, 90% of açaí production in Brazil is destined for 
the domestic market and 10% for export to about 40 countries, with the United States 
receiving the largest amount (Sato et al., 2020). Of the processed foods that contain açaí 
and launched on the world market in the last 5 years, 22% are represented by juices, 12% 
energy and sports drinks, 9% snacks, 7% desserts and ice cream, 5% in the dairy category 
and 3% in sweets and bullets, with the United States (30%), Brazil (19%) and Canada 
(8%) the most representative countries in the launch of these products (Virmond et al., 
2012). The açaí market had a turnover of around 1.5 billion dollars in 2020 (De Azevedo 
et al., 2021). 

All the growing production and processing of fruit for the manufacturing of its 
derived products generate great environmental impacts, whether in the matter of soil 
management, use of agricultural pesticides, increase in areas cultivated as a result of 
illegal deforestation in the Amazon region and the large generation of waste solids during 
the processing step (Silva et al., 2018). The açaí fruit has a round shape and weighs about 
two grams. For the production of fruit-based products, a processing process must be 
carried out that results in the açaí lump, since only 17% of the fruit is edible (pulp and 
peel), requiring about 2 kilos of fruit for a litter of juice (Virmond et al., 2012). The core 
is covered with small natural fibres, which are currently a major environmental liability 
since they are discarded in landfills or disposed of in open land, contaminating the 
environment (De Azevedo et al., 2021). Thus, in view of the constant growth of açaí 
production and its popularization in Brazil and worldwide, the concern with sustainable 
practices for the generated agro-industrial solid waste is constant. 

Some research has been developed around the world in relation to the use of açaí 
lump and fibre, evaluating the potential of its reuse for medicinal purposes or even in the 
reuse in the development of alternative construction materials and energy generation. 
There are studies that assess the potential of energy generation, through açaí, as a source 
of biomass, mainly in remote regions that use generators, such as in the Amazon region, 
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including reducing the costs of transporting this waste (Itai et al., 2014). Research by 
Oliveira et al. (2014) showed the seed of açaí is a source of lignocellulosic material for 
the production of bioethanol, and that hydrothermal treatment can remove 
hemicelluloses from the seed of açaí resulting in the improvement of the yield of 
monosaccharides released by enzymatic hydrolysis. There are also applications in 
composting, shown by Virmond et al. (2012), who concluded that the açaí seed can 
participate in the process as a carbon supplier, reflecting in the improvement of soil 
characteristics. 

A study performed by Barbosa et al. (2019) evaluated the potential of using açaí 
lump for its application in the civil construction sector, being characterized physically, 
chemically, thermally and morphologically, carried out density tests by pycnometry, 
verification of moisture content, and the contents of lignin, cellulose and extracts. The 
results of this study showed that the use of açaí seed potentiates the reduction of 
environmental impacts, providing the construction industry with the possibility of 
producing more ecological materials, generating sustainability indicators. 

There are also applications in the making of ceramic materials, where the effect of 
incorporating ash from the açaí stone in structural formulations was evaluated, which 
showed levels of incorporation of 15% ash at 1,050 °C in association with the clay mass 
for the manufacture of structural ceramics, improved physical and mechanical properties 
(Martins et al., 2014). Another study, by Valença et al. (2011) evaluated the mechanical 
behaviour of sand-asphalt mixtures with the insertion of açaí fibre, added to construction 
and demolition residues and asphalt binders, showing that as insertion of açaí fibre, 
provided greater aggregate-ligand interaction for the thick covering of surfaces. 
However, in this study the mechanical results have not demonstrated adequate 
performance, showing the need for further studies. 

More recently, the application of only the natural fibre of açaí in cementitious 
materials has been investigated, two recent published articles show the feasibility of 
using and applying additions of 3% of the fibre, treated with NaOH solution, in relation 
to the cement mass in the development of mortar reinforcement, this percentage was also 
favourable in terms of durability, as long as there is treatment in NaOH solution, called 
mercerization, due to the high alkalinity of the cementitious matrix (Marvila et al., 2020; 
De Azevedo et al., 2021). It is known in several works in the literature that the use of 
natural fibres in cementitious matrices must be preceded by the superficial treatment of 
the fibres, due to the impossibility of their use, however there are not many discussions 
about alternative methods to NaOH for the superficial treatment of fibres, which can 
result in performance improvements or financial costs (Marvila et al., 2020). 

Although the treatment by immersion in NaOH solution is the most used and 
researched, alternative solutions have been evaluated, such as the immersion of fibres in 
acid solutions, as in the processes of acetylation, propionylation and silanization. These 
methodologies were used according to the chemical characteristics of the fibers, such as 
their hemicellulose and cellulose content (Azevedo et al., 2021). A major problem with 
the use of these treatment methods is their potential environmental damage that can be 
generated with remnants of the treatment solution and questions of durability of 
cementitious materials over the long period of exposure (Albinante et al., 2013). The 
chemical composition of the natural fibre, together with the elements present in its 
surface treatment process, react with the cementitious matrix, which throughout its 
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hydration process can promote a delay in the curing time, influencing the mechanical 
properties of the mortar (de Azevedo et al., 2021). 

The acetylation and propionylation processes of natural fibres are related to their 
modification in order to make them more hydrophobic, arising from the reaction of 
esterification of the hydroxyl group of the fibre constituents (hemicellulose, lignin and 
amorphous cellulose) with the acetyl group (de Mendonça et al., 2020). The silanization 
method, on the other hand, is a chemical treatment with silicon compounds, whose 
molecules have, at one end, a hydrophobic terminal group and, at the other end, a 
hydrophilic group, forming bridges (Albinante et al., 2013). 

Thus, the objective of this work was to evaluate three different methodologies for 
surface treatment of açai fiber, by immersion in NaOH, KOH and Ca(OH)2 solution to 
mortar application in rural construction.  

 
MATERIALS AND METHODS 

 
Materials 
The fibres and lump the açaí were collected from the municipality of Rio Novo do 

Sul - ES - Brazil, in an agroindustry of açaí production for ice cream. Fig. 1 shows  
the disposal site for this agro-industrial waste, where it is possible to observe the large 

materials. Hydrated lime type CH-III was used as a hydraulic binder in the mortar, 
providing greater strength and improving properties in the fresh state of the mortar. 
Finally, Portland cement type CP-II-E-32 was used, a type well used in the study region. 

 
Methods 
The fibre was collected and cleaned with distilled water. After that, it was 

greenhouse dried at a temperature of 60 °C for 24 h (De Azevedo et al., 2021). After 
drying the fibres, they were submerged in the respective solutions for 30 min, 
immediately after the fibres are washed in natural running water and subsequently by 
immersion in HCl. Immediately after cleaning the fibers, they must be stored in an oven 
at 60 °C for 24 h. Açaí fibre has a shorter length than other natural fibres, so it is expected 
to have a length of about 25 mm, and a diameter of approximately 0.30 mm (Castro et 

amount of waste generated and its 
environmental liabilities. 

The fibre was manually separated 
from the lump, resulting in the material 
that will be incorporated into the 
mortar. The other materials used for 
making the mortar will be natural sand, 
hydrated lime and Portland cement. 

The sand used for the research 
was collected on the Paraíba do Sul 
riverbed, in the city of Campos dos 
Goytacazes - RJ, acquired from local 
companies that do the exploration.  
The sand was standardized in a 50 
mesh sieve (fine sand), meeting  
the standards for use in cementitious  

 

 
 
Figure 1. View of the açai waste deposit place. 
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al., 2010). The alkaline treatment by NaOH is one of the most used chemical treatments 
in several studies that study plant fibbers (Castro et al., 2010; Marvila et al., 2020). In 
this work, in addition to NaOH, the fibre was subjected to treatment with KOH and 
Ca(OH)2. The use of more than one type of hydroxide, aimed to observe the behaviour 
of fibrous reinforcement for more than one type of alkaline medium. The solutions were 

hydroxyl (De Azevedo et al., 2021). Subsequently, the fibres were washed with running 
water, allowing removing the excess hydroxide still contained in the fibre. Afterwards, 
the fibres were again dried in greenhouses. 

Mortars were made according to the Brazilian technical standard, with a material 
ratio of 1:1:6 (cement: lime: sand), in mass, where the fibres after each treatment were 
added in the proportions of 2.5 and 5.0% in relation to cement mass, in addition to the 
reference mixture, without any addition of fibre (NBR 13276, 2016). Prismatic 
specimens of 40×40×160 mm were used for each mixture and exposed to an ambient 
cure (approximately 23 oC) in the period of 28 days. 

The consistency index test follows the standard of the standard (NBR 13276, 2016), 
on mortar for laying and covering walls and ceilings - determination of the consistency 
index. The test uses a circular thickening table, and consists of measuring the horizontal 
spread of the mortar molded in a standardized cone, after the application impacts on the 
mortar, providing an adequate workability to the mixture. 

The three-point flexural strength test was carried out on a universal testing machine 
with an S 30-capacity ballot through the application of a 50 ± 10 N s-1 load. After the 
flexural rupture, the remaining parts were used for the compression test, with a load 
application of 500 ± 10 N s-1 (Ahmad & Fan, 2018). The mass density test of the material 
was carried out by measuring three measurements of the prismatic specimens with a 
calliper to obtain the volume of the material, and the weighing of the mass with  
the aid of a scale. Then the density is calculated by dividing the mass by the volume  
(NBR 13278, 2005a). 

Capillarity occurs when there is contact with liquid with the substrate. The liquid 
in contact with a solid surface or capillary walls of a porous material generates forces of 
interaction and repulsion between the liquid and the solid, causing part of the liquid to 
be absorbed by the porous material (Lertwattanaruk & Suntijitto, 2015). This is 
detrimental to cementitious material. Since water affects the bond between the aggregate 
and the slurry, it influences the strength of the concrete. The capillary water absorption 
test induces the absorption of water by the cementitious material. The specimen was 
weighed at 0, 10 and 90 min, and placed in contact with a water layer of approximately 
5 mm (NBR 15259, 2005b). After that, the specimens were weighed again, the difference 
in mass indicates how much water was absorbed. 

 

subjected to the application of the three 
types of hydroxide, as shown in Table 1. 

The açaí fibre was immersed in the 
respective solutions for a period of 
30 min, soon after, the fibre was washed 
with distilled water and acetic acid, 
which neutralize the fibre, interrupting 
the reaction by removing the residual  

 
Table 1. Concentration of solutions used in 
alkaline treatment 

Hydroxide type Concentration 
NaOH 21 g to 100 mL of water 
Ca(OH)2 21 g to 100 mL of water 
KOH 15 g to 100 mL of water 
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RESULTS AND DISCUSSION 
 
The Table 2 shows the results related to the mixing of the materials, such as the 

proportion, in mass, of the constituents for making the mortar. It is observed that for each 
type of treatment methodology, the fibres were added proportionally to the cement mass, 
without changing the quantity of the other materials, such as cement, lime and sand. 

 
Table 2. Workability properties of mortars and mixtures 

Treatment 
Type 

Cement 
(g) 

Lime 
(g) 

Sand 
(g) 

Water 
(g) 

Fibre 
(g) 

water/ 
cement 

Horizontal spreading 
(mm) 

NaOH 100 100 600 45 2.5 0.45 259 ± 14 
100 100 600 45 5.0 0.45 257 ± 12 

Ca(OH)2 100 100 600 45 2.5 0.45 277 ± 10 
100 100 600 45 5.0 0.45 264 ± 6 

KOH 100 100 600 45 2.5 0.45 278 ± 11 
100 100 600 45 5.0 0.45 262 ± 18 

 
It can be seen in Table 2 that the water/cement ratio was kept constant, at 0.45, 

which is a value widely used in the literature on cementitious composites for 
reinforcement with natural fibres (Candamano et al., 2020; Morón Barrios et al., 2021), 
another point is that when choosing to keep this parameter fixed, the comparison ratio 
between mixtures and the evaluated treatment methods is better. 

When we evaluate the horizontal spreading, which is a property directly related to 
the workability of the mixture, we have that the literature speaks of values around 
260 ± 5 mm, which is the same as that adopted in the Brazilian technical standard for 
applications in coating mortars (NBR 13276, 2016; De Azevedo et al., 2021). Therefore, 
it was decided to use this reference value, and the treatment with NaOH (mercerization), 
was be showed with the most stable values and within the acceptable range, keeping a 
mortar with good workability. 

In the Ca(OH)2 and KOH treatments for the 2.5% fibre content, the nominal average 
spreading exceeded the maximum limit, even within the standard deviation values, this 
can be attributed to the lower adhesion that the fibre had, with these treatment 
methodologies, along with the cementitious matrix, resulting in more fluid mortars 
(Marvila et al., 2020). With higher levels, such as 5%, both treatments obtained nominal 
values within the acceptable range (260 ± 5 mm), but still very close to maximun limit, 
which may denote not being a significant and acceptable result for the application in 
rural construction (García-Esparza et al., 2018). 

Thus, the treatment with NaOH was the one that showed the greatest stability 
regarding the horizontal spreading of the mortar, showing an acceptable workability 
according to the literature values (Marvila et al., 2020). Another important point is that 
for applications in rural constructions, the workforce want at a mortar with workability, 
since the buildings present a facades greater irregularity to application surface and 
greater exposure to heat, which can influence the final durability of the coating in the 
environment rural (García-Esparza et al., 2018; Marvila et al., 2020). 

Fig. 2 shows the results of the mass density of the specimens in the hardened state, 
that is, after the curing period. 
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Fig. 2 shows the result of the mass density in the hardened state, where 
comparatively the reference mixture (without the addition of any fibre), the treatment 

Barrios et al., 2021). 
The results of the literature itself indicate that mortars for use as external cladding 

of facades should have a mass density around 1.7 to 1.9 g cm-2, which shows that  
the treatments of the fibres with KOH and Ca(OH)2 do not are recommended for this 

with NaOH was the one that showed 
the best behaviour, with reduced 
density in all two levels of 
incorporation, which is beneficial for 
mortars in general, as it reduces the 
load on masonry in rural constructions 
(De Azevedo et al., 2021). This 
reduction with the treatment of NaOH 
can be justified due to the greater 
impermeability that the surface 
treatment caused in the fibres, 
reducing the effect of the alkaline 
medium in the matrix in the 
reinforcement (Asim et al., 2020). 
The treatments with KOH and 
Ca(OH)2 were less efficient since 
there was a dissipation of part of the 
formed film, which in the case of 
Ca(OH)2 was influenced by  
the hydration of the cement (Morón  

 

 
Figure 2. Results of mass density in the hardened 
state of each methodology of treatment. 

property (Marvila et al., 2020; 
De Azevedo et al., 2021). Obviously, 
the amount of fibre addition also 
influenced, since greater proportions 
indicated a possible increase in 
density, which corroborates with other 
studies in the literature on the use of 
natural fibres in mortars for coating 
(Asim et al., 2020). 

Fig. 3 shows the result of water 
absorption by capillarity for the 
different fiber treatment methodologies. 

The absorption of water by 
capillarity is a phenomenon that 
evaluates the interconnection potential 
of the internal pores, which culminates 
in the transfer of fluids, such as water 
or external gases, into the cementitious 
matrix, affecting its behaviour and 
durability (Nadelman & Kurtis, 2019).  

 

 
Figure 3. Results of water absorption by 
capillarity of each methodology of treatment. 
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It was observed in Fig. 3 that the treatment with Ca(OH)2 induced an increase in this 
water absorption by capillarity due to the fact that this treatment, which is based on 
hydrated lime dissolved in the aqueous solution, participates in the hydration process of 
cement matrix, together with existing cement, reducing the protection efficiency, which 
helps in the hydrophilic power of natural fibres, in this case more exposed (Marvila et 
al., 2020). 

In the case of treatment with NaOH and KOH what was observed was a reduction, 
mainly with NaOH, which is justified by the fact of the actual superficial impregnation 
of the treatment in the fibre, which reduces its effect of formation of capillary veins. In 
addition, there is a greater internal compactness of matrices with Açai type fibres, as 
they are shorter and less thick, which corroborates their internal filling effect, in addition 
to the reinforcement, thus reducing the capillary absorption effect, as observed in results 
of Fig. 3 (Nadelman & Kurtis, 2019). 

Rural buildings are highly susceptible to exposure to the effects of heavy rains, and 
depending on the region with high temperature rates, a positive point of these 
environments is the lower exposure to gases, such as atmospheric CO2, which reduces 
the incidence of pathologies in this sense in these areas buildings (García-Esparza et al.,  

test pieces with NaOH treatment presented, in the rupture region, greater shortening of 
the fibres that were left out in the test pieces, due to the greater resistance that they 
imposed on these samples. In the other treatments, the fibres were severely broken, 
showing the greatest fragility of these samples. 

The results observed in Fig, 4 indicate that the reference mortar (without adding 
natural fibers in its mixture), presented a mechanical resistance to flexion of 3.64 MPa, 
this value is consistent with the main applications that relate the coatings, which 
according to the study from the literature, it must present at least 3 MPa for medium  
 

2018). 
Figs 4 and 5 show the results of 

mechanical strength flexion and 
compression, respectively, in the 
different treatment methodologies 
analysed. All results of mechanical 
strength are preceded by the 
respective standard deviations, as a 
result of the samples of the specimens 
used in this study. It can be seen 
visually that the specimens before the 
execution of the tests, in all treatment 
conditions, presented a good 
consolidation of the mortar, without 
occurrence of voids due to failure of 
the density of the dough in the moulds 
and the occurrence some small parts 
of these fibres for the external side. 
After the execution of the tests of 
mechanical strength to compression 
and flexion, it was observed that the 

 

 
Figure 4. Results of mechanical strength of 
flexion of each methodology of treatment. 
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aggressive environments (Hong et al., 2020). Thus, if we analyze all other treatment 
methodologies, we can conclude that in all of them this minimum value is reached, with 
the exception of the incorporation of 2.5% with KOH treatment, which in its standard 
deviation (tests performed in triplicate), was found close to the limit. 

When analysing the treatment with NaOH, it presented the greatest increase in this 
resistance, about 8.79% (2.5% of fibre) and 12.63% (5% of fibre), which can be justified 
by the influence of the increase in the internal stiffness of the matrix caused by addition  

in external coatings of rural buildings is positive (Candamano et al., 2020). The reduction 
in the compressive strength values is just as significant, highlighting for mortars treated 
with Ca(OH)2 that in some specimens they deteriorate to such an extent during the curing 
period that the rupture was impaired, proving inefficiency application of this treatment 
process for Açai fibres (Mathavan et al., 2020). 
 

CONCLUSIONS 
 
It can be concluded with this research that there is a viability of using the natural 

fibre of Açai in mortars for applications in rural buildings, as long as the fibre undergoes 
a treatment process. The immersion of natural fibre in NaOH solution, a process known 
as mercerization, was the one that presented the best properties of mortars in the fresh 
and hardened state, as a protective film of the fibres was developed in the interfacial 
region that prevented their direct contact with the internal pores of the highly alkaline 
cementitious matrix. 

of fibre as a reinforcement material. 
In other treatments, such as KOH and 
mainly with Ca(OH)2, the effect of 
adding the fibre was more like filling 
the matrix, reducing performance in 
most cases of strength, this can be 
justified by the lower or almost no 
efficiency of this surface treatment 
systems, which were deteriorated by 
the aggressiveness of the alkaline 
medium of the cementitious matrix 
(Ahmad & Fan, 2018). 

In Fig. 5, the compressive 
strength underwent a similar trend to 
that observed in flexion, with 
treatment with NaOH providing a 
significant increase in the strength 
values of 14.51% (2.5% fibre) and 
31.45% (5% fibre), thus being able to 
effectively conclude that the fibre 
acted as a reinforcement mechanism 
in the mortar, which for applications  

 

 
 
Figure 5. Results of mechanical strength of 
compression of each methodology of treatment. 
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Other methodologies for the treatment of the natural fibre of Açai, such as 
immersion in KOH and Ca(OH)2 solution, were not as efficient, in these cases the fibre 
behaved as a filler in the matrix, while in the treatment with NaOH it provided that the 
Açaí fibre behaved as a reinforcement of the matrix, which was verified in the results of 
mechanical strength. 

As for the percentages of addition of natural fibre, it was observed that values of 
5% in relation to the cement mass have adequate behaviour and within the normative 
standards and the literature of the area. Although higher percentages are not evaluated, 
other studies related to the use of natural fibres in cementitious matrices have shown that 
these higher values are harmful. Thus, treatment by immersion in NaOH solution with 
the addition of 5% Açaí fibre is possible for making mortars for use in cladding and 
stabbing in rural buildings. 

As a suggestion for other works, it is possible to verify the influence of the 
orientation and arrangement of the fibres in the molding process of the specimens, in 
addition to other intermediate additions to those already evaluated. 
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Abstract. The on-grid photovoltaic system was installed at the Faculty of Engineering in 2015. 
The monitoring system developed in our laboratory monitors data and can also detect failure and 
type of failure. The evaluation of the data shows that the amount of electricity produced slightly 
exceeds the expected values predicted by the internationally used internet application PVGIS. 
The effect of the aging of PV panels has so far had a minimal effect on the electricity produced. 
Immediate output power is affected by multiple parameters. Higher temperatures reduce the 
efficiency of energy conversion, so in summer the instantaneous power may be lower even at 
higher radiation intensity and smaller angle of incidence. 
 
Key words: solar energy conversion, photovoltaic generators, Solar panels, data monitoring. 
 

INTRODUCTION 
 

The efficiency of a photovoltaic (PV) system depends on many parameters. In our 
previous article (Daneček et al., 2020), we compared PV systems with different 
constructions located in very different and distant locations in the Czech Republic in 
Central Europe and in Chile in South America. We compared mainly the amount of 
electricity produced. 

In this article we will focus on only one PV system located at the Faculty of 
Engineering, CULS Prague and in addition to the total amount of electricity produced, 
we will monitor in more detail the distribution of output power during selected sunny 
days and we will compare measured values with expected values according to theoretical 
calculations. To monitor the data, we used the Solarmon (2.0) monitoring system 
(Beránek et al., 2018) developed in our laboratory. This monitoring system is already 
successfully working on a number of PV systems in the Czech Republic and abroad, and 
similar monitoring systems have been described in the papers (Ayompe et al., 2011, 
Madeti & Singh, 2017, Øgaard et al., 2020). Data monitoring can also predict failures of 
PV systems and the types of such failures. We have also dealt with this in previous works 
and for example, works (Spertino et al., 2015, Bilčík et al., 2019) also dealt with it. The 
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cracked PV cells in the PV panel and broken contacts are the ordinary faults, but there 
are many types of faults. If the PV system or part of it reduces the output power, the 
monitoring system will report a suspected failure. The monitoring system thus helps 
operators with the management of the PV system. 

The widely used internet application (Photovoltaic Geographical Information 
System, 2020) provided us with the expected values of the amount of electricity 
produced for a PV system of a given construction and location. We could compare the 
expected values with our measured values. A similar comparison of expected and 
measured values was performed in the work (Baena et al., 2020). During operation, a 
decrease in the values of the produced electricity can also be expected due to the aging 
of the PV system. Our observation is also given below. Similar observations have been 
addressed in the work (Kazem et al., 2020). 

 
MATERIALS AND METHODS 

 
Fig. 1 shows the PV system installed at the Faculty of Engineering in Prague 

(50.13° north, 14.37° east). 40 PV panels (Renesola, GmbH, type JC 260M-24/Bb, 
nominal nominal output power 260 Wp) based on polycrystaline silicon are divided into 
two independent sections. In each section, 20 PV panels are connected in a series and 
they are connected to the distribution network via inverters. PV panels are installed on a 
fixed stand, they are oriented nearly to the south with an inclination of 35°. (Azimuth 5° 
to the east is given by the building orientation.) The nominal output power is cca 10 kWp. 
Solar conditions correspond to the temperate climate zone in Central Europe. 

 

 
 

Figure 1. On-grid PV system installed at the Faculty of Engineering, Czech University of Life 
Sciences Prague (nominal output power 10 kWp). 
 

Fig. 2 shows the scheme of the PV system showing the angle of incidence of direct 
solar radiation at noon on two selected days in different seasons. Below, we will compare 
data from our monitoring system during two selected sunny days (1st June 2017 and 25th 
February 2018). Several factors affect the resulting amount of electricity produced 
(especially temperature of PV panels, intensity of solar radiation and angle of incidence). 
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Figure 2. Scheme of the PV system showing the angle of incidence of direct solar radiation at 
noon on selected days. 

 
RESULTS AND DISCUSSION 

 

 
Table 1. Estimated amount of electricity produced per year 

Month Jan Feb Mar Apr Mar Jun Jul Aug Sep Oct Nov Dec Total  
Electricity 
(kWh.kWp-1.year-1) 37.4 54.9 90.8 122.2 128.8 128.4 130.4 121.4 105.2 72.6 39.3 36.3 1,067.7

Fig. 3 shows the amount of 
electricity produced during 4 years 
of operation. Typical annual 
energy production in this region is 
about 1,100 kWh.kWp

-1 year-1. In 
2019, production was several 
percent higher due to better 
climatic conditions. Table 1 shows 
the estimated amount of electricity 
produced per year according to  
an internationally used application 
(Photovoltaic Geographical 
Information System, 2020). It can 
be seen that our PV system has 
produced a little more electricity in 
all years than the expected value. 
(The year 2018 cannot be 
compared because there was a 
longer failure of the monitoring 
system and data are not available.) 
We have previously convinced that 
PV panels do not show significant 
defects by monitoring defects with 
a drone and we published the 
results (Libra et al., 2019). 

 
 

Figure 3. Monthly values of electricity produced in the 
years 2016–2019 calculated to 1 kWp of installed power. 
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Fig. 4 shows the dependence of the horizontal radiation intensity and of the 
instantaneous power on the time during two selected sunny days in different seasons. 
Fig. 5 shows the respective dependences of the temperature of PV panels and the air 
temperature on the time. If we focus only on the maximum values at noon, it can be seen 
that the measured value of instantaneous power on 25th February 2018 is about 3% higher 
than on 1st June 2017. This might seem strange, but the theoretical evaluation of 
measured data gives the following results clearly arranged in Table 2. The temperature 
difference of PV panels is 36°C. The energy conversion efficiency of PV panels is about 
18% at 20°C and it decreases by about 0.5%/°C at increasing temperature (Libra et al., 
2017). Thus, the difference in the efficiency of energy conversion due to the different 
temperature is 18% from 18%, that is about +3.2% (on 25th February 2018, the efficiency 
of energy conversion is about 3.2% higher than on 1st June 2017). 

 

 
 

 

 
Figure 4. Dependence of (a) radiation 
intensity and b) instantaneous power on the 
time during two selected sunny days in 
different seasons.  

Figure 5. Dependence of PV panels 
temperature and air temperature on the time 
during two selected sunny days in different 
seasons. 

 
The situation with the intensity of incident direct sunlight is the different. Table 2 

shows the angles of incidence of direct solar radiation on PV panels (see Fig. 2) and the 
measured values of the horizontal intensity of the direct solar radiation. The calculation 
of the values of the intensities of direct solar radiation on the planes perpendicular to the 
direction of the radiation and on the planes of the PV panels was performed by a simple 
solution of right triangles and by using of trigonometric functions. Thus, the difference 
in the intensity of direct sunlight incident on PV panels is about -1.1% (on 25th February 
2018 the value is about 1.1% lower than on 1st June 2017). 
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Table 2. Measured and calculated values of important parameters and final calculated difference 
of output power at noon sunny day 

Quantity 1st June  
2017 

25th February 
2018 

Temperature of PV panels (°C) 42 6 
Difference of energy conversion efficiency due to the 
temperature difference (%) 

 +3.2  

Angle of incidence (°) (see Fig. 2) 7 24 
Horizontal direct radiation intensity (W.m-2) 830 520 
Calculated perpendicular radiation intensity (W.m-2) 940 1,010 
Calculated radiation intensity on PV panels (W.m-2) 933 923 
Difference of radiation intensity on PV panels (W.m-2)  -10   
Difference of direct radiation intensity (%)  -1.1  
Distance Earth-Sun (AU) 1.01396 0.98992 
Air humidity (%) 46 45 
Final calculated difference of output power (%)  
25th February compared to 1st June 

 +2.1  

 
The radiation intensity on the plane perpendicular to the direction of radiation can 

be discussed. The difference caused by the different angle of incidence and by the 
influence of the atmosphere should be about 15% (higher value in June). However, due 
to the greater distance of the Earth from the Sun, the radiation intensity should decrease 
by about 5% in June, because the radiation intensity is inversely proportional to the square 
of the distance. The expected value should therefore be higher in June on a very clear 
day, but Figure 4a shows fluctuations in the instantaneous power around noon on 1st June. 
Fluctuations are probably caused by clouds of steam, which the human eye does not even 
register, but they affect the output power of the PV system. Thus, the day was not completely 
clear and if the values of the instantaneous power corresponded to a smooth curve, they 
could supplement the missing 10%. These effects thus approximately equalized. 

The resulting calculated difference of the instantaneous output power is therefore 
about +2.1% (calculation +3.2% -1.1% = 2.1%) and this is in good agreement with the 
measured difference of +3%. 

 
CONCLUSIONS 

 
The PV system at the Faculty of Engineering has been operating without problems 

for almost 5 years and the amount of electricity produced is slightly higher than the 
expected value according to the internationally used PV GIS application. This indicates 
a good quality PV system. 

Even in winter season, at a higher angle of incidence, the instantaneous output 
power of the PV system can be few higher than in summer season, because the amount 
of electricity produced depends on more parameters. Only the most important parameters 
were included in our theoretical data evaluation. The output power of the PV system is 
certainly a little affected by the dusting of the PV panels, by the inclination or orientation 
of PV panels, etc. 

The total amount of electricity produced is higher in the summer season, mainly 
due to the longer stay of the Sun above the horizon (see Fig. 4). But we must compare 
sunny days only. 
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The amount of electricity produced could be increased by cooling the PV panels 
especially in summer season, because at lower temperatures the efficiency of 
photovoltaic energy conversion is higher (Libra et al., 2017). However, this would 
require a more complicated design of hybrid photovoltaic-photothermal panels and 
cooling water circulation. This problem has already been studied and such hybrid panels 
exist, see for example (Zagorska et al., 2012, Matuška et al., 2015). 
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Abstract. Coffee is one of the most tradable commodities worldwide with the current global 
consumption of over 10 billion kilograms of coffee beans annually. At the same time, a significant 
amount of solid residues, which are known as spent coffee grounds (SCG), is generated during 
instant coffee manufacturing and coffee brewing. Those residues have a high potential in various 
applications, yet they remain mostly unutilized. The current work presents the experimental 
comparison of two pretreatment technologies - hydrothermal carbonization (HTC) and 
torrefaction - for converting SCG into a valuable char. The results showed that low-temperature 
torrefaction (< 250 °C) has a negligible effect on feedstock properties due to initial pre-processing 
of coffee beans. However, the energy conversion efficiency of torrefaction at higher temperatures 
is comparable with that of HTC. The average energy yields for high-temperature torrefaction 
(> 250 °C) and HTC were on the level of 88%. Devolatilization and depolymerization reactions 
reduce oxygen and increase carbon contents during both processes: chars after torrefaction at 
300 °C and HTC at 240 °C had 23–28% more carbon and 43–46% less oxygen than the feedstock. 
Both pretreatment methods led to a comparable increase in energy density: the highest HHV of 
31.03 MJ kg-1 for torrefaction at 300 °C and 32.33 MJ kg-1 for HTC at 240 °C, which is similar 
to HHV of anthracite. The results showed that both processes can be effectively used to convert 
SCG into energy-dense char, even though HTC led to slightly higher energy densification rates. 
 
Key words: biomass pretreatment, hydrothermal carbonization, torrefaction, spent coffee grounds. 
 

INTRODUCTION 
 

In recent years, various organic waste and by-products have been attracting 
increased attention as feedstock materials for chemicals, materials, or energy carriers. 
Meanwhile, the principles of the circular economy are gaining acceptance worldwide by 
providing a sustainable development pathway through optimized resource utilization 
(Chen et al., 2021). It is generally accepted that by implementing recycling and recovery 
operations, waste can be converted into valuable products, thus reducing the depletion 
of virgin resources and the amount of land required for landfills. 
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Coffee is one of the most widely consumed beverages globally with the total 
consumption of 10 Mt of coffee beans in 2020 (ICO, 2020). Instant coffee 
manufacturing, as well as coffee brewing, generates a large amount of solid residues - 
spent coffee grounds (SCG) - that mostly remain unused due to their high moisture 
content and the phytotoxic nature of some of its components, such as caffeine, tannins 
and polyphenols (Fornes et al., 2017). The economically feasible energy generation from 
a moist product is generally challenging and expensive, thus SCGs are often landfilled. 
However, landfilling of biodegradable waste results in its anaerobic decomposition and 
strongly contributes to climate change and groundwater pollution due to the generation 
of landfill gas and leachate. Moreover, the direct application of SCG in large amounts 
towards biochemical application can be problematic and harmful due to the components’ 
toxicity for many life processes (Vítězová et al., 2019). 

SCG are rich in polysaccharides, lignin, proteins, and fatty acids (Murthy & Naidu, 
2012; Kwon et al., 2013). Various utilization pathways can be used to convert this  
low-value feedstock into different value-added products. Recent studies highlight a 
significant potential of SCG for the production of biodiesel (Haile et al., 2013; Atabani 
et al., 2018) and bioethanol (Choi et al., 2012), as a feedstock for adsorbents (Felber et 
al., 2012; Kante et al., 2012), antioxidants (Yen et al., 2005), and fertilizers (Kasongo et 
al., 2011; Yamane et al., 2014). Hydrothermal carbonization (HTC) and torrefaction are 
two distinct options to upgrade the thermochemical properties of SCG (Moustafa et al., 
2017; Kim et al., 2017). These processes produce solid products with improved handling 
characteristics and increased energy content. Besides, additional benefits may be found 
for different other application of the produced chars, e.g. SCG-derived hydrochar 
showed beneficial properties as a substrate for anaerobic digestion (Codignole Luz et al., 
2018). 

During HTC, the feedstock is mixed with water and is then heated at moderate 
temperatures for several hours (Tamelová et al., 2019; Partridge et al., 2020; Sermyagina 
et al., 2020). HTC is beneficial for wet feedstock eliminating the need for its  
energy-intensive drying (Zhuang et al., 2019). The temperatures of HTC range between 
180–250 °C, while self-generated pressure leads to the transformation of the biomass 
into a carbonaceous char (or hydrochar). By-products of the process include both 
aqueous compounds (HTC liquor) and gaseous streams (contain approx. 90% CO2) 
(Funke & Ziegler, 2010; Kambo & Dutta, 2014). The HTC liquor has the potential to 
produce high-value chemicals (furfurals, fatty acids, etc.) and their utilization can 
improve the overall performance of the process (Fuente-Hernández et al., 2017). 

Torrefaction is an alternative to mild pyrolysis treatment. The process takes place 
at temperatures of 200–300 °C under an inert atmosphere (Velebil, 2018; Urbancl et al., 
2019). During this treatment, the biomass components degrade releasing condensable 
and non-condensable gases, while the carbon-rich solid residue (char) is obtained 
(Tamelová et al., 2019). Both HTC and torrefaction lead to certain structural changes in 
the biomass components producing the homogeneous solid material with higher 
grindability, hydrophobicity and energy density in comparison with feedstock 
(Tamelová et al., 2019). 

The impact of different pretreatments on biomass properties have been actively 
investigated recently (Liu & Balasubramanian, 2014; Paneque et al., 2017; Nizamuddin 
et al., 2018; Rodriguez Correa et al., 2019). The results of the comparative investigation 
of HTC and torrefaction have been reported in the recent years for various wastes and 
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by-products (e.g. olive tree trimmings residue (Volpe et al., 2016; Duman et al., 2020), 
grape pomace (Pala et al., 2014), and azolla biomass (Babinszki et al., 2020). However, 
the comparison of these treatment processes on SCG has not yet been addressed 
properly. In this work, the impact of the reaction conditions during HTC and torrefaction 
on the energy properties of SCG was analysed. This work expands the available 
knowledge of the thermo-chemical properties of SCG and derived chars. The obtained 
information can be effectively utilized for modelling purposes and promoting more 
effective valorisation of this waste stream. 

 
MATERIALS AND METHODS 

 
Materials 
SCG were obtained after brewing the finely ground dark roast Arabica coffee beans 

(Wanyama blend by Arvid Nordquist) in a drip coffee maker. SCG were dried overnight 
in an oven at the temperature of 105 ± 2 °C and kept in plastic bags for further processing 
and analysis. 

 
HTC reactor and procedure 
The experiments were carried out in a batch reactor. The stainless steel tube reactor 

(1 L volume, 705 8mm height, 42 mm inner diameter) had a flange connection at the top 
and a screw cap at the bottom (Fig. 1). Two type K thermocouples were used to monitor 
the internal temperature (submerged 245 mm and 645 mm from the top respectively), 
while an additional thermocouple was used to monitor the outer surface temperature of 
the reactor. The permitted deviation of the measurement was ± 1.5 °C max according to 
the standard DIN EN 60 584-2. The pressure inside the reactor was measured with the 
pressure transmitter (WIKA, model A-10, 0–40 bar gauge) with the accuracy of ± 0.5% 
of span. For safety purposes, a pressure relief valve was installed in the unit (setpoint 
pressure 40 bar, maximum temperature of 300 °C). The reactor was heated by a 
controllable electric resistance heating jacket and protected by a thick insulation layer 
and an outer steel sheet. The required temperature level inside the reactor was maintained 
with a PID controller by varying the heat supply to the reactor based on the signals from 
the lower thermocouple. Data from the temperature and pressure sensors was recorded 
automatically every 3 s. 

In current HTC experiments, three sets of experimental conditions were used 
following the methodology reported elsewhere (Sermyagina et al., 2015). The 
temperature was set to 200 °C, 220 °C and 240 °C. The residence time was held constant 
at 3 h and the water-to-biomass ratio was maintained at 6:1 (30 g of dry feedstock and 
180 mL of water). At the start of each experiment, the SCG sample and water were 
mixed, stirred manually and then loaded into the reactor. The temperature setpoint was 
reached in about 30 min. After the HTC treatment, the reactor was allowed to cool down 
naturally to room temperature. The hydrochar and liquid product were collected and 
separated by vacuum filtration using Büchner funnel with Whatman glass microfiber 
filter paper (grade GF/A). The solid product was subsequently dried overnight in the 
oven at the temperature of 105 ± 2 °C and kept in plastic bags for further analysis. Each 
test was conducted in replicates. Mass and energy yields were calculated using the 
average values of the results. The analysis of the liquid and gaseous products was outside 
the scope of the current work and thus was not performed. 
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Figure 1. HTC experimental unit and experimental procedure. 
 
Hydrochar samples were named following the process temperature as HTC-t, 

where t denotes the reaction temperature in °C. 
 
Torrefaction reactor and procedur 
For the torrefaction experiments, 

a vertical quartz tube (780 mm length, 
45 mm diameter) was used with the 
previously described electric resistance 
heating jacket (Fig. 2). The feedstock 
was placed onto the sintered quartz 
glass grid in the reactor and the 
constant gas flow of nitrogen of 
0.5 L min-1 was introduced and 
maintained by Bronkhorst mass flow 
controllers to obtain an inert 
atmosphere. The gas inlet was at the 
bottom part of the reactor and the 
outlet at the top. Two type K 
thermocouples were used to measure 
the temperature below and above the 
grid. The temperature inside the 
reactor was controlled with a PID 
controller by varying the heat supply 
on the basis of the signals from  
upper thermocouple. The data from 
temperature sensors and mass flow 
controllers were recorded automatically 
every 3 s. 

 

 
 
Figure 2. Bench-scale torrefaction unit. 
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For each torrefaction test, about 9 g of SCG were introduced into the reactor and 
the nitrogen was used to purge the air from the system for several minutes before the 
start of the heating. The temperature setpoints varied between 200 °C and 300 °C with 
20 °C incremental steps. The heating rate was set on the level 10 °C min-1. The residence 
time was held constant at 60 min. After each test, the reactor and the samples were 
allowed to cool down naturally to room temperature. The char was then collected and 
kept in plastic bags for further analysis. Torrefied char samples were named according 
to the process parameters as Torre-t, where t denotes the reaction temperature in °C. The 
analysis of the gaseous products was outside the scope of the current work. 

 
Analytical methods 
Both the SCG and the produced char samples were characterized using the standard 

procedures. Characterization was performed at least twice for each reaction condition, 
and the average value was reported. 

For the proximate analysis, the samples were first dried in a laboratory oven at the 
temperature of 105 ± 2 °C until a constant mass was reached to determine the moisture 
content with the simplified oven-dry method EN 14774-2 (SFS, 2009a). The ash content 
was determined according to EN 14775 (SFS, 2009b) by gradually heating the sample 
to 550 °C and maintaining it at a constant temperature for at least 2 h. The volatile matter 
was measured by calculating the mass lost at the temperature of 900 ± 10 °C after 7 min 
without contact with air as described by EN 15148 (SFS, 2012). Fixed carbon content 
was determined by reducing the mass of ash and volatiles from the initial mass of the 
dry sample. 

The elemental composition, i.e. carbon, hydrogen, nitrogen, oxygen, and sulphur, 
of the samples was determined following ISO 16948 (SFS, 2015) and ISO 16994 (SFS, 
2016). The elemental analysis was performed with a LECO CHN628 Series Elemental 
Determinator coupled with a 628S Sulphur Add-On Module. Prior to the analysis, the 
standard samples (ethylenediaminetetraacetic acid for CHN and coal for S 
measurements) were first analysed to verify the experimental error within ± 1% for the 
elements. For CHN analysis, approximately 30 mg of oven-dry material were fed in the 
combustion chamber. The sulphur content was determined by using approximately 
50 mg of dried material which was combusted in the sulphur module at 1,350 °C. The 
results are presented on a dry basis as the mean of replicates. The oxygen content was 
approximated as the difference between 100% and the weight percentages of the major 
elements and ash on a dry basis. 

Thermogravimetric analysis (TGA) was performed with STA 449C 
thermogravimetric analyzer (Netzsch Instruments, Germany). About 10 mg of the 
sample were placed inside Al2O3 sample holder. The furnace was sealed and purged 
with high purity (99.9995 %) nitrogen flow to remove air. The sample was heated from 
room temperature to 900 °C at rate of 20 °C min-1. Two different gas atmospheres were 
applied: high purity nitrogen for pyrolysis conditions and compressed air for combustion 
conditions. In both cases, a constant gas flow rate of 250 mL min-1 was maintained. 

The morphology of the samples was examined by scanning electron microscopy 
(SEM) using a Hitachi SU3500 microscope. 
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The mass yield (MY, %) was calculated on a dry basis (d.b.) as follows: iÈ = :CÉu :BK ∙ 100% (1) 

where min – the initial mass of feedstock (d.b.), g; mout – the solid mass output (d.b.), g. 
The energy densification ratio (ER) was calculated as follows: b= = ÊÊQl´CDÊÊQ£F  (2) 

The energy yield (EY, %), was calculated as follows: bÈ = iÈ ∙ b= (3) 

The higher heating values on dry basis (HHV, d.b.) of the samples were calculated 
with Eq. (4) from Reed & Gaur (1994): ÊÊQ, v. P. = 0.3491 ∙ Ë» + 1.1783 ∙ ËÌ + 0.1005 ∙ ËÍ − 0.0151 ∙ ËÎ − 0.1034 ∙ ËÏ − 0.0211 ∙ ËÐ»  (4) 

where HHV in MJ kg-1 (d.b.); XÒ - concentrations of carbon (C), hydrogen (H), oxygen 
(O), sulphur (S), nitrogen (N) and ash content in wt.% (d.b.). HHVprod is higher heating 
value of the product char, MJ kg-1 and HHVfs is higher heating value of the 
feedstock, MJ kg-1. 

 
RESULTS AND DISCUSSION 

 
Mass and energy yields 
The mass yield was calculated with Eq. (1). Fig. 3 presents the results of 

torrefaction and HTC together with the correlation curves for the char mass yield. The 
equations for the correlations are given between reaction temperature, T, in °C, and the 
mass yield values in the percentage points. The solid yield decreased with the reaction 
temperature for both treatment methods. In the case of torrefaction, low-degree 
processing (< 250 °C) had a limited effect on the SCG decomposition which can be seen 
from the negligible mass loss. This result could be attributed to the structural 
modifications that have already happened during initial roasting of coffee beans. The 
typical roasting temperatures are in the range of 220–240 °C, the roasting process can 
be compared to a low-temperature torrefaction that results limited devolatilization of 
SCG components. Such pre-processing explains the limited changes in the feedstock 
during low-degree torrefaction. At the same time, higher temperatures led to the mass 
loss intensification with the maximum value of 32% at 300 °C. Overall, the obtained 
values fit well with the polynomial correlation (R2 = 0.999). As for the HTC tests, the 
reaction temperature increase led to a steady decrease in the mass yield from 81% at 
200 °C to 72% at 240 °C. The HTC conditions resulted in a higher mass loss at the lower 
temperature limit in comparison with torrefaction. Water during this treatment acts as a 
catalyst and a reactant for organic compounds of the feedstock, thus making them more 
reactive (Román et al., 2012). Linear regression was fitted to the individual HTC runs 
with an R2 value of 0.961. 

The higher heating values were calculated with Eq. (4). The impact of the reaction 
temperature on the HHV of the products is presented in Fig. 4. The values for the coal 
grades are from (Donahue & Rais, 2009).The rapid increase of the heating values can be 
seen for the torrefied samples treated at 260 °C and higher, while low temperatures result 
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only in limited changes. In the case of HTC, there is a notable increase in HHV within 
the whole investigated range. Both treatment methods converted SCG into carbonaceous 
chars with heating values comparable to hard coal: 31.03 MJ kg-1 for Torre-300 and 
32.33 MJ kg-1 for HTC-240. The increase in the energy content is associated with the 
decrease in atomic O:C and H:C ratios resulting from the decomposition reactions (Libra 
et al., 2011). The obtained values are reasonably similar to the previously published ones. 
The torrefied SCG are reported to have the HHV in the range of 26.6–29.5 MJ kg-1 after 
torrefaction at 260–275 °C and 29.8 MJ kg-1 at 300 °C (Zhang et al., 2018; Barbanera & 
Muguerza, 2020). As for the HTC, the hydrochar HHV are varying between  
26.5–27.5 MJ kg-1 for 210–240 °C processing during 1 h (Kim et al., 2017) and between 
25.5–31.2 MJ kg-1 after treatment during 3.5 h at 190 and 246 °C correspondingly 
(Massaya et al., 2021). 

 

 
 

 

 
 

Figure 3. Mass yield of HTC experiments as a function of temperature for untreated and treated 
samples. 

 

 
 

Figure 4. Higher heating values of SCG and chars produced by torrefaction and HTC. 
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To assess the conversion efficiency, the energy yield for each test was calculated 
on a dry basis with Eq. (3). This parameter indicates how much of the total energy 
content of the feedstock is converted to the energy content of the produced char. The 
energy densification ratio is another important parameter for comparing different 
pretreatment processes as it evaluates the upgrade in energy density from the raw 
feedstock. The energy densification ratio as a function of reaction temperature for 
torrefaction and HTC is presented in Fig. 5 along with the energy yield. The energy yield 
is influenced by two factors acting inversely with temperature growth: decreasing mass 
yield and simultaneously increasing energy densification ratio. Within HTC conditions, 
the mass yield of hydrochar decreased slightly with the temperature, while the increase 
of energy content was more pronounced. As a result, the energy yield increased along 
with the HTC temperature. The effect of torrefaction was notably different within the 
studied process parameters. At low temperatures (< 250 °C), the mass loss was small 
and there was no gain in the energy content. However at higher temperatures, the 
changes in the mass yield were more rapid, thus exceeding the gain in the heating value 
and resulting in a descending trend for the energy yield. Overall, the average energy 
yield for high-temperature torrefaction (Torre-260, Torre-280 and Torre-300) was 
similar to the average energy yield of the HTC tests: 88.4% and 88.1% correspondingly. 
Similar values were reported previously for SCG (Buratti et al., 2018; Afolabi et al., 
2020; Massaya et al., 2021). 
 

 
 
Figure 5. Energy yields and energy densification ratios of torrefaction and HTC experiments as 
a function of reaction temperature. Energy yield as bars is shown on left axis, while points and 
trendline show energy densification on right axis. 

 
The energy densification factor ranged from 1.00 to 1.23 for torrefaction and from 

1.04 to 1.29 for HTC, strongly correlating with reaction temperature. The correlations 
between temperatures and energy densification ratios are presented in Fig. 5. The 
polynomial correlation fits well the energy densification values for torrefaction tests 
(0.998 R2 value). In case of HTC experiments, the linear regression model appears to fit 
data well by giving R2 = 0.987. 

 
Proximate and ultimate analyses 
The results of proximate and ultimate analyses, along with their standard 

deviations, are given in Table 1. The proximate composition of the feedstock was nearly 
identical to the samples Torre-200 and Torre-220, meaning that low-temperature 
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torrefaction did not have a significant impact on the material characteristics. As the 
temperature increased and the SCG components started to degrade, the volatile matter 
decreased and the fixed carbon increased. In the case of HTC, the reaction temperature 
increase had a similar effect. The samples Torre-300 and HTC-240 lost 12% and 18% 
of volatiles, correspondingly, compared to the SCG. As a result of the volatilization of 
lignocellulosic components during treatments, the fixed carbon content of these samples 
increased 1.6 and almost 2 times in comparison with the feedstock. The tendencies are 
consistent with other studies (Buratti et al., 2018; Afolabi et al., 2020). 

 
Table 1. Proximate and ultimate compositions of the samplesα 

 
SCG 

Torrefaction temperature [°C] HTC temperature [°C] 
200 220 240 260 280 300 200 220 240 

 Proximate composition (wt%, db) 
VM 82.67 

(0.23) 
82.71 
(0.19) 

82.67 
(0.10) 

81.09 
(0.12) 

80.50 
(0.13) 

74.96 
(0.31) 

72.50 
(0.27) 

82.83 
(0.21) 

81.03 
(0.06) 

67.84 
(0.29) 

AC 1.13 
(0.01) 

1.14 
(0.06) 

1.21 
(0.03) 

1.23 
(0.06) 

1.35 
(0.06) 

1.53 
(0.03) 

1.89 
(0.03) 

0.57 
(0.02) 

0.28 
(0.04) 

0.19 
(0.01) 

FC 16.20 
(0.24) 

16.15 
(0.25) 

16.11 
(0.13) 

17.68 
(0.18) 

18.15 
(0.19) 

23.52 
(0.34) 

25.60 
(0.30) 

16.61 
(0.23) 

18.69 
(0.10) 

31.97 
(0.30) 

 Ultimate composition (wt%, daf) 
C 55.74 

(0.05) 
55.74 
(0.11) 

56.02 
(0.01) 

56.22 
(0.10) 

58.84 
(0.23) 

62.38 
(0.01) 

68.52 
(0.12) 

57.53 
(0.09) 

61.82 
(0.03) 

71.06 
(0.16) 

H 7.75 
(0.01) 

7.76 
(0.002) 

7.51 
(0.01) 

7.80 
(0.02) 

7.74 
(0.05) 

7.73 
(0.02) 

7.74 
(0.04) 

8.03 
(0.02) 

8.39 
(0.02) 

7.98 
(0.06) 

N 2.36 
(0.04) 

2.34 
(0.01) 

2.38 
(0.03) 

2.39 
(0.04) 

2.53 
(0.01) 

2.77 
(0.02) 

3.13 
(0.01) 

2.18 
(0.08) 

2.30 
(0.05) 

2.93 
(0.02) 

S 0.127 
(0.001) 

0.117 
(0.001) 

0.110 
(0.011) 

0.098 
(0.001) 

0.097 
(0.005) 

0.091 
(0.004) 

0.100 
(0.027) 

0.116 
(0.013) 

0.125 
(0.014) 

0.200 
(0.04) 

O 32.89 
(0.11) 

32.90 
(0.19) 

32.77 
(0.09) 

32.26 
(0.23) 

29.43 
(0.36) 

25.51 
(0.07) 

18.61 
(0.24) 

31.58 
(0.22) 

27.08 
(0.16) 

17.65 
(0.29) 

α Number enclosed in the parenthesis are standard deviations calculated based on error propagation from 
duplicate measurements.  
VM – Volatile Matter; AC – Ash Content; FC – Fixed Carbon; C – Carbon; H – Hydrogen; N – Nitrogen; 
O – Oxygen; S – Sulphur; db – dry basis; daf – dry ash free basis. 

 
Of particular interest is the ash content observed in the produced chars, where the 

opposite trends were found for torrefaction and HTC. Ash components were not affected 
during torrefaction and this led to the continuous increase of ash content on a weight 
basis in the produced chars: from 1.14 wt% for Torre-200 to 1.89 wt% for Torre-300. 
Ash-forming minerals were partially dissolved in the liquid phase (Broch et al., 2014), 
thus resulting in a notable reduction in hydrochar ash content: 50% decrease for  
HTC-200 and 83% for HTC-240 compared to AC of SCG. The results presented in 
(Afolabi et al., 2020) showed a similar decreasing tendency of ash content in hydrochar, 
though not as significant as in the present study. The differences can be explained by the 
variation in the amount of water used for the tests and affecting the extent of the 
dissolution: 1:10 in (Afolabi et al., 2020) versus 1:6 in the current work. 
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For all studied samples, carbon was the main constituent ranging 55.7 wt% for 
feedstock to 68.5 wt% for Torre-300 and 71.1 wt% for HTC-240. Oxygen was the 
second most abundant element, yet its content constantly decreased with temperature 
increase during both treatments. Similar tendencies were reported in the literature 
(Afolabi et al., 2020; Barbanera & Muguerza, 2020). There were no dramatic changes  
in the hydrogen content of the chars during both methods. At the same time, nitrogen 

conversion. These ratios are illustrated with van Krevelen diagram presented in Fig. 6. 
High values of the H:C ratio correspond to the volatile-rich samples, such as biomass 
fuels in general and SCG in particular. During both treatments, the samples were shifting 
towards lower H:C and O:C ratios with the temperature increase. Volatilization and 
depolymerization during conversion processes reduced oxygen and increase carbon 
contents. At the same time, both torrefaction and HTC had a negligible effect on the 
samples during low-temperature tests due to limited devolatilization.  

 
Thermogravimetric analysis 
TGA results for SCG, Torre-300 and HTC-240 samples are presented in Fig. 7. The 

untreated SCG indicated slight initial mass loss between 50 to 200 °C under both air and 
N2 atmospheres. This mass loss could be associated with moisture evaporation and 
release of very light volatiles. Such peak is lacking for both char samples in N2, since 
pre-treatments already resulted in partial loss of the volatiles. The main degradation took 
place at temperatures between 200 and 500 °C with a maximum weight loss rate at 
313 °C in N2 and between 200 and 620 °C with a peak at 310 °C in air for SCG. The 
overlap of hemicellulose and cellulose decomposition results the shoulder around 380 °C 
in inert conditions (Pala et al., 2014). In oxidizing conditions, two main stages of thermal 
degradation can be identified besides the initial drying: an intensive and rapid release of 
volatile compounds followed by higher molecular weight compounds release and char 
oxidation (Miranda et al., 2011). Within the second stage, the maximum weight loss rate 
is indicated with the DTG peaks at the 498 °C, 540 °C and 575 °C for Torre-300,  
HTC-240 and SCG correspondingly. 

From the obtained curves, it can be seen that the degradation behaviour of SCG 
changed significantly after torrefaction and HTC. The main degradation peaks were 
shifted towards higher temperatures in comparison with feedstock proving higher 

content increased slowly but 
steadily by approximately 30% 
for Torre-300 and HTC-240 in 
comparison with the feedstock. 
The sulphur content of all studied 
samples was low. However, there 
was a slight decrease in the case 
of torrefaction and an increase in 
the case of HTC with temperature 
increase. 

The hydrogen-to-carbon 
(H:C) and the oxygen-to-carbon 
(O:C) atomic ratios are commonly 
used for fuel characterization 
with respect to the thermochemical 

 

 
 
Figure 6. Van Krevelen diagram for feedstock and 
chars after torrefaction and HTC. 
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thermal stability of obtained chars. The observed peaks are significantly smaller for chars 
due to lower volatiles content. Within N2 atmosphere, there appears an additional peak 
at 349 °C before the main devolatilization peak at 407 °C in case of Torre-300. As for 
HTC-240, an additional shoulder at 276 °C before devolatilization peak around 376 °C 
can be identified. The percentages of the residual weight left after the TGA for char 
samples were almost identical: 29.9 wt% for Torre-300 and 33.2 wt% for HTC-240. 
Under oxidizing conditions, the thermal degradation occurred over a wider temperature 
range for hydrochar sample, which can be explained by degradation of repolymerization 
products remained after the HTC treatment (Pala et al., 2014). 

 
N2 Air 

 
 

Figure 7. TG/DTG profiles of SCG and derived chars under nitrogen and air atmospheres. 
 
Morphological structure analysis 
The effect of torrefaction and HTC on the SCG morphology is illustrated with SEM 

images (Fig. 8). There were no visible changes between SCG and the char samples after 
low-temperature torrefaction, so the micrographs of Torre-260 and Torre-300 were 
chosen to show the effect of this conversion method. SCG prior the treatments exhibited 
a rough and irregular surface morphology, consistent with those reported in a previous 
studies (Yeung et al., 2014; Afolabi et al., 2020). While some porosity can be seen 
already for the feedstock sample, the increase of reaction temperature led to the 
considerable development of porous structures during both treatments.  
High-temperature experiments resulted in a major transformation of surface 
morphologies of the produced chars. The changes were associated with the reduction in 
organic compounds and devolatilization. The sample HTC-240 was significantly 
different from the others: high concentration of small particles of irregular shapes and 
dimensions. Furthermore, the obtained porosity was more structural in case of 
hydrochars than the torrefaction samples. The obtained results are consistent with the 
previously published findings, proving that the HTC leads to more intense 
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decomposition of feedstock (Kambo & Dutta, 2015; Babinszki et al., 2020) At higher 
temperatures, the hydrothermal conditions result not only the depolymerization and 
degradation of the primary biomass components, but in addition, the condensation of the 
reaction products from the liquid phase onto the hydrochar matrix as a secondary char 
(Lucian et al., 2018). A greater degree of polymerization via intermolecular dehydration 
reactions may be one possible explanation to smaller particle sizes of hydrochar obtained 
after HTC at 240 °C.  

 

 
 

Figure 8. SEM images of spent coffee grounds and chars after torrefaction and HTC. 
 

CONCLUSIONS 
 

The current study investigated the effect of two thermal treatments methods, 
namely torrefaction and HTC, on the energy-related characteristics of spent coffee 
grounds. This valuable and currently underestimated feedstock has revealed a significant 
energy potential that can be improved even further with various thermal pre-treatment 
methods. The typical reaction temperatures of 200–300 °C for torrefaction and  
200–240 °C for HTC were used. The feedstock decomposition intensified with 
temperature increase during both methods: char mass yield varied between 97.5% and 
68.1% for torrefaction and 80.5% and 72.3% for HTC. Both processes resulted in a 
comparable relative increase of the heating value: 23% in the case of torrefaction at 
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300 °C and 29% in the case of HTC at 240 °C. The energy yield of HTC increased with 
temperature from 84.1% for HTC-200 to 93.0% for HTC-240. Alternatively, in the case 
of torrefaction, higher mass losses resulted in a descending trend for energy yield with 
temperature from 97.5% for Torre-200 to 84.1% for Torre-300. However, the energy 
yields for HTC and high-temperature torrefaction (> 250 °C) averaged over the 
temperature were 87.8% and 87.9% correspondingly. It means that both treatments had 
relatively similar energy conversion efficiencies. 

The release of the volatile compounds and increase of the fixed carbon of SCG 
during both treatments intensified with temperature. The ash content of the chars 
produced with torrefaction grew from 1.13 wt% (SCG) to 1.89% (Torre-300). An 
opposite tendency was in the case of HTC: hydrothermal conditions led to the dissolving 
of ash forming minerals and ash content decreased to 0.19 wt% (HTC-240). As for the 
elemental composition, devolatilization and depolymerization reduced oxygen and 
increased carbon contents during both conversion processes. At the highest 
temperatures, produced chars indicated 23–28% more carbon and 43–46% less oxygen 
for torrefaction and HTC correspondingly. The untreated SCG sample was noticeably 
more reactive during TGA analysis in comparison with the tested char samples. The 
samples Torre-300 and HTC-240 were more stable under both inert and oxidizing 
conditions. 

The obtained results confirmed that both hydrothermal carbonization and 
torrefaction could considerably increase the energy content of spent coffee grounds and 
convert it to highly carbonaceous char with increased energy content. Within the limits 
of selected reaction parameters, HTC showed slightly higher energy densification rates 
and more intensive decomposition of feedstock in comparison with torrefaction. An 
optimal selection of reaction settings affects the efficiency of the treatment and product 
characteristics. The overall efficiency of the process will be influenced by the heat 
supply method and subsequent utilization of the char and should be further investigated. 
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Abstract. Power Quality (PQ) is a vital aspect of electrical power systems, which cannot be 
neglected anymore, as an ample PQ guarantees the essential compatibility between consumer 
equipment and the electricity network. The analysis of electrical parameters related to distributing 
electricity is recognized as a complex engineering problem. It remains a critical task to maintain 
and improve PQ in modern evolving networks as the overall system performance highly depends 
on it. Future smart grids will also require a further increase in PQ levels in terms of observability, 
affordability, data exchange, flexibility, and net metering, thus making the network much more 
complex as it will be featuring a large amount of variable renewable-based distributed generation. 
This will further require the need for the introduction of novel, efficient and intelligent 
monitoring, control, and communication systems with various demand manageable resources. In 
this paper, a review and comparisons have been made for different IEEE and IEC measurement 
standards that are used for PQ with a specific focus on harmonic distortion as it is one of the most 
important parameters in PQ and some guidelines have been suggested for future electricity 
networks. 
 
Key words: power quality, measurement standards, voltage harmonics, current harmonics, 
distortions. 
 

INTRODUCTION 
 

The growing demand for service quality, safety, reliability, and efficiency, as well 
as the inclusion of increasingly environmental and sustainable energy sources, is making 
the management of electricity networks more complex ( Lizana et al., 2018; Khalid et 
al., 2019; Nolasco et al., 2019a; Stanisvavljevis & Kati, 2019). Now a more flexible and 
efficient electricity system is needed, which is mostly referred to as Smart Grid (SG). To 
achieve this milestone, a combination of new technologies including Distributed 
Generation (DG), Renewable Energy Sources (RES) with storage capacity, and the latest 
Information and Communication Technologies (ICT) is needed (CIGRE 719, 2018; 
Gandoman et al., 2018; Rodrigues Junior et al., 2019). However, the installation of these 
new devices will also increase Power Quality (PQ) issues (Marais et al., 2018). Two 
major causes of issues related to PQ and Electromagnetic Compatibility (EMC) have 
been identified, first at the consumer equipment end (load) and second at the distribution 
and transmission systems end (Rönnberg & Bollen, 2016). The emissions by these new 
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types of devices will require new measurement techniques (Morsi & El-Hawary, 2011; 
Khorasani et al., 2017). 

In case an electricity network is not working properly, then it requires investigation, 
elimination, and the initiation of corrective actions (Yang et al., 2018). To collect real-
time data, PQ analysers are commonly used tools. The most commonly used are 
handheld analysers, but some are installed in the distribution and transmission system 
(Gallo et al., 2010; Randy Barnett, n.d.). These analysers can measure PQ aspects like 
power factor (PF), voltage, current, voltage and current harmonics, voltage dips and 
swells, frequency, power/voltage/current unbalance, flickers, etc. (Saqib & Saleem, 
2015; Bhonsle & Kelkar, 2016; Patiño & Lópe, 2018). Most of the PQ problems can be 
identified if the analyser is able to measure and record these parameters. IEEE PQ 
standard, IEC and National Fire Protection Association (NFPA) 70B provide some 
insight information for understanding PQ issues and corresponding corrective measures 
(Patel et al., 2017). Every manufacturer provides its software with its test equipment for 
data analysis. Fig. 1 is showing the supply and demand side points where the PQ 
measurements can be made (Schneider Electric, n.d.-a). 

 

 
 

Figure 1. Measurement applications both in supply and demand side. 
 

Noncompliance with certain PQ standards can have very serious effects on the 
electrical instrument, e.g., transients are extremely short-duration voltage surges that can 
even destroy a device (Sensors, 2019). Usually, they are caused by lightning strikes, but 
a high-frequency switching load can be the cause as well (Shankar et al., 2018; Vinnakoti 
& Kota, 2018; Jamil et al., 2019; Kitzig et al., 2019;). In addition, the most common 
culprits of PQ are voltage sag (the decrease in voltage) and swelling (higher voltage) 
(Najafi et al., 2019; Safavizadeh et al., 2019). Due to a sudden drop of large loads across 
the line, voltage swell can occur while sags are more troublesome and can cause 
contactors and relays to drop out completely (Mahela et al., 2015; Schneider Electric, 
n.d.-b). Electronic equipment like Programmable Logic Controllers (PLCs), computers, 
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and Variable Speed Drives (VFD) can malfunction (Heidari et al., 2019; Todeschini et 
al., 2019; Wu et al., 2019b). Voltage unbalance can cause motor failure as the current 
values reach six to ten times the nominal current (Albadi et al., 2015). Usually, advanced 
signal processing techniques are used in the identification of these PQ issues (Nolasco 
et al., 2019b; Wang & Chen, 2019). 

Electrical power has mainly two categories; active and reactive power. Active 
power is the actual dissipated power while reactive power is the portion of power due to 
stored energy, which returns to the source in each cycle (Montoya et al., 2020). The 
combination of ‘true’ power and reactive power is called apparent power. Current and 
voltage are used for the measurement of AC power and they should be in pure sinusoidal 
waveforms at the fundamental frequency of 50/60 Hz. The instantaneous power at any 
instant is defined as: N =  QH ��9({T + �Ó). 8H sin({T + �B) (1) 

Further simplification can give: N = QH  8H  2 =  QH√2 . 8H√2  =  Q́ HF . 8́ HF (2) 

Therefore, accurate values of RMS voltage and current are required for the 
measurement of power. However, both the available current and voltage are distorted 
and sometimes completely in non-sinusoidal waveforms (Grasso et al., 2018; Qiu et al., 
2019). These distortions can introduce errors in the measurements if they have 
significant values. Specific filters are used for the correction of this distorted wave 
(Benzahia et al., 2019). 

As both the voltage and current are distorted, an analysis only at the fundamental 
frequency of 50/60 Hz is not a suitable option (Donolo et al., 2016). The main cause of 
distorted waves is the presence of harmonics (Albadi et al., 2015). The severity of the 
harmonic distortion depends upon the magnitudes of different harmonic frequencies and 
the Total Harmonic Distortion (THD) (Straczynski, 2018). Harmonics are better 
measured at their source as they lessen further upstream from the equipment (Kamel et 
al., 2018). The IEC standards 61000-2-2, 61000-2-4, 61000-2-8, 61000-2-12, 61000-2-
16, CENELEC EN 50160, and IEEE 519 standard define these voltage limits for low, 
medium and high voltage supply public networks in details. Detailed characteristics of 
these supply networks are given in Table 1 (CIGRE 719, 2018). For the measurements 
and evaluation, IEC 6100-4-7 and 61000-4-30 standards are used. Table 2 (Schneider 
Electric, n.d.-a) describes the main PQ problems that occur in a network due to these 
distortions. 

In (Balasubramaniam & Prabha, 2015), a critical review of power quality problems 
and their solutions in relation to international standards is being made. Most of the focus 
is on total harmonic distortion and their related IEEE standards. In (Panda, 2002), the 
modified wavelet transform is used for the analysis of PQ parameters. The survey in 
(Sivakumar et al., 2016) discussed PQ events, parameters and their controlling 
techniques focusing on voltage, sags, harmonic distortions and flickering. In (Patel et 
al., 2017), the focus is on harmonic distortion, voltage disturbances, energy wastage, and 
poor PF in line with IEEE standards. A review of power quality and monitoring is made 
and a PQ solution with internet monitoring is described (Dhingra & Sharma, 2014). 
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Table 1. Characteristics of different voltage supply systems 

Parameter Low Voltage Supply 
(up to 1 kV) 

Medium Voltage Supply 
(1 kV to 36 kV) 

High Voltage Supply 
(36 kV to 150 kV) 

Voltage 
variations 

10 and - 15% range and 
the same apply for all 
10 min RMS values 

should not exceed ± 10%. - 

Voltage 
unbalance 

95% of the 10 min 
mean RMS value of the 
negative phase sequence 
component should be in 
range of 0 to 2% of 
positive phase. 

95% of the 10 min mean RMS 
value of the negative phase 
sequence component should be 
in range of 0 to 2% of positive 
phase. 

95% of the 10 min mean 
RMS value of the negative 
phase sequence 
component should be in 
the range of 0 to 2% of 
positive phase. 

Harmonics 
and THD 

THD ≤ 8% while 
individual harmonics 
should be 95% of the 
10 min mean RMS 
value for one week. 

THD ≤ 8% while individual 
harmonics should be 95%  
of the 10 min mean RMS 
value for one week. 

Individual harmonics 
should be 95% of the 
10 min mean RMS value 
for one week while THD 
is still under consideration. 

 
Table 2. Problems in the electrical network and their consequences 

 
The paper (Barros & Diego, 2016) gives an extensive overview of power quality 

issues in ships. Power quality issues, instrumentation, and standards are also discussed. 
In (Albadi et al., 2015), a case study and literature review about unbalancing in power 
systems in Oman is discussed. The study showed that unbalance levels are below 1% of 
the specified limit. A survey of harmonic distortion and power quality measurements has 
been made in (Gopalakrishnan et al., 2002), in accordance with IEEE 519 standards. 
Simulation has also been carried out that shows the improvement in PF from 0.74 to 0.9 
and a reduction in current THD as well. In (Smith, 2008), a detailed review of CELEC 
EN 50160 standards is made with a focus on voltage and frequency characteristics and 
their limits. Some measurement requirements and applications of these standards are 
also discussed. 

Many studies have focused on the review of power quality issues and standards 
applied to electric motors (Gnacinski & Tarasiuk, 2016), photovoltaic power generation 
(Seme et al., 2017; Hacke et al., 2018; Elkholy, 2019; Smadi et al., 2019), microgrids 
(Senthil Kumar et al., 2015; Van den Broeck et al., 2018; Wu et al., 2019a), electric 

Parameter Measurement Influence on installation Influence on performance 
Power Factor PF Low PF generates additional 

losses in the installation.  
Energy provider is charging 
penalties to the customer 

Cable heating 
(cables need to be 
oversized) 

Voltage and 
current  
harmonics 

THDv 
THDi 

Negative sequence harmonics 
(V2) are slowing the motors 
down. Harmonics generates 
extra losses in the installation 

Early failure of some 
devices, mainly motors. 

Permanent or 
frequent deviations 
of voltage 

V Devices may work outside  
their specified range, and they 
may consume mainly motors 

Early failure of some 
devices, mainly motors 

Voltage  
sunbalance 

Vimb Voltage unbalance generates 
extra losses in motors. 

Early failure of some 
devices, mainly motors 
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vehicles (Khalid et al., 2019; Khan et al., 2019), energy storage (Das et al., 2018) and 
shipboard power systems (Barros & Diego, 2016; Rodrigues et al., 2018). In Table 3, a 
detailed comparison of our paper with other papers on power quality standards is shown. 
In most of the studies, the focus is only on one standard and a review is made highlighting 
the pros and cons. Our study comprises of five different standards and covers a broader 
prospect. Most of the eariler studies focused on one parameter and there has not been a 
single review study in terms of PQ measurments and their impact. Accurate PQ 
measurements are extremely important for the monotoring and smooth oprtaion of any 
grid and for that these standrads needs to be followed. 

 
Table 3. Comparison of our survey with other surveys 

Surveys IEC 61000-
4-7 

IEC 61000-
4-13 

IEC 61000-
4-30 

CIGRE JWG 
C4.24 

IEEE 519- 
2014 

(Balasubramaniam & Prabha, 
2015) 

× × × × √ 

(Sivakumar et al., 2016) × × × × √ 
(Patel et al., 2017) × × × × √ 
(Dhingra & Sharma, 2014) × × × × × 
(Barros & Diego, 2016) √ × √ × √ 
(Albadi et al., 2015) × × √ × × 
(Gopalakrishnan et al., 2002) × × × × √ 
(Smith, 2008) × × × × × 
Our Article √ √ √ √ √ 

 
The rest of the article is as follows: harmonic distortions are discussed in detail in 

the next section. In Section 3, an overview of different PQ standards is given. Finally, 
the conclusion and recommendations are given in Section 4. 

 
HARMONIC DISTORTIONS 

 
One of the most important factors in PQ are harmonic distortions, if experiencing 

distorted sinewave, blown fuses, overheating (transformers, motors, neutral), unusual 
audible noise and tripping of circuit breakers in larger distribution equipment, then these 
are the indication of harmonics (Lu, 2018; Rabehi et al., 2018; Montoya et al., 2019). 
The indication of harmonics in electrical systems is a distorted sine wave for voltage and 
current (Mustafa et al., 2019). In distribution systems, nonlinear loads are the major 
cause of harmonic currents (D. Wang et al., 2019). A nonlinear load will draw a current 
that has a different waveform compared to the supply voltage waveform. The supply 
voltage is then distorted by the flow of these harmonic currents through impedances that 
in the results generates voltage harmonics (Tokic et al., 2018). Mainly inverter drives 
and power electronics circuits with higher switching frequencies as they create variations 
in amplitude and/or phase angle and the harmonic components of the fundamental 
frequency cause inter-harmonics (Pérez Vallés & Salmerón Revuelta, 2019), (Xu et al., 
2019). Harmonics values can be analysed using Fourier series, which will give: 

 Fundamental sinusoidal frequency (50 or 60 Hz), 
 integer multiples of the fundamental frequency (harmonics), 
 DC component at zero frequency (if applicable). 
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The hth order harmonic is the component having ‘h’ times the fundamental 
frequency. Recently, a new term has been introduced which is called super harmonics 
that refers to the distortion of voltage or current in the frequency range from 2 to 150 kHz 
(Moussa et al., 2019). Active power electronics converters connected to the grid are 
responsible for much higher frequencies (Chattopadhyay et al., 2014; Prieto T.J. et al., 
2016). A description of harmonic distortions effecting the fundamental signal is given in 
Fig. 2. The equation for the harmonic expansion Õ(T) is presented below: 

Õ(T) = ÈY + Ö È× √2 ��9(|xT − ∅×  )Ù
×Úd  (3) 

where ÈY – DC components, mostly considered zero; È| – RMS value of kth harmonic;  x – angular frequency; Ø| – Harmonic component displacement at zero time. 
THD is an indicator of the distortion in a signal. For a signal Õ, it is defined as: 

²Ê¢ = ÜÈ44 + È�4 + ⋯ È×4 Èd  (4) 

THD is the ratio of the RMS value of all the harmonic components of the signal Õ, to the 
fundamental È1. It is generally expressed in percentage. For current harmonics, it is:  

²Ê¢B =  �Ö(�×�d)4Ý
×Úd  (5) 

 

 
 

Figure 2. Harmonics distortions. 
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For voltage harmonics, the equation is: 

²Ê¢Þ = �Ö(Q×Qd)4Ý
×Úd    (6) 

Now the distorted voltage and current can also be expressed in Fourier series as 
follows: 

R(T) =  QY + Ö QK cos(9xT − ∅K) Ù
KÚd  (7) 

 �(T) =  �Y + Ö �K cos(9xT − �K) Ù
KÚd  (8) 

Now, the formula for average power will become: 

MIÓ =  QY�Y + Ö QK�K2Ù
KÚd cos(∅K − �K) (9) 

Now the RMS voltage and current can be calculated using the below equations: 

Q́ HF =  �QY4 + Ö QK 42Ù
KÚd  (10) 

 

�´HF =  ��Y4 + Ö �K42Ù
KÚd   (11) 

The PF is calculated by the following expression: Mª =  MIÓQ́ HF . �´HF (12) 

The RMS current is increased by the current harmonics and they can decrease the 
valve PF: Mª = (¢��T�}T��9 ³;VT�}). (¢��N®;V:X9T ³;VT�}) (13) 

Here, the distortion factor can be defined as: ¢��T�}T��9 ³;VT�} =  =iß ªc9v;:X9T;® 7c}}X9T/Q�®T;¸X=iß Vc}}X9T/Q�®T;¸X  (14) 

Moreover, it will be: ¢��T�}T��9 ª;VT�} =  1Ü(1 + (²Ê¢)4 (15) 

 
EVALUATION OF HARMONICS AND THEIR EFFECTS 

 
The worldwide organization of the IEC is responsible for the standardization of the 

electrical and electronic fields in collaboration with the International Organization for 
Standardization (ISO). They provide a wide range of standards for devices, networks, 
PQ, measurement techniques, safety purposes, etc., both for the consumer and industrial 
sector. Similarly, IEEE has some of its own standards. 
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With the integration of new technologies in the conventional grid, many new PQ 
disturbances are arising. The study of this emission for this new equipment is urgently 
needed. Now, the focus should not only be on ‘normal harmonic emissions’ like third, 
fifth, and seventh order, but instead, the research should be focused on harmonics (up to 
2 kHz), super-harmonics (between 2 to 9 kHz) and emission (greater than 9 kHz). Below 
are some standards that are related to PQ: 

 
A. IEC 61000-4-30 
This standard (IEC, 2000) is related to power quality measurements and the 

interpretation of their results using AC power supply with 50 Hz or 60 Hz. Most of the 
PQ indicators related to this standard, their details and ranges are elaborated in Table 4 
(IEC, 2000). It focuses on emissions ranging from 2 kHz to 150 kHz. 

 
Table 4. Power quality parameters in IEC 61000-4-30 

Parameter Class Sampling time Measurement Uncertainty 
Power Frequency A 10s 

 
± 10 mHz (42.5 Hz to 57.5 Hz / 
51 Hz to 69 Hz) 

S ± 50 mHz (42.5 Hz to 57.5 Hz / 
51 Hz to 69 Hz) 

Supply Voltage A 10-cycle time (50 Hz) 
12-cycle time (60 Hz) 

Within ± 0.1% of Vdin, over the 
range of 10% to 150% of V din. 

S Within ± 0.5% of Vdin, over the 
range of 20% to 120% of V din. 

Flicker A 10 min 0.2 Pst to10 Pst. 
S 0.4 Pst to 4 Pst. 

Supply Voltage  
Dips and Swells 

A RMS voltage over 1 cycle 
commencing at a fundamental  
zero crossing (refreshed each  
half-cycle) 

± 0.2% of Vdin 
S ± 1.0% of Vdin 

Transient Voltages  
and Unbalances  
(3-phase systems) 

A & S 10-cycle time (50 Hz) 
12-cycle time (60 Hz) 

Below ± 0.15% for both V2 and V0. 

Voltage Harmonics  
and Inter-harmonics 

A & S 10% to 200% 

Signalling Voltage  
on the supply voltage 
(ripple control signal) 

A Corresponding 10/12-cycle RMS 0% to 15% of Vdin. 
S Manufacturer Specifications Manufacturer Specifications 

RVC A The arithmetic mean of the last 
100/120 Vrms (1/2) values and 
the new value is calculated (only 
if new valve) 

Thresholds in the range of 1% 
to 6% of Vdin might be 
considered. Otherwise, the user 
will define its own value. 

S 

Current and  
harmonic currents 

A 10-cycle time (50 Hz) 
12-cycle time (60 Hz) 

Below ± 1% in the range  
of 10% to 100% of the 
specified RMS current. 

S Manufacturer Specifications Below ± 2% in the range  
of 10% to 100% of the 
specified RMS current. 
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As described in the Tables 5, two classes are defined in this standard, Class A 
(precision measurements are required) and class S (for statistical surveys or power 
quality assessment). Both classes have different measurement incertainty for different 
PQ parameters. The reference measurement unit for this standard is shown in Fig. 3. The 
measurement unit contains a transducer unit that converts the signal from one from one 
energy to another. Then the value of the signal is measured, and results are display. For 
further evaluation of the signal, there can be some additional options like FFT, spectrum 
analysis etc. 

 

 
 

 

 

 

(Optional) 
 

Figure 3. Block Diagram of a measuring unit. 
 
The range of 2 kHz to 9 kHz can also be found in IEC 61000-4-7:2002, while 

Comité International Spécial des Perturbations Radioélectriques (CISPR 16) covers 
disturbances from 9 kHz to 150 kHz. The measurement methods in CISPR 16 may be 
complex or expensive to implement, due to their gapless measurement and accuracy 
requirements, and it provides a large amount of data (IEC, 2000). 

 
B. IEC 61000-4-7 
This standard (IEC 61000-4-7 Standard, 2002) deals with the measurement 

instrument envisioned for quantifying spectral disturbances up to 9 kHz. As shown in 
Fig. 4 (IEC 61000-4-7 Standard, 2002), the measurement unit consists of an anti-aliasing 
filter, A/D-converter, a synchronizer, and, if needed, a window-shaping unit with a 
Discrete Fourier Transform (DFT) based processor output coefficients am and bm. Then 
there are special parts related to current and voltage assessment. Frequencies above the 
measuring shall be attenuated. To obtain the appropriate attenuation, the instrument may 
sample the input signal at a frequency much higher than the measuring frequency. 

 

 
 
Figure 4. The general structure of the measuring unit. 

Transducers 

Unit 
Measuremnet 

Unit 

Measuremnt 

Results 

Evaluation 

Unit 

Measurement Unit 

I/P Current 
 

I/P Voltage Output 

Sampling 
Frequency 

DFT 

+Grouping                                Output 2a 
+Smoothing                              Output 2b 
+Check for Compliance            Output 3  

I/P
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In the case of the voltage test, the peak value should be between 1.4 to 1.42 times 
its RMS value, it shall reach between 87°, and 93° after zero crossing and the voltage 
drop ΔV across the impedance of the current sensing part and the wiring shall not exceed 

120°± 1.5°; 240° ± 1.5°. The voltage harmonic distortion of the Equipment under Test 
(EUT) voltage V shall not exceed the following values with the EUT connected and 
operating under the specified test conditions, 0.9% for the 3rd, 0.4% for the 5th, 0.3% 
for the 7th, 0.2% for the 9th harmonic, respectively. While for even harmonics, it should 
be 0.2% for orders from 2nd to 10th and 0.1% for 11th to 40th. 
 

C. IEC 61000-4-13 
This part of IEC 61000 standard (IEC, 2003) is used for domestic, commercial, and 

small industrial environments. It outlines the immunity testing range for harmonics and 
inter-harmonics for low voltage networks that are equipped with a rated current up to 16 
A (per phase) including frequencies up to 2 kHz for 50 Hz systems and 2.4 kHz for 
60 Hz systems. There are three classes in this standard, which are as follows: 

 Class 1: This class is applicable to protect devices that are very sensitive to 
disturbances in the power supply. 

 Class 2: This is applied to the Points of Common Coupling (PCC) and is mostly 
used in industrial environments. 

 Class 3: It is only applicable to in-plant points of common coupling which are 
used in industrial environments, e.g., new plants or an extension of the old plants. 

 Class X: It is still open, and it will be defined in future standards. 
 

 
 

Figure 5. An example of a test setup. 

a peak voltage of 0.5V. The procedure of 
smoothing (OUT 2b of Fig. 4) shall be 
modified according to the entries in Table 5. 

The long-term stability of the test 
voltage shall be maintained within ± 2% 
and the frequency shall be maintained 
within ± 0.5% of the selected value. For a 
three-phase supply, the three-line  
voltage shall have a phase relationship of 0°; 

 
Table 5. Window width and sampling rate 

Frequency Cycle N  
in window 

Sampling 
rate (ms) 

50 10 ≈ 1/200 
60 12 ≈ 1/200 
50 16 ≈ 1/320 
60 16 ≈ 1/267 
 

Waveform Generator Measurement Unit 

Main  
Supply 
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The test generator for this standard must have the ability to generate a 50 Hz or 
60 Hz signal frequency to superimpose the required frequencies, e.g., harmonics and 
frequencies between harmonics. The analyser for harmonics and inter-harmonics must 
be according to IEC 61000-4-7 for voltage test verification. The example test setup is 
shown in Fig. 5 (IEC, 2003). 
 

D. CIGRE JWG C4.24 
CIGRÉ Study Committee C4 and CIRED established the Joint Working Group 

(JWG) C4.24: PQ and EMC Issues associated with future electricity networks” in late 
2013 to address future power quality issues (CIGRE 719, 2018). In normal practice, the 
utility companies including transmission and distribution only measure the power quality 
either in substations or at the Point of Common Coupling (PCC). The future trends will 
require additional monitoring at the point of connection of renewable energy sources due 
to their distributed generation and storage along with distribution feeders. Nowadays, 
the trend of Low Voltage (LV) and High Voltage (HV) side are to measure at every 
location, both in the control side and revenue side using advanced metering systems. 
Mostly, these devices do not store data, but there is a need in the future and the potential 
is already there. Although, the main question is when and what to measure, then its 
storage and further utilization. 

This monitoring requires Intelligent Electronic Devices (IEDs) based on 
transducers and sensors for current, voltage, temperature, and humidity. Classical 
transduces work effectively at the fundamental frequency, but they are not suitable for 
higher frequency ranges (Arrillaga & Watson, 2003). These sensors are quite useful for 
current and voltage measurements in LV, MV, and HV for protection, operation and 
monitoring, fault diagnostics, and PQ measurements. Sensors are based on several 
different phenomena or effects (F. Zavoda, 2009). They have different current and 
voltage ranges with the possibility of data acquisition, storage, and transmission. Mostly 
they are used to measure currents and line to ground voltages. However, some of them 
are compatible with IEC 61000-4-30 and they are used to measure harmonics. 

The future devices must be capable of measuring PQ issues like harmonics,  
inter-harmonics, voltage unbalance, voltage flicker and dip, voltage sag and swell, 
interruptions, and RVC. There are several proposals for a combination of transducers 
and IEDs for PQ measurements. Due to the increase of distributed generation and 
integration, the problems associated with it are also increasing (McDermott & Dugan, 
2003). A new set of indices is proposed for a better understanding of these issues (Chicco 
et al. (n.d.)). 

 
E. IEEE 519-2014 Standard 
The standard IEEE 519-2014 (IEEE Power and Energy Society, 2014) is a revision 

in the previous IEEE 519-1992 standard. The prime goal of these standards is to protect 
consumers and utilities from the adverse effect of harmonics by keeping the THD in a 
limit at PCC. In this standard, the individual current limit is 5%, THD is 8% with a new 
PCC value for voltage (V ≤ 1.0 kV), and it also defines a new maximum individual value 
for the 35th to 50th harmonic (Wallace, 2014). The measurement window in this 
standard, for 60 Hz is 12 cycles (~ 200 ms), and for 50, Hz is 10 cycles on the instrument 
using DFT. Three statistical limits are defined in this standard, which are as follows:  
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 For 3 secs, the harmonic current should be less than two times the current 
distortion limit of the daily 99th percentile. 

 For 10 min, the harmonic current should be less one and a half times than the 
current distortion of the weekly 99th percentile. 

 For 10 min, the harmonic current should be less than the current distortion of 
the weekly 95th percentile 

 
CONCLUSIONS 

 
The advancement in technology has allowed measuring, monitoring, and analysing 

PQ parameters at higher frequencies and their transmission via wireless technology for 
accurate evaluation. New sensing equipment is replacing the old one, as we are moving 
towards higher frequencies, up to 150 kHz or even beyond. This change requires a 
critical revision of the existing limits and the possibility of their graduation, e.g.,  
super-harmonics, phase angles, and voltage unbalance. Due to the increase in energy-
efficient lighting, the harmonics in the system will increase. With the ever-growing 
measurement data, new system models including both software and hardware are 
required to get as much information as possible. The live status of the system should be 
visualized, monitored with the help of flexible and convenient methods. 

In future power systems, a balance will be required between conventional PQ 
analysers, with unconventional devices like controllers and relays, and Advance 
Metering Interfaces (AMI) with PQ measurement capabilities. The measurement of 
distortion is a bit tricky; it will require a novel sensor for MV, HV, and EHV systems 
and it should be done in the planning phase of any new substation. New measurement 
standards with a new set of parameters are urgently required for the range of 2 kHz to 
150 kHz. This must also include both time and frequency domain analysis of these 
parameters due to special signal characteristics in this range. On the consumer side, the 
analysis of emissions should also include the monitoring of the contribution of consumer 
installed devices to voltage quality, rather than only considering current-based 
measurement methods. 

The PQ indices used today were introduced decades ago, but the electricity 
networks have changed very rapidly. This evolving network needs a new evolving set of 
PQ indices. The main documents providing information about PQ are IEC 61000-4-30 
and IEEE 1159. The currently used measurement units only cover harmonics up to the 
50th and calculate the THD and that is not enough. It does not include super-harmonics, 
so that must be included in future solutions. 
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Abstract. Czech Republic has been moving from landfill-based waste system toward resource-
based waste management system with an increasing rate of recyclable waste in the last years 
(38.6% of recycling by material and 11.7% of energy recovery in 2018). However, landfill is still 
a popular way of mixed municipal solid waste (MMSW) disposal due to the low tax. In the Czech 
Republic, MMSW is collected from households by door-to-door system or recovery operations 
(Household Waste Recycling Centre) and only should consists of everyday items, which are 
further non-recyclable and non-reusable. However, a significant amount of recyclable waste can 
still be found in MMSW. Therefore, a good knowledge of the physical composition of MMSW 
is required to define strategy plans and improve waste management in municipalities. This work 
is aimed at comparing the physical composition of MMSW in the Czech Republic with small 
municipalities up to 2,999 inhabitants and big municipalities from 3,000 inhabitants to recognize 
the share of recyclable and non-recyclable waste in MSW and designate the potential of separation 
at source. Composition of MMSW was determined by a physical evaluation of waste collected 
from households in target municipalities which consists in a detailed manual sorting of waste into 
13 specific groups according to their types, and weighting by a scale. We found that the real 
proportion of MMSW that could no longer be reused or recycled was much less than the amount 
disposed of in the municipal waste bins. A large part of MMSW consisted of organic waste together 
with food waste. This type of waste is especially useful when people turn it into compost to prevent 
the production of waste and it returns the nutrients back to the soil, closing the circle. The rate of 
recyclable waste was also high in many municipalities covered by our analyses, which indicated 
a lower rate of separation and reflected an insufficient sorting system in municipality and 
insufficient education of inhabitants. On the other hand, it points to the larger space of separation 
potential in households. In conclusion the evaluation emphasizes the improper proportion of 
MMSW in Czech municipalities. A lot of waste can be recycled but once it is thrown into black 
bins as MMSW, there is no chance that it will be reused/recycled. It therefore calls for measures 
to improve sorting at source, which will benefit municipal authorities in term of increasing recycle 
rates in order to comply with regulations and make a profit. We found the analysis of the physical 
composition of MMSW as a fundamental method for municipalities to verify the separation rate 
at the source, and it is recommended to conduct this analysis regularly and monitor developments. 
 
Key words: physical analysis, waste composition, municipal solid waste, separation at source, 
Czech Republic. 
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INTRODUCTION 
 
In 2018, the Czech Republic produced 5,782 thousand tons of mixed municipal 

solid waste (MMSW) which represents 544 kg of MMSW per person, about 52 kg more 
than the European average (492 kg). In this year Denmark generated the most municipal 
waste per capita among the EU Member States, on the other hand they are also front 
runner in diverting waste from landfilling, mainly through incineration with energy 
recovery (European Commission, 2020a). In the Czech Republic, only 38.6% of 
municipal waste was recycled by material and 11.7% for energy recovery, 46% was 
landfilled (Ministry of the Environment, 2019). Thanks to one of the lowest landfill tax 
in Europe (€20 in CZE, the tax in EU varies from €5 to more than €100) (CEWEP, 2020), 
landfilling as a way of waste disposal is still popular in Czech municipalities, especially 
in small municipalities with a low budget.  

However, a number of European legislations pushes their members into transition 
to a circular economy. A new Circular Economy Action Plan presents key elements 
including a target of recycling 65% of municipal waste by 2030 and reducing landfill to 
a maximum of 10% of municipal waste in the same year. In addition, there is a strict ban 
on landfilling separately collected waste, for example paper, plastics, organic waste, 
metals, etc. (European Commission, 2020b). This is a strong message for the Czech 
Republic to set up higher strategy targets for waste recycling, recovery and diversion 
from landfill. The Czech Waste Management Plan 2015–2024 has stipulated that a 
landfill tax should be adjusted so that waste is redirected higher up the hierarchy 
(Ministry of the Environment, 2014). The increase in the landfill tax from €20 to €74 per 
ton to be applied in 2030 should shift more waste treatment to recycling and reuse instead 
of landfilling. This step would have a significant impact on the municipality’s budget 
and would force small municipalities to focus on waste treatment and try to find a new 
way of waste disposal produced in their region. Thorough understanding the quantity 
and composition of a waste production is important in improving quantities of potentially 
recyclable materials and to forecast future waste generation (Parfitt & Flowerdew, 1997; 
Parizeau et al., 2006). The composition and variation of waste is also important in the 
design and implementation of appropriate sorting and recycling technologies (Burnley, 
2007). 

The composition of the produced waste is extremely variable and depends on 
multiple seasonal and cultural factors, dietary habits and socio–economic and legal 
impacts. This variability makes the definition and measurement of waste composition 
both more difficult and necessary (Kreith, 1999; Dehghani et al., 2009; Diaz et al., 2020). 
Accurate information on the quantities and characteristics of solid waste can then be 
used for the design, implementation and operation of the best practice in waste 
management as well as resource control and saving, recycling, waste collection planning, 
transport, and disposal system ultimately leading to environmental protection against 
such harmful effects (Heravi et al., 2013; Erami et al., 2015). Assessing the composition 
of waste provides a detailed view of the municipal waste produced by citizens every day 
and inspires authorities to make further improvements. To study the quantity and 
composition of municipal waste, there is no adopted international standard but various 
working standards on national level (Dahlen & Lagerkvist, 2008), even though there is 
an up-to-date document providing methodology for solid waste composition analysis 
from 2014 called SWA-Tool for European countries, it is not obligatory and does not 
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meet current requirements (Kropáč et al., 2020). Therefore, each member of EU has 
developed its own methods based on the individual waste background with varying 
numbers of material fractions and sorting objectives (Edjabou et al., 2015). The method 
used in this project has its base in national method and inspired most by French 
MODECOM methodology characterized by at least 2 tons of MMSW, from which 
500 kg for sampling (Montejo et al., 2011). In Austria and Germany, there are 
methodologies at the level of individual Lands and regions (Vogel et al., 2009; Kern & 
Aiwpwnkorhwn, 2010). From the other continent, American Society for Testing and 
Materials (ASTM) evolved a number of methods for local governments or industrial 
plants including Standard Test Method for Determination of the Composition of 
Unprocessed Municipal Solid Waste, suitable not only for US, but worldwide (Dahlen 
& Lagerkvist, 2008). 

To this end, the non-governmental organization Institut Cirkulární Ekonomiky z. ú. 
(INCIEN) in cooperation with JRK Czech Republic s.r.o. (JRK) conducted analyses of 
the physical composition of the MMSW to help municipalities gain better knowledge of 
their waste. Thanks to their work and the data collected, this paper could emerge. 

This study investigates the physical composition of a mixed municipal solid waste 
material. The primary objective is to evaluate all obtained data of selected municipalities 
and provide an initial overview on waste composition in the Czech Republic. It includes 
using various statistical tools focusing on the qualitative and quantitative characteristics 
of the MMSW and comparing the municipalities for recognising the composition 
differences. Then, the factors affecting composition of the MMSW are identified and 
lastly, the potential trends for reducing waste and increasing recycling are determined 
for guiding prospective steps in planning and environmental assessment of waste 
management. 
 

MATERIALS AND METHODS 
 
All analyses of physical composition were completed by the Institut Cirkulární 

Ekonomiky, z.ú in cooperation with JRK Czech Republic, s.r.o., whose main objective 
is to transform and implement the circular economy in the Czech Republic. 

The aim of the field analysis was to evaluate the mixed municipal solid waste and 
its physical composition of recyclable and non-recyclable compounds, to determine their 
percentage and to identify the potential for improving recycling rates. The methodology 
was designed according to the Waste Sampling Methodological Guideline (Ministry of 
the Environment, 2008) and adjusted to meet the waste analysis objective. The 
assessment of the physical composition of the MMSW was carried out in a total of 35 
Czech municipalities grouped into 2 categories: small municipalities (SM) with a 
population up to 2,999 citizens and big municipalities (BM) with a population of more 
than 3,000 citizens. Some analyses were repeated upon request to monitor changes in 
the composition of municipal waste over a four-year testing period.  

Waste samples were collected from households (both urban centres and family 
houses) randomly distributed among selected municipalities during each field analysis. 
All analyses were carried out in cooperation with the municipal authorities who provided 
samples of MMSW collected from households. For analysis, a sample of approx. 500 kg 
of randomly picked municipal waste was taken and analysed. Protective equipment 
(suits, gloves, goggles, respirators, etc.) was used throughout the analysis. Each sample 
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of MMSW was waded through carefully and manually divided into 13 detailed 
categories (Fig. 1). Each separate category was weighed using a digital scale and 
recorded, followed by calculation of the total weight at the end. All the data was recorded 
and photographed. Following analysis, all waste samples were disposed in compliance 
with the policy. 

Finally, all separated waste (paper, plastics, glass, etc.) was counted as a percentage 
(rate), where 100% is the total weight of the waste sample from each municipality 
(formula below). 

 {X�¸ℎT �³ �XN;};TXv {;�TX V;TX¸�}Õ (kg){;�TX �;:N®X �9 T�T;® (kg) ∗ 100 = };TX (%) 

 
 

Figure 1. Categories of waste in which waste samples were separated during analysis. 
 

Program R (R Core Team, 2016) was used for statistical analysis of the collected 
data to compare the difference in MMSW and recycling potential between 
municipalities. All the data were tested to assume normality of parametric testing using 
the Shapiro-Wilk test (Shapiro & Wilk, 1965) but none met normality requirements, 
therefore all data sets were considered non-parametric, and non-parametric statistical 
methods were used for testing. The Fligner-Killeen test was chosen to check the 
homogeneity of variance to verify differences in waste composition between 
municipalities. It is a non-parametric alternative to the F-test  with a robust tolerance 
against normality deviation. The correlation of selected waste types with the population 
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was tested using Kendall's Tau statistic determined for non-parametric data. Data on 
wood waste were recorded and used to visualize the results, but excluded from statistical 
analysis due to their insignificant portion (0 in most of samples) in all municipalities as 
this might distort the statistics. 

 
RESULTS AND DISCUSSION 

 
The objective of assessing the physical composition of mixed municipal solid waste 

is to define the structure of the MMSW. The structure can tell a lot about the waste 
management in borough, particularly it can reflect citizen’s behaviour in relation to 
waste recycling and disposal. Thirteen MMSW components were assessed in the waste 
samples, namely organic waste, plastics, paper, glass, metals, Tetra-Pak, electronic 
waste, textiles, wood, construction waste, infectious, hazardous and mixed municipal 
solid waste. These are the main components of household waste. An overview of the 
physical composition of the MMSW is given in the figures below. 

 
Average values of physical composition of MMSW 
(Descriptive statistical summary) 
Figs 2 and 3 provide an overview of the data from the analysis of the physical 

composition and depict the average part of the waste compounds found in the MMSW 
samples based on their weight. The waste samples produced a non-recyclable fraction 
representing actual mixed municipal solid waste accompanied by hazardous and 
infectious waste created only approx. 37% of MMSW in small municipalities (SM) and 
33% in big municipalities (BM) (Fig. 2), the remaining part was created by recyclable 
compounds that should not end up in the bins designated for non-recyclable waste. Most 
recyclable compounds were generated by organic waste (29.54% for SM and 24.95% for 
BM) followed by plastics (SM: 11.38%; BM: 11.99%), paper (SM: 5.93%; BM: 10%), 
textile (SM: 5.78%; BM: 5.1%) and glass (SM: 4.62%; BM: 5.6%). 

The largest portion of the MMSW was represented by organic waste (the sum of 
compostable yard–waste and gastronomic waste), which was also confirmed in other 
studies in Crete (Gidarakos et al., 2006), China (Ma et al., 2020), Egypt (Abdallah et al., 
2020), Iran (Dehghani et al., 2009; Phillips & Gholamalifard, 2016), Western Algeria 
(Guermoud et al., 2009), Ghana (Miezah et al., 2015), etc. According to the study data 
comparing waste–related characteristics between the developed and developing 
countries showed, that the food waste fraction was larger in the lower-income 
developing countries compared to that in the USA and EU countries (Abu Qdais et al., 
1997), which is supported by another study with finding that the low-income areas 
produce larger organic share than high-income ones (Ogwueleka, 2009). Organic waste 
(the sum of compostable yard-waste and gastronomic waste) in the MMSW is a 
quantitatively essential category of waste and the way it is treated can have a positive 
and negative impact on environmental and economic aspects in municipalities 
(Chotovinský & Altmann, 2017). 

The ratio of plastics in the MMSW is surprisingly low (around 10%) compared to 
organic waste, but their amount is much larger and takes up much more space in waste 
bins. That is because our study ratios were calculated based on weight, therefore plastic 
had a lower share. Plastic waste included a large number of PET bottles which are easy 
to reuse and recycle. Recently, the thorny issue of the PET deposit system has emerged 
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in the Czech Republic. The main objective of operating the deposit system will be to 
save bottles from landfilling, which will also guarantee the good quality of bottles 
returning back to producers. In addition to the PET bottles, plastic films, soft and hard 
plastics were also found in the waste sample. 

 

a)    
 

b)    
 

Figure 2. Average physical composition of municipal solid waste in the selected municipalities 
of this study: a): small municipalities; b) big municipalities. Abbreviations: BIO – organic 
waste; EEW – electrical and electronic waste; WW – wood waste; CW – construction waste; 
HW – hazardous waste; IW – infectious waste; MMSW – mixed municipal solid waste. 
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Unlike plastics, paper waste had an unequal proportional rate in small and big 
municipalities. While in small municipalities paper had only 5,93% share in the MMSW, 
big municipalities had almost twice the share than SM (10%). But both plastic and paper 
waste has similar properties in terms of volume. Large uncompressed packages may take 
up much more volume but their weight in MMSW is much lower. Pressing can help to 
reduce the volume of paper packaging to 20% of its original volume and achieve 
substantial savings in logistics costs (Chotovinský & Altmann, 2018). 

 
 

 

 

 

Figure 3. Average fraction of recyclable and non-recyclable waste divided according to their type: 
a) small municipalities; b) big municipalities. Municipal solid waste is a type of waste that no 
further use but is destined for incineration (energy recovery) and landfill. According to this figure, 
more than fifty percent of usable/recyclable waste still existed but ended up in mixed waste bins. 
 

Construction waste was present in less significant quantities in the MMSW, but still 
accounted for more than 3% of the MMSW. Sometimes electric waste could also be 
found in MMSW, accounting for approx. 1% of the waste sample, similar to the Tetra 
Pak (liquid packaging board). Clearly, non-recyclable MMSW produced by households 
were actually much smaller than those thrown in the municipal waste bins. 

As it represents a significant amount in the MMSW, organic waste and plastics 
were specifically tested between municipalities. Plastic waste had a small range from 
3% to 16% of the MMSW, while organic waste was more variable; one municipality had 
even more than 50% of the MMSW generated by organic waste, another 4 had over 40% 
and the average rate is 29.5% of the total MMSW for small municipalities and 25.8% 
for big municipalities. These results showed that plastic and organic waste from kitchens 
and horticulture is often thrown in the municipal waste bin instead of being recycled. On 
the other hand, this signals the potential for improving recycling at source. 

 

a) b) 

Composition of mixed MSW-SM Composition of mixed MSW-BM 
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Test of homogeneity of variances 
The variability of the data was tested by a non-parametric alternative to the F-test: 

the Fligner–Killeen test of homogeneity of variances. The aim of this method was to 
verify the variability of the date on waste structure in the different municipalities. The 
null hypothesis proposed that the variability in waste structure did not differ between 
municipalities. The result of this test did not reject the null hypothesis for small  
(p-value = 0.9989) municipalities, meaning that there was no evidence of significant 
differences in the waste structure of the individual components were found in all small 
municipalities. The big municipalities have sketched the result of variability, such as 
small municipalities. The p-value of Fligner–Killeen test was 0.7922, so the null 
hypothesis was not rejected and demonstrated a similar structure in the MMSW in big 
municipalities as well. 
 

Correlation measure 
Small municipalities (< 2,900 inhabitants): 
The relationship between the population and the composition of the waste was 

tested to see if the quantity of waste categories can be affected by the size of the 
population. The data was analysed using a non-parametric method - the Kendall’s 
correlation tau. The results revealed no significant correlation, unless in one case a 
negligible sign of correlation of hazardous waste with the population was demonstrated 
(p-value = 0.08419). It revealed a positive regression (Kendall’s tau = 0.3109) pointing 
out that the amount of hazardous waste in small municipalities might be bigger as the 
population grows (Fig. 5). For all other waste categories, no correlation with population 
size was demonstrated (all p-values > 0.05). 

 
Big municipalities (> 30,00 inhabitants): 
like small municipalities, big municipalities revealed a much more correlation 

between population size and waste quantities, and mostly in a positive direction. The 
amount of plastic (p-value = 0.011) and paper waste (p-value = 0.00071) in the MMSW 
increased as the population grew, as did the MMSW (p-value = 0.0165). A negative 
correlation was shown for infectious waste, where a growing population could have a 
decreasing effect on the amount of infectious waste (Fig. 5). 

Even the results of our study on the correlation between population size and waste 
structure were not as significant as in another study (Han et al., 2018), population size 
still appears to be one of the waste-elated characteristics that can influence the structure 
of the MMSW, alongside city size, economic activities, lifestyle and geographical 
location (Lebersorger & Schneider, 2011; Ma et al., 2020; Nguyen et al., 2020). The 
population aspect can be expanded to include detailed issues such as gender and age 
structure, education or unemployment rates, which all have an impact on waste 
production and composition (Talalaj & Walery, 2015). 
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a) 

 

 

 
 
Figure 4. a) and b): Plots showing the regression between population and the amount of selected 
waste types. SM: hazardous waste has shown a slightly positive regression where the quantities 
can grow as the population grows. BM: a bigger correlation was found in the relationship between 
plastic and the population or paper and the population, both in the positive direction of regression, 
as well as MMSW and the population. Negative regression was found only in the case of 
infectious waste, where the amount of waste could be reduced while the population increased. 

b) 
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Potential in recycling 
The results of the physical composition assessment also pointed out great scope for 

improving the sorting of municipal waste directly at source (in households), as 
recoverable waste disposed of in non-recyclable bins represented up to 65.7% of the 
MMSW. Based on the data, the approximate potential for improvement was calculated. 
In 2018, the MMSW production in the Czech Republic amounted to 3,732 thousand tons, 
i.e. 351 kg of waste per capita. Two scenarios have been developed to improve recycling 
rate and reduce the amount of MMSW (Fig. 4). Organic waste accounted for 27.2% of 
total MMSW (average for SM and BM) according to the analysis result. If we deducted 
all 27.2% of the MMSW that introduce organic waste, we would reach 2,715 thousand 
tons of MMSW per year in the Czech Republic. In addition, if we deducted additionally 
plastic, paper and glass from the total production, we would save 1,937 thousand tons of 
waste from landfilling or incineration per year. However, this scenario is less likely 
because we cannot reach 100% recycling of organic waste and other recyclable waste. 
Even though, if we improve recycling at least by 30%, this means deducting 30% of 
organic waste, plastics, paper and glass from the MMSW, it can save at least 305 
thousand tons of organic waste from landfill and 275 thousand tons of paper, plastics 
and glass together every year. Fig. 4 demonstrates that even an improvement of 30% 
would change the amount of landfill waste and save municipal budget spending and 
contribute to a better environment. 
 

 
 
Figure 5. Possible scenario of how much MSW production would be reduced by increasing 
recycling. MSW 2018 means total production of MSW in 2018 in thousands of tons. MSW 
without BIO means how much MSW production would be reduced if organic waste that ended in 
MSW were recycled (removed from MSW) by 100% or 30%, specifically MSW 2018 minus 
organic waste, which is multiplied by the organic waste rate from the above analysis. MSW 
without BIO, paper, plastic, and glass means these types of waste are deducted (100% or 30%) 
from MSW 2018 and calculated the MSW production. 
 

Waste discarded this way can no longer be recycled and can only be incinerated for 
energy recovery or, in the worst case, landfilled without any recovery. This substantial 
amount brings no income to the municipal authority. On the contrary, it could burden 
the city budget with all the tasks of collecting, maintaining and landfilling the MMSW, 
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which means that the more MMSW it produces the higher the tax has to be paid. 
Therefore, the priority is to keep MMSW volume low by applying the 6R strategy: 
Refuse, Reduce, Reuse, Recycle, Rot and Rethink. This strategy is fundamental in the 
circular economy and aligns with the waste hierarchy in waste management: preventing 
waste generation at source (households), reusing and recycling waste treated as material 
and trading it means additional income to the city budget. Moreover, there is an 
exceptional reason calling for increased recycling at national level. Many obligations 
such as compulsory collection of compostable organic waste and metal waste (since 
2015) and collection of gastronomic oil waste (since 2020) were introduced to municipal 
authorities. Czech legislation has a clear message aimed at a circular economy and waste 
production reduction. This seems necessary and essential to make changes not only at 
the municipal level, but also with the private sector. On the other hand, it is very easy to 
reduce the MMSW and associated costs when we have found out that there is a striking 
amount of recyclable waste waiting to be separated. If we redirect it, it can be saved. 
Study of Chotovinský et al. (2018) showed a direct impact on the amount of organic 
waste and paper in the MMSW. The amount of recyclable compounds in the MMSW 
can be easily regulated by the frequency of separate waste collection and the different 
collection types. In addition, the waste reduction is highly depended on the activities of 
the population. There are many socio-economic-technical factors that influence their 
behaviour and disabling them in recycling. Barrier to basic recycling are, for example, 
the distance and availability of recycling bins, the volume and repletion of waste bins, 
lack of information and education, low levels of technology and innovation, etc. (Lane 
& Wagner, 2013) while financial stimulus is the major motivating factor for their active 
participation. The good side is that it can be easily changed by the motivation and efforts 
of the municipal authority (Kattoua et al., 2019). The link between them and citizens 
needs to be strengthened. Hence, possible activities for residents must focus on the 
following areas: awareness raising for residents, special education activities for children 
and schools, organisation of recycling awareness events and overall support for reuse 
and recycling of waste. 

Revaluing the waste collection system opens up new opportunities for the 
municipality. A good way is to check the data from the collection companies. Other 
unpublished study from INCIEN showed that many waste bins were collected practically 
empty or half-empty, but municipalities have to pay companies for each collection 
regardless of whether the bin was empty or full. Based on this information, optimizing 
the number of containers comes in handy and can deliver further significant budget 
savings that can be invested in technology, for instance. In addition, the education and 
motivation system can enhance public participation in many phases of waste 
management and help municipalities turn waste into resources. 

 
CONCLUSIONS 

 
Although the analysis of physical composition of MMSW is a basic tool for 

verifying the efficiency of sorting at source, there is a lack of comprehensive study at 
composition of municipal waste production in Czech municipalities. This paper executed 
an extensive analysis in over 30 municipalities to provide an overview on waste 
composition in the Czech Republic. Beside it, the study highlighted an inappropriate 
content in MMSW and addressed to insufficient sorting at source in households. The 
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organic waste created almost one third of total waste sample which cannot be recycled 
from MMSW. The second third of waste sample was represented by other recyclable 
content, e.g. plastics, paper, textile, glass etc. Only the remaining one third was 
performed by mixed and hazardous waste. The test of homogeneity of variables 
displayed that the composition (proportion of waste types) of the mixed MSW was 
similar in both small and big Czech municipalities. The relationship between the 
population and waste composition was examined, but in Czech municipalities the 
population appeared to show positive regression only for hazardous waste and negative 
regression for infectious waste (slight significance). The disadvantages of low recycling 
rates were highlighted by their environmental, economic and social impacts on 
municipalities and then the identified potential for improvement. A lot of waste can be 
recycled as secondary materials but once it is thrown into bins for MMSW, there is no 
chance for it to be reused or recycled. It therefore calls for measures not only to improve 
sorting at source, which benefits municipal authorities, but also to adjust the municipal 
waste collection system with public incentive tools to improve public awareness and 
participation in dealing with waste. 

Analysis of the physical composition of the MMSW is considered as the 
fundamental method by which municipal authorities verify the level of separation at 
source, relevantly forecast the future development and assist in the design, 
implementation and operation of the best practices in the waste management. It is 
recommended to conduct it regularly and monitor the waste production development in 
more municipalities over a long period of time. An idea for the future studies would be 
to compare the analysis of physical and chemical composition and consider their 
feasibility and necessity for municipalities. 
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