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Abstract 

Today's modern agricultural and processing companies use complex machines and equipment that use 

automated or robotic systems. These machines are usually key objects for the company, and it is there-

fore necessary to ensure proper maintenance, as the failure of these machines is very costly for compa-

nies. The mentioned technologies enable the collection of a large amount of not only data from opera-

tion, but also operational data concerning technical condition and faults. This data must be processed 

using algorithms to obtain feedback for decisions on preventive maintenance. Information technology 

allows you to create simulations that can be used retrospectively to plan maintenance activities. The 

paper describes the possibilities of using information technology to optimize preventive maintenance. 

 

Key words: preventive maintenance, failure, average unit costs, renewal. 

 

INTRODUCTION 

The current maintenance status within industrial companies has improved significantly over previous 

years in favour of preventive maintenance. At the same time industrial companies began to increasingly 

implement predictive maintenance tools using a variety of diagnostic methods for determining the op-

erational or structural parameters of a particular manufacturing machinery. The trend of the current de-

velopment of technical progress in connection with the current challenge Industry 4.0 is characterized, 

among other things, by an enormous increase in data collection. Industrial companies have a large 

amount of data; however, they are mostly not able to analyse them and gain valuable information that 

can be used as feedback for decision making.  

Preventive maintenance can be understood as a set of activities aimed at preventing the occurrence of 

failures and accidents (Pacaiova & Izarikova, 2019). Preventive maintenance is performed to maintain 

and increase the reliability of machines and equipment by restoring worn-out machinery objects before 

they fail. Preventive maintenance activities include inspections of machinery and equipment, partial or 

complete changes at predetermined intervals, oil changes, lubrication, and more. In addition, mainte-

nance workers can collect data on the gradual deterioration of the technical condition of machines and 

equipment. The obtained data help in deciding on the replacement or maintenance of worn-out machin-

ery before the failure. Current technological advances make it possible to monitor many diagnostic sig-

nals with relatively high accuracy (Legat, Mosna, Ales & Jurca, 2017). 

The field of processing and evaluation of reliability data is closely related to the operation of machines 

and equipment in agriculture. This fact is supported by the application of precision agriculture tools, 

which are characterized by using navigation systems, sensors, electronics, and information technology 

in general. 

Preventive maintenance in the production industry is one of the most essential measures to eliminate 

accidental machinery failures by replacing/repairing worn out machines or parts. The decision of when 

and where to perform preventive maintenance is non-trivial due to the complex and stochastic nature of 

the industry where preventive maintenance is implemented. Some authors use theoretical and practical 

implementation of preventive maintenance based on a unique modification of the total productive 

maintenance methodology. The innovative approach of preventive maintenance management was al-

ready implemented in the real production. Within preventive maintenance, the new concept may bring 

in an innovative method of managing the maintenance process, from abstract methodical conception to 

practical usage. A challenging task while implementing Industry 4.0 technologies is the issue of how to 
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fully gather and analyse operational data from various items of equipment and users under various con-

ditions, which would result in innovative services of equipment maintenance to increase production and 

maintenance efficiency (Hardt, Kotyrba, Volna & Jarusek, 2021). 

Industry 4.0 has become more popular due to recent developments in cyber-physical systems, big data, 

cloud computing, and industrial wireless networks. Intelligent manufacturing has produced a revolu-

tionary change, and evolving applications, such as product lifecycle management, are becoming a real-

ity. Other authors proposed and implemented a manufacturing big data solution for active preventive 

maintenance in manufacturing environments. The manufacturing big data method used for active pre-

ventive maintenance has the potential to accelerate implementation of Industry 4.0 (Wan, Tang, Li, 

Wang, Liu, Abbas & Vasilakos, 2017). 

Conventional preventive maintenance models often assume that equipment is always available for 

maintenance activities. However, in many mission-critical industries, equipment may not be available 

for scheduled maintenance due to busy operational schedules. Forced shutdown of the equipment may 

incur extra costs that cannot be offset by the benefits from preventively maintaining the equipment. 

Other paper proposes innovative preventive maintenance policies to address the challenges caused by 

equipment unavailability. Maintenance models with possible rescheduling are developed for both time-

based and condition-based maintenance policies, and the objective is to minimize the long-run cost rate 

of all maintenance activities (Zhu, Xiang, Li, Zhu & Schneider, 2019). 

Preventive maintenance is an important component of the Industry 4.0. Modern industry requires intel-

ligent, autonomous, and reliable manufacturing systems. Furthermore, other authors propose methodol-

ogy for the acquisition of maintenance knowledge, using the computer simulation method to predict 

possible failures and prepare scenarios for the behaviour of a system (Klos, 2018). 

The use of system analysis and preventive maintenance in today's industry becomes a necessity as it 

increases equipment availability. One of the new proposed methods combine three tools: SADT model-

ling, the FMECA analysis and the Pareto diagram to achieve an optimal maintenance approach that will 

be a decision support tool to minimize the repair costs and the downtime of the system (Karoui & Lak-

houa, 2021). 

The paper describes how to use computational algorithms to determine the optimal interval for perform-

ing preventive maintenance. Knowledge of the characteristics of reliability is a necessity for the appli-

cation of the theory of renewal, to determine the most appropriate maintenance strategy. Created com-

putational algorithms are validated on model examples. The results can be used as a decision-making 

tool for maintenance management to determine the optimal interval of preventive maintenance of spe-

cific machinery components, and the entire manufacturing machinery. At the same time utilizing the 

results of the paper may help to simplify the planning of plant downtime, optimizing of maintenance 

personnel capacity and a quantity of spare parts, which ultimately help to increase the availability of 

production facilities while reducing costs spent on maintenance. 

 

MATERIALS AND METHODS 
According to the standard EN 13306:2010 Maintenance – Maintenance terminology, the maintenance 

strategy is defined as a management method used to achieve maintenance objectives. 

The general objectives of maintenance include: 

 carry out the correct renewal, modernization and reconstruction of the property and take care of 

its optimal use, 

 to maintain tangible assets in a serviceable and fit condition and at the required level of availa-

bility, efficiency, use and its optimal recovery as a whole, 

 prevent the occurrence of faults and the following fault conditions, 

 operatively eliminate the failures, 

 reduce the environmental impact of the operation and maintenance of production facilities, 

 ensure the safety of operation and maintenance of production equipment, 

 spend optimal maintenance costs in relation to the availability and efficiency of the production 

equipment and 

 manage asset management and maintenance to excellence using the methods of world best prac-

tice – asset management. 
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Maintenance activities are based on technical and economic decision-making, and it is costs that are 

essential and need to be paid close attention to. It is always necessary to compare two types of costs, 

namely the unit cost of corrective maintenance and the unit cost of preventive periodic maintenance. If 

a diagnostic method can be applied during maintenance, it is necessary to add the unit cost of the diag-

nostics. The general relations for calculation are described further in the text. Presented calculations 

were used in algorithms to obtain optimal values.  

The calculation model is also based on the calculation of unit costs for operation and maintenance, 

including induced losses associated with the application of individual maintenance policies (systems). 

The most suitable is the maintenance system for the given object, which will show the lowest unit costs 

(3). According to this criterion, the optimal maintenance policy (system) for the given object is selected 

(Pavlu, Ales & Jurca 2013).  

The unit costs of corrective maintenance uup(MOTTF) are given by the ratio of the cost of corrective 

maintenance and the mean operational time to failure and is calculated according to the relation (1) 

 
𝑢𝑢𝑝(𝑀𝑂𝑇𝑇𝐹) =

𝑁𝑢𝑝
𝑀𝑂𝑇𝑇𝐹

 
(1) 

where: Nup is the cost of corrective maintenance (costs of primary and secondary (dependent) failures 

(CZK), spare parts and material inventory holding, production losses, environmental impacts, safety, 

maintenance personnel availability), MOTTF is mean operational time to failure during corrective 

maintenance (hrs). 

 
If Weibull distribution is considered for the calculation of the mean operational time to failure MOTTF, 

it is calculated according to relation (2) 

𝑀𝑂𝑇𝑇𝐹 = 𝛽 ∙ Γ (1 +
1

𝛼
) 

(2) 

where: MOTTF is mean operational time to failure during corrective maintenance (hrs), α is shape pa-

rameter of Weibull distribution, β is scale parameter of Weibull distribution,  is Gamma function. 

 

The average unit costs of preventive periodic maintenance upu(tpu) are again given by the ratio, where 

the numerator is the sum of the costs of preventive maintenance Npu multiplied by the reliability R(tpu) 

for the selected interval of periodic maintenance (technical condition without failures) and the costs of 

corrective maintenance Nup multiplied by the probability of failure F(tpu) for the selected interval of 

periodic maintenance (it is a state with the occurrence of failure) and where the denominator is the mean 

operational time until preventive periodic maintenance is carried out and are calculated according to 

relation (3) 

𝑢𝑝𝑢(𝑡𝑝𝑢) =
𝑁𝑝𝑢 ∙ 𝑅(𝑡𝑝𝑢) + 𝑁𝑢𝑝 ∙ 𝐹(𝑡𝑝𝑢)

𝑡𝑠(𝑡𝑝𝑢)
= 𝑚𝑖𝑛 ⇒ 𝑡𝑝𝑢 = 𝑡𝑝𝑢𝑜 

 (3) 

where: R(tpu) is reliability function, F(tpu) is the probability of failure, ts(tpu) is the mean time of operation 

until preventive periodic maintenance is performed with an interval and tpuo is the optimal periodical 

maintenance interval (unit costs reach the minimum value). 

If Weibull distribution is considered, it is possible to adjust the calculation relation to the form (4) 

𝑢𝑝𝑢(𝑡𝑝𝑢) =
𝑁𝑝𝑢 ∙ 𝑒𝑥𝑝 [− (

𝑡𝑝𝑢
𝛽
)
𝛼

] + 𝑁𝑢𝑝 ∙ {1 − 𝑒𝑥𝑝 [−(
𝑡𝑝𝑢
𝛽
)
𝛼

]}

∫ 𝑒𝑥𝑝 [− (
𝑡
𝛽
)
𝛼

] 𝑑𝑡
𝑡𝑝𝑢
𝑡𝑝=0

 

 (4) 

where: t is operational time (hrs). 

In order to model the optimal interval for renewal tpuo, different values of Weibull distribution, respec-

tively the shape parameter , and ratios of the costs of preventive maintenance Npu and corrective 
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maintenance Nup were chosen. The selected values are shown in Tab. 1. More than 7,000 complex cal-

culations were performed using the object-oriented language Visual Basic for Applications. 

 

Tab. 1 Input values for the renewal optimization computational model 

Indicator 
Minimum Maximum Increment 

value value  

Shape parameter  1.05 10 0.05 

Scale parameter  1000 1000 constant 

Ratio of corrective maintenance costs to preventive 

maintenance costs (Nup/Npu) 

1 10 0.5 

 

Probability density function of failure f(t) from table 1 is for better visualization shown for the whole 

range of shape parameter  are shown in Fig. 1. The result of the model is two 3D graphs for two variable 

inputs and one calculated output. A description of the axes of the first 3D graph is shown in Fig. 2. The 

value of the shape parameter  of Weibull distribution is plotted on the x-axis. On the y-axis, the optimal 

average unit costs of preventive periodic maintenance are calculated. On the z-axis is the ratio of cor-

rective maintenance costs to preventive maintenance costs. At Fig. 3 on the y-axis, the optimal interval 

of mean operation time for renewal is calculated. 

 

 
Fig. 1 Probability density function of failure f(t) for different shape parameter  of Weibull distribu-

tion ( = 1.05 light grey curves,  = 10 dark grey curves, increment 0.05,  = 2 black curve) 

 

RESULTS AND DISCUSSION  
The presented Fig.2 and Fig. 3 clearly show the influence of the economic point of view, that when the 

ratio of Nup/Npu increases, then average unit costs for preventive maintenance decrease. The shape pa-

rameter  of Weibull distribution can be considered a technical condition of object, and its increase has 

the greatest effect on the intensity of failures, which has a progressive course if  > 2. This fact can be 

demonstrated by black curve of failure probability density curve f(t) in Fig. 1. Simply put, as the shape 

parameter  of the Weibull distribution increases, the optimal interval for periodic preventive mainte-

nance increases, which contributes to the reduction of maintenance interventions in the long term. 
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Fig. 2 Dependence of the values of the optimal average unit costs upu(tpuo) depending on value of shape 

parameter  of Weibull distribution and the ratio of corrective maintenance costs Nup to preventive 

maintenance costs Npu 

 

Performed simulation is very important, because it considers both aspects, both economic in the sense 

of the cost ratio, and technical, how the technical object behaves in terms of reliability characteristics 

(Legat, Mosna, Ales & Jurca, 2017). As mentioned earlier, apart from the solution proposed by the 

authors, it is advisable to combine with other analysis related to equipment availability (Karoui & Lak-

houa, 2021) and at the same time implement technologies of Industry 4.0 approach (Klos, 2018; Hardt, 

Kotyrba, Volna & Jarusek, 2021). Results of the paper contribute to preventive maintenance optimiza-

tion, which is important from the point of view of ensuring machine operability. 

Fig. 3 Dependence of the optimal preventive maintenance operation time interval tpuo depending on the 

size shape parameter  of Weibull distribution and the ratio of corrective maintenance costs Nup to pre-

ventive maintenance costs Npu 
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CONCLUSIONS 
The use of algorithms in conjunction with computer technology offers several possibilities for specifying 

the optimal interval for performing preventive maintenance in real time. The proposed algorithms can 

be used not only as a decision-making tool in maintenance management with the aim of determining the 

optimal preventive maintenance interval of specific machine elements and thus of the entire production 

equipment. At the same time, the use of the results of the algorithms will contribute to simpler planning 

of production equipment shutdowns, the capacity of maintenance personnel and the number of spare 

parts, which will ultimately help to increase the availability of the production equipment while simulta-

neously reducing the maintenance costs. 
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Abstract 

The residential sector generates around 14% of the overall waste production in the Czech Republic. 

This essential share requires special attention to analyze with particular emphasis on citizen education. 

Thus, this research is dedicated to citizens' awareness about packaging waste to increase their 

knowledge. The experiment was conducted in the form of a survey, and the students were asked to esti-

mate the weight of the packaging presented to them. This experiment featured three different groups of 

students over time. The results did not demonstrate a significant difference between these groups over 

time. The long-term home study caused by COVID-19 did not appear to have affected students' 

knowledge of packaging waste. Further, each group was compared to the actual weight value and eval-

uated. This study showed students' actual knowledge about packaging waste and highlighted the gap 

and importance of education in waste management. 

 

Key words: municipal waste; estimation; packaging waste. 

 

INTRODUCTION 

The rapid growth of waste is a constant reminder to European Union to effectively manage with it in 

order to minimize their environmental impact. Packaging waste is one of the most critical environmental 

issues due to its big volume, reusability, and recyclability (Han et al., 2010). The process of a suitable 

treatment of every type of waste starts at its generation site, in case of municipal waste, it is the house-

hold. There are several factors that might have a direct impact on the amount of waste produced by 

families, e.i. higher incomes, urbanization dynamics, changing in lifestyles and consumption patterns, 

smaller households (Monavari et al., 2012; Tencati et al., 2016), but social awareness and environmental 

education level, among others, are two of the factors that can play a role on sorting and recycling rate 

(Suthar and Singh, 2015). Thus, this research is dedicated to one of those indicators - the awareness of 

citizens about packaging waste. Source separation waste collection systems are essential to increase 

resource efficiency, achieve European recycling goals, and achieve a circular economy (Tallentire and 

Steubing, 2020).  

This aim of this study was to analyse students' awareness and knowledge about packaging waste gen-

erated at home over a medium-long period. We consider time as an important factor which can change 

the view of people on waste generation at source, therefore this study was repeated. COVID-19 causes 

a wide home office and can also change the awareness of people and their view on waste production at 

home. 

 

MATERIALS AND METHODS 

This experiment focuses on the awareness of citizens about different types of waste. Three different 

groups of students from a university in Prague, Czech Republic, participated in this study. Nine types 

of packaging waste were used in this experiment. Approximately 90 students participated in this exper-

iment; they were given the task of guessing the weight of prepared samples stated in Tab. 1. This exper-

iment lasted several years to capture changes in perception about packaging waste over time and to 

include the impact of COVID-19 on citizens. Estimates from all years and groups were collected and 

analyzed. The comparison was conducted within groups as well as each group to the real weight value. 

Due to the fact, that not all data showed a normal distribution, the non-parametric method of statistics 

was applied for data without normal distribution. Kruskal-Wallis test (Kruskal and Wallis, 1952) was 

applied for assessing the difference among three student groups. The Student's t-test and its non-para-

metric equivalent Wilcoxon signed-rank test (Wilcoxon, 1945) were used for evaluating the difference 

between each group and the real value.  
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Tab. 1 List of packaging waste used in the experiment 

Packa-

ging 

waste 

PET 

2l 

Plastic 

bottle 

1.5 l 

Plastic 

bottle 

0.5 l 

Can 

0.5 l 

Milk 

carton 

1 l 

Juice 

carton 

1 l 

Champa-

gne 0.75 l 

Wine 

0.75 l 

Beer 

PET 1.5 

l  

Weight (g) 56 37 24 15 30 38 611 420 47 

 

RESULTS AND DISCUSSION  
This study had the objective of assessing the awareness of packaging waste among students at university. 

Also during the same time frame, the COVID-19 has emerged and left certain impact on students. The 

form of study switched to online environment and students spent more time at home. Therefore, we 

collected data from a group of students in 2022, about two years after COVID-19 first appeared in the 

Czech Republic and compared them to groups of students from before the coronavirus spread. Further-

more, we assessed each group separately and compared their estimation to the real value.  

The result of comparing among groups has shown, that there is no significant difference between as-

sessed groups in the time period (Fig. 1). P value of comparison of each group was all out of critical 

region (p value > 0,05), this results in a fact that fails to reject the null hypothesis. So it suggested that 

there is no significant difference between surveyed groups over time. This is related to the fact that 

COVID-19 and home studying appear not to have had an impact on the perception and knowledge of 

students about waste packaging even students have stayed at home for a long time and the waste com-

position has changed during this season.  

Then we compared each group of students separately with the real value of the packaging weight to test 

how they performed (Fig. 2 and 3). The summary of statistical result can be found in Tab. 2. Most of 

the data did not have the normal distribution, therefore non-parametric method of Student's t-test was 

chosen. Data with a normal distribution were tested using the parametric Student's t-test and marked in 

grey and p values above the threshold of significance are marked in bold (without significance). The 

most accurate students came from both groups A and C, who succeeded in 6 different types of packaging 

weight where their estimation was close to the real value. Group B has only one correct estimate less 

than others, but it still has more than half of the accurate estimates. All three groups had a good estimate 

when guessing the weight of the 1.5-liter plastic bottle, as well as the milk carton and the wine glass. 

The most difficult packaging type for students was 2-liter PET, which did not meet success in any of the 

three groups. Across all groups, the average estimate was higher than the actual level. A similar situation 

occurred with champagne glasses when the average estimate was higher than the actual weight. On the 

other hand, students in three groups estimated plastic beer bottles to be lighter than they actually were. 

The possible reason might be that PET is a special plastic type and has a different weight than other 

types of plastic bottles, therefore, even students were successful in both sizes of plastic bottles (0.5 l and 

1.5 l), but failed in 2-liter PET. Also the reason might be the unusual size of the PET bottle (2 l), which 

is not used by students very often. The same reason is suitable for cans with 0.5 l of volume; this type 

of packaging is very rarely used for beverages.  

The summary demonstrates that students at university have common knowledge and do not differ 

through grades. However, the university must continue to encourage via education and awareness on 

managing the municipal waste including packaging waste. This is important according to (Hines et al., 

1987) which suggests that a person's knowledge and awareness, and sense of responsibility influence 

the amount of consistency between attitude and action toward the environment. Not only students at 

universities, it is necessary to promote awareness and draw attention to the necessity of recycling mate-

rials already among the younger generations (Licy et al., 2013).  
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Tab. 2 Summary of p-values of the statistical analysis. Each group was compared to the real value of 

packaging weight.  

Group PET 

2l 

Plastic 

bottle 1.5 

l 

Plastic 

bottle 

0.5 l 

Can 

0.5 l 

Milk 

carton 1 

l 

Juice 

carton 

1 l 

Champa-

gne 0.75 

l 

Wine 

0.75 l 

Beer 

PET 

1.5 l  

A 0.0125 0.3764 0.5338 0.0562 0.1310 0.3012 0.0008 0.1030 0.0008 

B 0.0285 0.1433 0.0243 0.0188 0.4712 0.3271 0.4864 0.7981 1.39E-

07 

C 0.0055 0.9795 0.7678 3.57E-

05 

0.0791 0.2024 0.0094 0.6344 0.5440 

 

 

 

 

 

 

Fig. 2 A more detailed look at the comparison between groups by type of packaging waste type. 
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Fig. 1 Comparing means withing groups of students.  
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Fig. 3 Comparison between groups separated from the overall data. 

 

CONCLUSIONS 
In this study, an application of knowledge testing method is presented. The experiment showed the 

actual knowledge of students about packaging waste and pointed out the gap and importance of educa-

tion in waste management. Further, it is suggested to perform this experiment at other educational levels 

in order to obtain a more thorough and comprehensive evaluation of all age groups. 
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Abstract 

Population growth and increasing demand for food lead to excessive use of pesticides and chemical 

fertilizers, which has led to nitrate leaching, groundwater pollution, soil degradation, greenhouse gas 

emissions and climate change. Climate change for our planet is very real and dangerous; many efforts 

are being made to reduce greenhouse gas emissions into the atmosphere. One of the agricultural method 

that uses organic origin fertilizers and emphasis on techniques such as crop rotation and co- planting 

is organic farming. Organic farming can be described as a system of management and agricultural 

production that is a combination of a high level of biodiversity with environmental practices that help 

to conserve natural resources. The main goal of this article was reviewed the effect of organic farming 

system on greenhouse gases emissions, soil property, nutrient contents and human health.  

 

Key words: conventional agriculture, climate change, soil properties, greenhouse gases emission, hu-

man health. 

 

INTRODUCTION 

With growing population, the need to increase agricultural production is unavoidable. In fact, agricul-

tural production has grown significantly in recent decades. one of the agricultural methods that used all 

over the world is conventional system of farming. In this system, agricultural yields have increased 

(Philip Robertson et al., 2014), because this system based on improved crop varieties, the use of syn-

thetic and mineral fertilizers and pesticides. The result leads to nitrate leaching and groundwater pollu-

tion, soil degradation, greenhouse gas emissions, in addition excessive land use has also led to the loss 

of soil organic matter and soil biodiversity (Schrama et al., 2018). The use of inappropriate agricultural 

techniques leads to soil degradation. On the other hand, deforestation to find new agricultural land is 

one of the most important factors in greenhouses emission and global warming (Matuštík et al., 2020). 

Agriculture contributes a large share of the greenhouse gases (GHGs) emissions that are causing 17% 

of climate change directly through agricultural activities and an additional 7-14% through changes in 

land use (FAO, 2020). Overall, conventional farming system has a negative impact on the ecosystem 

(Stubenrauch et al., 2021).  

One suggested solution to reduce negative effect of agriculture on the environment, is organic farming 

(Seufert et al., 2012). organic farming systems based on less or no use of pesticides and synthetic ferti-

lizers, less nitrate leaching and other pollutants into underground water, recycling of animal or farm 

waste, and reduced soil erosion and degradation (Schweizer et al., 2018; Neri et al., 2019; González-

Cencerrado et al., 2020). The use of this method of farming leads to maintain and increase soil fertility, 

preserve the genetic diversity, minimize environmental pollution and obtain high quality food by apply-

ing sustainable productions (Orpet., 2020; Santarelli et al., 2020; Sainju et al., 2021., Stubenrauch et 

al., 2021). Some of the main effect of organic farming are shown in Fig. 1. 
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Fig. 1 The main effects and principals of organic farming (Furtak, & Gałązka., 2019) 

 

Organic farming has been adopted in about 186 countries (Ramakrishnan et al., 2021), With covering a 

total area of 72.3 million hectares around the world (Willer et al., 2021). As shown in Fig. 2, Oceania 

(35.9 million hectares, 50 percent) and Europe (16.5 million hectares, 23 percent) are the Continents 

with the largest organic agricultural land in the world. After them, South America has (8.3 million hec-

tares, 11 percent), Asia (5.9 million hectares, 8 percent), North America (3.6 million hectares, 5 percent) 

and Africa (2 million hectares, 3 percent) (Willer et al., 2021). 

The main aim of this article was reviewed the effect of organic farming system on GHGs emissions, soil 

property, nutrient contents and human health. 
 

  

 

 

 

Fig. 2 Organic agricultural land areas around the world depending on (a) the Million hectares and (b) 

percent in 2019 (Willer et al., 2021) 

 

MATERIALS AND METHODS 

This review was carried out by identifying original English papers; reviews of recent case studies; na-

tional reports that focused on the effect of farming systems (organic and conventional) on GHGs emis-

sion, global warming, soil properties, nutrient contents of productions and human health. Microsoft 

PowerPoint and Microsoft Excel version 2016 were used to draw the figures. 
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RESULTS AND DISCUSSION  

The effect of organic farming system on greenhouse gases emissions: Climate change and global 

warming become a much-debated issue in recent years (Moudrý et al., 2013). Engler & Krarti. (2021) 

stated that currently agriculture is responsible for about one-third of GHGs emissions which is the cause 

of climate change. Climate change is very real and dangerous for our planet, many efforts are being 

made to reduce greenhouse gas emissions into the atmosphere (Sujatha et al., 2021). In addition to using 

methods to reduce anthropogenic GHGs emissions, it is essential to look for rapidly methods to absorb 

carbon dioxide from the atmosphere. 

 

Since management of organic farming systems, based on using less gasoline, diesel, natural gas and 

using no synthetic fertilizers or pesticides, thereupon directly and indirectly, emitting less carbon from 

combusted fossil fuels. All of this would strongly suggest that a switch to organic farming would lead 

to a reduction in net GHGs emissions (Makaju et al., 2021). Kitamura et al. (2012) has been reported 

that lower emissions of GHGs emissions (CO2, CH4 and N2O) from organic fertilizers compared to 

chemical fertilizers. For the future farmers should focus on organic agriculture, because conventional 

system based on the use of synthetic and mineral fertilizers and pesticides, and leads to groundwater 

pollution and greenhouse gas emissions. 

 

The effect of organic farming system on soil property: Soil productivity and quality are key factors 

in plants performance. Organic farming method allows to sustainable soil management, conserve the 

biodiversity of the environment and to maintain the closed circle of elements (Furtak, & Gałązka, 2019). 

Accumulation of organic matter in the soil improves soil quality. Lori et al. (2017) demonstrated that 

the positive effect of organic farming on soil quality including the characteristics of the microbial com-

munity (Lori et al., 2017). Microbial biomass is affected by agricultural methods, systems of farming 

and soil management. Many studies showed that organic farming has a positive effect on soil’s microbial 

biomass compared to other farming systems (Lagomarsino et al., 2009; Wolińska et al., 2015; Kabiri et 

al., 2016). 

One of the soil quality indicators is the amount of soil organic matter. in organic farming systems amount 

of soil organic matter are significantly higher than conventional systems (Crystal-Ornelas et al., 2021). 

Soil organic matter plays a very important role in soil fertility and affects a wide range of physical, 

chemical and biological of soil properties, including nutrient cycling, aggregate formation, water reten-

tion and maintain soil moisture, suppression of the disease, pH buffering and cation exchange capacity 

(Celestina et al., 2019; Murphy, 2015).  

To achieve environmental sustainability, farmers should use organic amendments instead of chemical 

fertilizers. Biochar is known as an amendment that has a very good effect on soil properties. addition of 

biochar to soil cause to increases carbon sequestration and improvement of soil properties, reduction of 

GHGs emission, reduction of heavy metals bioavailability and decrease amount the leaching of nutrients 

and pollutants from soil (Asadi et al., 2021; Ghorbani et al., 2019). 

 

The effect of organic farming on nutrient contents and human health: Since chemical fertilizers 

and pesticides have a negative effect on ecosystem and health of humans and other living organisms, 

special attention should be paid to reducing the use of chemical fertilizers. organic farming is based on 

using natural materials in agricultural products and cause to produce safe food products with preserving 

ecological balance and sustainability. Many studies and researches have shown that fruits and vegetables 

grown from organic production have a higher nutritional value (Hallmann & Rembiałkowska, 2012; Yu 

et al., 2018). Armesto et al. (2020), has been reported that the ratio of compounds was higher in organic 

squashes than in conventional ones.  

 

Essential issues in organic farming: Green waste (consisting of garden refuse, domestic or industrial 

kitchen waste) due to its nutritional value (because of high nitrogen content), and potentials to mitigate 

the greenhouse gas emissions (Diacono et al., 2019) is widely used in organic farming. If green wastes 

contain persistent herbicides, they pose health risks to organic farming (CalRecycle, 2020). 

Another thing that is widely used as an organic amendment in organic farming is municipal sewage 

sludge and due to good source of nitrogen, phosphorous, and organic matter, helps improve plant growth 
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and soil properties (Ramakrishnan et al., 2021). The presence of high amount of organic matter in the 

sludge cause to absorbs heavy metals from sewage during the treatment process. Therefore, the use of 

municipal sewage sludge in organic farming in the presence of heavy metals, is a hidden danger because 

heavy metals can readily enter the plant tissues and if it is higher than the allowable level, it is considered 

a threat to human health. (Weldegebriel et al., 2012). The future research and policy regulations need to 

ensure the unintentional entry of pollutants into organic products and protect the health of humans and 

ecosystems. 

 

Disadvantage of organic farming: Despite the positive effects of organic farming, we have to accept 

that nothing is not complete perfect. some studies have reported lower performance of the organic farm-

ing than conventional farming system in relation to the amount of yield, indeed, the lower yields of 

organic farming systems are considered as their main disadvantage (de Ponti et al., 2012; Seufert et al., 

2012). it means that, for produce the same amount of food more land is usually needed in organic farm-

ing systems than conventional farming.  

 

CONCLUSIONS 
There are many future challenges in the agricultural sector. Efforts to reduce greenhouse gas emissions 

and Protecting climate and biodiversity, protecting water pollution with reduce nitrate leaching and pol-

lutions, closing nutrient cycles with organic amendments and achieving healthy yields in resilient agri-

cultural systems require further developing organic farming. Due to the positive effects of organic farm-

ing on the environment, we need to look for solutions for the lower yields of this system of farming. The 

use of organic amendments in organic farming systems can increase crop yields, but different organic 

amendments have different effects and requires careful consideration.   
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Abstract 

The aim of the work is to describe the Cobot++ project solution to develop a modular system that com-

bines a cobot and a balancer. Such a system to be able to co-manipulate heavy loads by increasing the 

capacity of a classic cobot, often limited to loads of less than 10 kg. In the paper, the advantages of the 

coupled cobot and balancer are disclosed, as well as the optimal design of the cooperative workspace 

is discussed. The behavior of the coupled system in the static mode under the limitation of the speeds of 

the cobot does not present any special problems. In this case, the inertial forces are much less than the 

gravitational ones. The payload is fully compensated by the balancer and the cobot assumes the pre-

scribed displacements. However, in dynamic mode, massive links of the balancer creates additional 

loads on the cobot, which can be significant. This study considers a method for determining the inertial 

impact of the balancer on the cobot. Numerical simulations show a significant increase in input torques 

due to inertia forces of the balancer. It should be noted that the study carried out in the framework of 

the Cobot++ project took into account safety and ergonomics issues to arrive at a solution compatible 

with industrial constraints. 

 

Key words: handling of heavy payloads; balancer; gravity compensation; cobot; dynamic behaviour.  

 

INTRODUCTION 

Workers in industries such as manufacturing and assembly often handle heavy objects. However, man-

ual handling is often repetitive and tedious, reduces efficiency, and leads to back pain and musculoskel-

etal disorders. It is obvious that industrial robot applications can have a number of advantages over 

manual control: improved repeatability, increased accuracy and speed. However, industrial robots still 

have many disadvantages compared to humans. For example, industrial robots currently have a limited 

ability to perceive their surroundings requiring costly safety measures to avoid serious injury. These 

safety measures are especially important and expensive when working with large and powerful industrial 

robots. Obviously, serial robots have a poor payload-to-weight ratio (Taghirad, 2017). For example, a 

manipulator working with a payload of 50 kg must have a weight of at least 400 kg. The purchase, 

installation and operation of such a robot is quite expensive. In addition, the heaviness of the robot and 

load leads to rather complex system dynamics, which makes it difficult to move accurately and quickly. 

This becomes especially noticeable during the assembly process, when heavy parts must be installed on 

the surface using guide pins. In this case, the manipulator should move smoothly, without significant 

vibrations, and any sudden movement can damage the mechanical surface of the part. Such a task is not 

easy to accomplish. Thus, autonomous manipulation does not always provide the expected reliability 

and flexibility. The aim of the study is to describe the Cobot++ project, which is a new design solution 

combining a cobot and a balancer.  

 

ADVANTAGES AND FEATURES OF THE COUPLED COBOT AND BALANCER 

In all likelihood, balanced robotic systems, such as cobots coupled with balancers, can be effectively 

used to handle heavy objects. The combination of motion programming for a cobot and the simplicity 

of a balancer arm can make a system much better than using an industrial robot arm.  

Design and application of balancers is a well-known problem. Different approaches and solutions de-

voted to these systems have been developed and documented (Matsumoto, 1975; Patarinski, Markov,  

Konstantinov, 1985; Bittenbinder, 1995; Moor, Akouna, 2003; Arakelian, 2004; Arakelian, Briot, 2015; 

Arakelian, 2016; Arakelian, 2022). They have found wide application in several fields of industries, 

where it is necessary to mechanize heavy manual labor. Now consider the collaboration of a cobot and 

a balancer for handling of heavy parts. In other words, consider a new-coupled system in which the 

operator is replaced by the cobot (Fig. 1).  
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a) Balancer controled by the 

opertator.  

b) Coupled system in which 

the operator is replaced by 

the cobot. 

c) Schematic representation of 

the coupled system. 

 

Fig. 1 Coupled system consisting of a cobot and a balancer. 

 

At present, given the great capabilities of cobots that allow human intervention to control the payload, 

such a cooperation becomes much more effective, since it does not exclude the possibility of human 

presence in the cobot's workspace. Note that this is optional purpose. However, in some circumstances 

this may be the most optimal solution. Thus, it can reduce security measures compared to the use of 

industrial robots, since the space can be shared.  

When designing coupled systems, it is necessary to keep in mind that they consist of two units with 

different characteristics. However, some of their parameters can be modified during the interaction of 

these units. One of the first is the consideration of constructive conformity, i.e. the balancer must ac-

company any payload movement performed by the cobot. If there is a discrepancy between the move-

ments of these two units, the coupled system will be blocked. From this point of view, it is of particular 

importance to take into account the singular configurations of both the cobot and the balancer.  

Figure 2 shows an example when the balancer is in the singular configuration.  

 

 
 

Fig. 2 Coupled system in which the bal-

ancer is in the singular configuration. 

 

   
(a)                                            (b) 

Fig. 3 Frame of the balancer (a) and its modified 

version (b) for cobot - balancer cooperation. 

 

In the case of a traditional use of the balancer, this configuration is not inconvenient, since the operator 

will not move the payload in the radial direction. He will move the payload in such a direction that 

allows the balancer to come out of the singular position. Then, the operator will perform the necessary 

movements. However, in a coupled system, it is imperative to consider this when planning the path of 

the cobot, because one can impose such movements of the cobot, which cannot be carried out by the 
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balancer. Thus, it is necessary to avoid not only singular configurations of the cobot, but also the bal-

ancer. The design of the units can also be changed. In the coupled system with common workspace, the 

balancer uses only a small part of its accessible space due to the workspace of the cobot, which is gen-

erally limits the common volume. Thus, the design of the balancer can be modified to adapt to new 

conditions. The vertical axis of the balancer can be moved closer to the cobot, and the gravity balancing 

can be adjusted by a counterweight as shown in figure 3. Such an arrangement is more optimal in terms 

of cooperative workspace.  

 

STATIC AND DYNAMIC BEHAVIORS OF THE COUPLED COBOT AND BALANCER 

The behavior of the coupled system in static mode when the speeds of the links of the balancer are 

limited does not present any particular problems. In this mode, the inertial forces are much lower than 

the gravitational forces. The payload is completely compensated by the balancer and the cobot supports 

low loads. However, when the accelerations increase, the inertial forces also increase and, respectively, 

the efficiency of gravitational balancing decreases. Therefore, the balancer with massive links creates 

additional loads on the cobot. Our observations have shown that the behavior of the coupled system in 

dynamic mode is completely different for the balancer, assuming gravity compensation of the payload. 

In this case, dynamic loads on the cobot occur in the form of the balancer’s oscillations at the end of the 

working cycle when the cobot is stopped. These oscillations essentially depend on the friction in the 

joints of the balancer. Such dependence is shown in figure 4. One of the ways to reduce these unwanted 

vibrations is to increase the friction on the balancer’s joints. 
 

 
 

a)  Oscillations of the first link of the balancer 

with cable lift after stopping the cobot. 

b) Oscillations of the second link of the balancer 

with cable lift after stopping the cobot. 

Fig. 4 Oscillations of the rotating links of the balancer with cable lift after stopping the cobot. 

 
 

Fig. 5 Two coupled cobot/balancer systems developped for AIRBUS Nantes. 
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Unfortunately, the increase in friction in the balancer’s joints creates a drag force that the cobot has to 

overcome in any movement. Then two efforts compete: 1) the inertial force due to the oscillations of the 

balancer, and 2) the drag effort created by the friction. A decrease in the first means an increase in the 

second. Thus, it is necessary to find the optimal friction so that the drag force will be minimized and the 

vibration reduction remains effective. Such an optimization highly depends on the application for the 

coupled system. Indeed, the efforts will mainly depend on the friction, of course, but they will also 

depend on the accelerations and trajectories imposed by the cobot and the payload. A more detailed 

discussion of this issue can be found in (Zhang et al., 2019). 

The application of the described above solution to move a payload of 30 kg was tested on an assembly 

line at the SAUNIER DUVAL site in Nantes (https://www.youtube.com/watch?v=vWx53wem_zo). A 

demonstrator for heavy and long payloads consisting of two coupled cobot/balancer systems (Fig. 5) for 

a part turning application during adjustment operations for AIRBUS Nantes has also been developed 

(https://www.youtube.com/watch?v=0YiIAFwk3zk). 

 

CONCLUSIONS 
This study deals with the main characteristics of coupled balancers and cobots. It is disclosed the par-

ticularities of design of the cooperative workspace, the need to consider singular configurations of the 

balancer and the cobot. It is revealed that in dynamic mode, the massive-link balancer creates additional 

loads on the cobot, which can be significant. Observations and tests, as well as numerical simulations 

have shown the significant increase in input torques of the cobot due to the inertial forces of the balancer. 

Behavior of the balancer with cable lift and the cobot has been also examined. It is disclosed that there 

are significant oscillations of the rotating links of the balancer with cable lift after stopping the cobot. It 

is proposed to eliminate these unwanted oscillations by controlling friction in the joints of the balancer.  

The author believes that the proposed solution is promising because it is not expensive taking into ac-

count the coasts of a balancer and a cobot. It can be easily applied to solve various problems related with 

the moving of heavy payloads. The coupled balancer/cobot systems can be widely used in various engi-

neering projects.    
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Abstract 

Soil compaction made with traffic by agricultural machinery can be one of the factors limiting crop 

yields. In any case, some cultivated crops are more sensitive to excessive soil compaction, such as spring 

barley (Hordeum Vulgare). In this research, the development and growth of spring barley was moni-

tored in a field where a long-term CTF (Controlled Traffic Farming) is established. The RTF (Random 

Traffic Farming), is simulated using three areas, that are passed once a year by tractor wheels. The 

results show that soil compaction affected the emergence of barley, while fewer plants were emerged 

per square meter on compacted soil, however, these plants formed similar number of tillers (on average 

2.92 - 3.02 stems in different degrees of soil compaction). The number of ears was lowest in 1x trafficked 

soil and in multiple-times trafficked soil (501 and 509 ears per m2), while in non-compacted soil it was 

higher (572 ears per m2 ). Grain yield was highest on non-trafficked soil with CTF system - 5.23 t.ha-1.  

 

Key words: Controlled Traffic Farming; spring barley; soil compaction. 

 

INTRODUCTION 

Modern agricultural production has brought an increase in the power and weight of tractors used in crop 

production. Since 1966, the weight of agricultural tractors has increased by 300% (Kumhála, et al., 

2013), while Keller et al. (2019) found, that the load on the wheels of harvesting machines increased by 

up to six-times from year 1960. Some research shows, that first or second pass of a heavy tractor has a 

negative effect on the growth of cultivated crops (Pytka & Szymaniak, 2004; Sakai et al., 2008; etc.), 

but Schjonning et al. (2016) state, that only multiple passes have a negative impact. Increased soil com-

paction reduces soil porosity, restricts root growth of cultivated crops, thereby reducing water and fer-

tilizer use (Reintam & Kuht, 2012) and increasing the risk of water erosion. 

It has been found that in conventional tillage system, 88% of the soil surface is trafficked in one year, 

with minimal tillage the trafficked area is reduced to 65% (Kumhála, et al., 2013; Rataj, et al., 2014). 

Kroulík et al. (2009) states similar numbers, and calculated that up to 145,6 % of area can be trafficked 

repeatedly in conventional tillage. CTF (Controlled Traffic Farming) is a technology that organizes the 

movement and tracks of machines into permanent lines, thus reducing the trafficked area to a minimum. 

CTF technology has a positive effect on the reduction of soil compaction, while it is suitable in combi-

nation with No-Till and Min-Till technologies, as it is not possible to use a plough when using CTF 

(Antille, et al., 2019).  

Some plants tolerate compacted soil conditions better, some worse (Orzech, et al, 2021; Arvidsson & 

Håkansson, 2014). Barley is more sensitive crop for soil compaction, as it prefer porous soil, it restrics 

the growth of roots in compacted soil (Bingham, et al., 2009; Mulholland, et al., 1996; Willatt, 1986). 

For this reason, the effect of negative soil compaction will be more significant.  

The aim of this article is to monitor the impact of soil compaction and CTF traffic management on 

growth and yield of spring barley sown with zero tillage technology.  

 

MATERIALS AND METHODS 

Spring barley (Hordeum Vulgare, variety IS Maltigo) was seeded by direct drilling technology on an 16 

hectares experimental field with a long-term experiment with CTF (Control Traffic Farming), which 

was established in 2009. The crop rotation on this field includes cereals, peas, corn and oilseed rape. 

The field is located in the University farm in Kolíňany, which belongs to Slovak University of Agricul-

ture in Nitra. 

The OutTrack CTF system with a 6 m module is implemented to organize the traffic of machines without 

additional modifications to the machinery. For the simulation of RTF (Random Traffic Farming), three 
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areas are set in the field, which are trafficked by tractor wheel once a year, while they are placed per-

pendicular to the standard CTF tillage direction. There are 18 monitoring points on the experimental 

field, and it is possible to obtain data from different degrees of soil compaction: 

 - A – non-compacted soil (non-trafficked soil since the beginning of the experiment - since 2009) 

 - B – 1x annually compacted soil 

 - C – multiple-times compacted soil (permanent lines for machinery traffic) 

For the purposes of this experiment, a spring barley crop was established in 2021 by direct drilling after 

the corn harvest. The soil surface was covered with a large amount of corn crop residues left after the 

harvest, which caused lower crop emergence. 

Barley growth was monitored in two growth stages at different degrees of soil compaction, as follows: 

  - End of tillering (BBCH 29-30) – Plants were taken up, and all tillers and stems on individual plants 

were counted. Subsequently, the number of plants per meter squared, the current number of stems per 

meter squared (main stem with tillers), and the average number of stems per plant were determined. 

  - Before harvesting – The plants were cut above the ground. The number of ears per meter squared, 

thousand kernel weight, grain moisture and yield (converted to tons per hectare) were determined. 

 

RESULTS AND DISCUSSION  
The crop developed differently on all intensities of soil compaction through the whole season. The crop 

was established by direct drilling into corn stubble, which caused lower emergence. The number of 

plants also depended on the degree of soil compaction, with an average of 270 plants per m2 emerged in 

the non-trafficked soil. In compacted soil, the number of emerged plants was even smaller, 204 plants 

per m2 in 1x trafficked soil and 222 plants per m2 in multiple-times trafficked soil.  

During the first measurement, the number of stems per m2 on the non-trafficked soil in experimental 

field was 788 stems per m2. Once a year trafficked soil and multiple-times trafficked soil had similar 

number of tillers as non-compacted soil (average 2.92 - 3.02 stems per plant), but due to the smaller 

number of emerged plants in those areas there was a lower number of stems per m2, resulting in lower 

current stand density.  

 

 
Fig. 1 Average number of emerged plants per 1 m2 (Left) and average number of stems per 1 m2 

(right) 

 

The second measurement of the stand took place just before the crop was harvested. It was found that 

the final number of productive ears in the area was lower than the number of stems found in the first 

measurement. The stand density relatively to the intensity of soil compaction was unchanged, where the 

highest density was on average 572 ears per m2 in non-trafficked soil. 1x trafficked soil and multiple-

times trafficked soil had approximately the same number of ears (on average 501 and 509 ears per m2).  
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Fig. 2 Average number of heads per 1 m2 before harvest (Left) and average barley grain yield (right)  

 

The final grain yield was affected by TKW (Thousand Kernel Weight) only slightly. It was found that 

the TKW was similar in different degrees of soil compaction (54.3 g for non-trafficked soil, up to  

53.7 g for multiple-times trafficked soil). Relatively similar TKW on compacted soil may be the result 

of lower stand density.  

These parameters had a significant effect on the grain yield at harvest. The highest yield was on non-

trafficked soil with an average 5.23 t.ha-1. The average yield in 1x trafficked soil was 4.58 t.ha-1 and in 

multiple-times trafficked soil 4.37 t.ha-1. All of the above parameters in the experimental field with 

different soil compaction intensity are shown in Tab. 1.  

Based on those results it can be concluded, that even the first pass of agricultural machinery has a neg-

ative effect on barley growth and yield. Similar results were reported by Pytka & Szymaniak (2004); 

Sakai et al. (2008); etc. It was also proved that barley is a sensitive crop on soil compaction, as reported 

by Bingham et al. (2009), etc.  

 

Tab. 1 Crop stand parameters and yield parameters of spring barley in experimental field 

 MEASUREMENT 1 MEASUREMENT 2 

Traffic intensity (re-

lates to soil compac-

tion) 

Number 

of plants 

per m2 

Number 

of stems 

(main 

stem + 

tillers) 

per m2 

Number 

of stems 

(main 

stem + 

tillers) 

per plant 

Number 

of ears 

per m2 

before 

harvest 

Thousand 

kernel 

weight, g 

Grain 

yield,  

t.ha-1 

Non-trafficked 270 788 3.00 572 54.3 5.23 

1x trafficked per year 204 613 3.02 501 54.1 4.58 

Permanent track line 222 637 2.92 509 53.7 4.37 

 

CONCLUSIONS 
Soil compaction has a negative effect on the growth and yield of cultivated crops. Spring barley sown 

by direct drilling after the corn harvest had low number of emerged plants per m2, while it was even less 

on the compacted soil. CTF system minimizes soil compaction by organizing the movement of machines 

on permanent track lines, thus creating areas with non-trafficked and non-compacted soil. It was found 

that the spring barley crop was better in this non-compacted soil, which was also reflected in the yield, 

where the average grain yield in non-trafficked soil was 5.23 t.ha-1. That was more than  

4.58 t.ha-1 and 4.37 t.ha-1 on average in area with one annual machinery pass and multiple passes of 

agricultural machinery wheels.   

This experiment shows that the CTF system can also be used in soil-conservation tillage technologies 

with a system of direct drilling and that one yearly pass of tractor has a significant effect on grain yield 

of spring barley.  
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Abstract 

Additive manufacturing is a relatively new process, so it needs many studies to be able to produce parts 

with the required properties. This is the reason why this domain has had a sustained development in 

recent decades. This paper is focused on the comparison between the mechanical properties of ONYX 

material determined by tensile testing and the results from a Finite Element Analysis (FEA). The use of 

simulation will allow a significant shortening of the design time of new structures. The application of 

FEA for the tensile testing of 3D printed specimens led to the results close to results obtained by the 

real tensile tests. Difference between the values obtained by real tensile tests and values obtained by 

simulation are up to 6.19%. The simulation was applied for the printed specimens from a single mate-

rial. The results of applied FEA are close to results obtained by real testing. 

 

Key words: additive manufacturing, finite element analysis, tensile strength, nylon, simulation. 

 

INTRODUCTION 

Nowadays additive manufacturing (AM) is used in many areas of production and development. The 

ASTM society defined AM as “the process of joining materials to produce objects from 3D model data, 

mostly layer by layer (Kumar & Prasad, 2021). AM originated in the 1980s. Initially, the use of AM 

was limited to the production of prototypes, due to the small choice of materials, mostly polymers. But 

today we can use AM for a wide range of materials from thermoplastics to metals, ceramics, composites 

and biocompatible materials. Recently mentioned materials include a composite material reinforced 

with a continuous fiber. With proper fiber distribution, objects can achieve the strength of aluminum 

castings (Morgan, 2005; Kuncius, et al., 2021). One of the main advantages of AM is the unlimited 

freedom of geometric shapes and the complexity of the created objects, which allows AM to match or 

even surpass conventional production technologies. 

Fused deposition modeling (FDM) is the most commonly used AM technology (Kuncius, et al., 2021). 

FDM creates objects by extruding molten plastic layers. The material in the form of a thin fiber is fed 

to an extruder, where the material is melted and extruded through a nozzle onto the surface of the object 

(Madaj & Kohár, 2020). The mechanical properties of composites produced by FDM are worse than 

the mechanical properties produced by injection molding. The main reason is the insufficient bonding 

between individual layers and also; there is high porosity and residual stress (Jain, et al., 2022).  

A large variation in the mechanical properties of 3D printed polymers has promoted designers to de-

velop simulation strategies for the prediction of mechanical properties of 3D printed objects. Several 

testing techniques are generally used to determine the mechanical properties of a material. The most 

common mechanical tests include a uniaxial compression test, a plane-strain compression test, and a 

uniaxial tensile test. The uniaxial tensile test is the most commonly used mechanical test, providing 

accurate values of key mechanical parameters such as Young’s modulus, yield strength, ultimate tensile 

strength, elongation at break and Poisson’s ratio (Kalova, et al., 2021; Majko, et al., 2019). Provaggi 

et al. (2019) recently employed finite element analysis (FEA) to predict mechanical properties of 3D 

printed polymers under compression and concluded that inputs provided by FEA could be potentially 

useful for reducing product design and development time. The aim of the study was verification 

of material parameters by comparing simulation results and real experiment results. 
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MATERIALS AND METHODS 

For our research we have used a Markforged Mark Two 3D printer. This 3D printer offers continuous 

fiber fabrication (CFF) process. Printer has two nozzles, first for plastic material called Onyx and second 

for continuous fiber. The printer builds the matrix from Onyx and irons down continuous strands of 

fibers into the part. The fibers are impregnated with nylon and are fused to the Onyx layer.  Printing 

parameters are shown in Tab. 1. 

 

Tab. 1 Printing parameters 

Parameter Value 

Print temperature (°C) 275 

Layer height (mm) 0.125 

Nozzle size (mm) 0.4 

Infill solid 

Number of perimeters 2 

  

Markforged Onyx was used for manufacturing of specimens. Onyx is a micro carbon fiber filled nylon. 

It is 1.4 times stronger and stiffer than ABS and can be reinforced with any continuous fiber from 

Markforged. Mechanical properties of the Onyx material are shown in Tab. 2. 

 

Tab. 2 Mechanical properties of Markforged Onyx 

Property Testing method (ASTM) Typical value 

Tensile Modulus (GPa) D638 2.4 

Tensile stress at Yield (MPa) D638 40 

Tensile stress at Break (MPa) D638 37 

Tensile strain at Break (%) D638 25 

Flexural Strength (MPa) D790 71 

Flexural Modulus (GPa) D790 3.0 

Heat Deflection Temp (°C) D648 B 145 

Izod Impact - notched (J.m-2) D256-10 A 330 

Density (g.cm-3)  1.2 

 

Tensile tests were performed in accredited laboratory VÚSAPL, a.s., Nitra. For tensile tests we used a 

MTS Exceed E43.104 universal tensile testing machine with maximal force 10 kN. Tests were per-

formed according to ISO 527-1 and ISO 527-2 standards. Total number of specimens was 5. Speed rate 

was set to 1mm.min-1. Shape and dimensions of test specimens are shown in the Fig. 1. 

For finite element analysis (FEA) we used Solidworks 2020 software. Despite on the fact infill value 

was 100%, in the FEA it was considered that the specimen was working like a single block and has the 

same properties in the entire volume. We have used an ONYX plasticity model for the simulation where 

a curvature-based mesh was applied. Mesh type was Solid Mesh and we used triangles (tetrahedrons) 

type of elements. The mesh consists of 13195 nodes with mesh size of 1.03714614 mm with a 1.4 ratio 

of a/b.  
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Fig. 1 Specimen shape and dimensions 

 

RESULTS AND DISCUSSION  
All specimens were printed at the same time, so ambient conditions were the same. Nylon is hygroscopic 

and it can absorb moisture from air. Humidity absorbed in nylon can influence mechanical properties of 

material (Zhou, et al., 2001). Due to this fact tensile tests were performed in short time after specimens 

were printed. Tensile tests allowed us to obtain values of tensile strength and values of maximal force. 

In the next step, the FEA analysis was performed. Specimens were loaded by forces from 1000 N to 

2000 N with 100 N steps. From results obtained from FEA analysis we created a dependence of von 

Mises stress on force (see Fig. 2.). As we can see this dependence is linear. Based on this fact equation 

(1) was used to calculate von Mises stress of specimen loaded by maximal force reached during the test. 

 

 
 

Fig. 2 Dependence of von Mises stress on force 

 

𝑉𝑀𝐹𝑀
=

𝐹𝐿

𝑉𝑀
 . 𝐹𝑀        (1) 

 

where 𝐹𝑀 is the maximal force reached during test (N), 𝐹𝐿 is the loading force during the FEA analysis 

(N), 𝑉𝑀 is the von Mises stress in specimen loaded by 𝐹𝐿 (MPa),  𝑉𝑀𝐹𝑀
is the von Misses stress in 

specimen loaded by 𝐹𝑀 (N). 
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In the Tab. 3 are shown the results of the tensile tests, but also the results obtained by the simulation. 

The results consist of the maximal force reached during tensile test for each specimen, of the tensile 

strength for each specimen and of the von Mises stress under load with maximal force. We can clearly 

see that the difference between experiment result and simulation is low. Results of the simulation are up 

to 6.19% higher than results of tests. This fact indicates that model is designed in the right way and 

material parameters are right too. 

 

Tab. 3 Results of tensile tests and FEA analysis 

Speci-

men 

number 

Maxi-

mum 

force         

N 

Tensile 

strength      

MPa 

von Mises 

stress      

MPa 

1 1377.03 34.50 35.92 

2 1427.60 35.07 37.24 

3 1390.57 34.72 36.27 

4 1454.76 36.16 37.94 

5 1429.52 35.56 37.29 

 

In the Fig. 3 is shown the result of the simulation under 1400 N load. Specimens after tensile tests are 

shown in the Fig. 4.  If we look closer to both figures, it can be clearly seen that area with maximal von 

Mises stress and area of real break corresponds. Even every specimen was broken at the same area. This 

indicates that we can use 3D printing for manufacturing series of parts with the almost the same prop-

erties. 

 

 
 

Fig. 3 Result of the simulation with load force 1400 N 
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Fig. 4 Specimens after tensile tests 

 

Some authors have done similar researches but they used other material, mostly PLA. We focused on 

Markforged Onyx material. For example (Catana & Mihai, 2020) were comparing results of experiment 

with results obtained by simulation. They had similar results and the deviation was between 4.7% and 

7.2%. Catana et al. (2021) also studied the differences between simulation and experimental result but 

in this case they did bending tests. Despite this fact, differences between simulation and experiment 

were also up to 10 %. Alhabri et al. (2020) studied tensile strength of PLA. They used specimens with 

different dimensions, but they used the same software Solidworks as we used. They also had similar 

results, where the deviation of tensile strength was up to 6.7%. Also authors like Mouti et al. (2011) or 

López et al. (2017), who used different testing methods in their researches, had similar differences be-

tween experiment and simulation results. All these authors used material properties for simulation ob-

tained from experimental tests of 3D prints. Material properties we used for simulation were from the 

datasheet of Onyx material. Nevertheless our results almost correspond to results from authors men-

tioned above. This can be caused by fact that Markforged has closed system. Also, in a Markforged 

printer you can use material only from Markforged and the printer does not have option to change key 

printing parameter like printing temperature. Marforged has printing parameters set exactly to their ma-

terials, so quality of 3D prints is on high level and properties of 3D prints almost reach properties of 

filament. 

 

CONCLUSIONS 
We can conclude that the simulation process can be applied to 3D printed objects with good results. The 

results obtained from the simulation are in a line with the results obtained from real tensile tests, but it 

should be emphasized that their accuracy depends on the model used in the simulation process and how 

accurately it describes the 3D-printed structure. In this research were used specimens with 100% infill. 

They had the same properties in whole volume and they work like single block. Tensile tests results 

were consistent and the standard deviation was 0.67. This corresponds with fact that the technology of 

3D printing has potential to repeatedly manufacture parts with the same mechanical properties. Results 

obtained by the FEA analysis in comparison to the real tests have only small deviation from 4.12% to 

6.19% from results obtained by experiment. 
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Abstract 

This work was conducted to determine the area of a field trafficked by farm machinery over a cropping 

season. The case-study field had been established to wheat and managed under zero-tillage for over 10 

years, and the soil type was a Typic Argiudoll. Measurements showed that the total wheeled area was 

12-ha, representing 68% of the 19-ha field used for the study. Given that operating and track gauge 

widths of different the machinery did not match, and field traffic was random, the total area of the field 

affected by traffic over the rotation cycle could be greater than the area reported in this study (single-

season). Adoption of controlled traffic farming, with fully matched machinery, could reduce the area 

affected by traffic from current 68% to less than 20% depending upon the design of the system, which 

will help optimize field efficiency and logistics, reduce fuel-use and labour, and lift productivity. 

 

Key words: controlled traffic farming; no-tillage; random traffic; soil compaction; wheeled soil. 

 

INTRODUCTION 

The arable land area established to wheat in Argentina is estimated to be approximately 7 M ha per year, 

and more than 90% of this area is managed under permanent zero-tillage (ZT). The soils in the main 

wheat-growing region of Argentina are susceptible to compaction, and the risk of compaction occurring 

is exacerbated by the timing of field operations, and the combined effects of vehicle mass and wheel 

configuration, with most mechanization systems managed without controlled traffic. Previous studies in 

Argentina (e.g., Botta et al., 2007) have shown that traffic intensities in ZT cropping systems can be as 

high as 40 Mg km-1 ha-1 and given typical rotation cycles (e.g., wheat/soybean, 12 months), the oppor-

tunities for alleviation of such compaction through natural processes are therefore limited. The adverse 

effects of compaction on the soil physical and hydraulic properties are well documented, and affect crop 

yield and therefore the profitability and sustainability of farming (Soane et al., 1982). In rainfed agricul-

ture, the effect of compaction on yield is can be more significant in dry years (Hussein et al., 2021a-b). 

Whilst adoption of zero- and reduced tillage systems has enabled field traffic to be significantly reduced 

compared with conventional tillage systems that require primary and secondary tillage operations for 

crop establishment, the overall traffic footprint measured as a percentage of field-cropped area can be 

still large (e.g., 40-60%), as shown by several studies outside Argentina (e.g., Chamen, 2015). Such 

traffic footprints mean that the benefits of ZT may not be fully realized (Antille et al., 2015). The objec-

tive of this work was to estimate the total area of a field wheeled over a single cropping season. The 

work was conducted on a commercial field that had been managed under ZT and without controlled 

traffic for more than 10 years. Results derived from this work may be used to increase awareness of the 

extent and potential impact of field traffic on soil and encourage farmers in Argentina to consider options 

for converting to controlled traffic farming.  

 

MATERIALS AND METHODS 

The study was conducted on a commercial farm located near Lujan (Buenos Aires, Argentina) during 

the 2021 winter season (Figure 1). The soil at the site is a Typic Argiudoll with 22% clay, 73% silt and 

5% sand in the top 0-200 mm depth interval. The 19 ha field had been managed under continuous zero-
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tillage for more than ten years. The crops typically grown at the site are wheat (Triticum aestivum L.), 

established in late June to early July and harvested in December, followed by soybean (Glycine max 

L.), established immediately after wheat and harvested mid-May. The specifications of the equipment 

used in the study are presented in Table 1.   

 

 
 

Fig. 1 Aerial view and GPS coordinates of the commercial field used for the study 

 

 
(a) Planting, 06 July 2021 

 
(b) Nitrogen fertilizer application, 05 Aug 2021 

 
(c) Spraying, 09 Oct 2021 

 
(d) Harvesting, 09 Dec 2021 

 

Fig. 2 Vehicle’s trajectories 
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Tab. 1 Specifications of the farm equipment used in the study 

Equipment Brand/Model Rear tires Front tires Width, m Load, kN 

FWA Tractor CASE 200 710/70 R38 600/45 R28 - 74.67 

FWA Tractor  JD6600 23.1-30 16.9/14-24 - 45.57 

Combine harvester  CASE 2388 19.5-24 800/65 R32 9 93.10 

Sprayer Metalfor 7030 320/85 R36 (all tires) 28 90.16 

Fertiliser applicator Fertec 12.4-36 (all tires) 28 68.60 

Planter  Crucianelli 3520 400/60-18 (all tires) 7 111.23 

Chaser bin   AGROMEC 21L30 (single axle) - 137.20 

 
All vehicles used in the field from planting to harvest were equipped with a DGPS signal receiver, which 

enabled trajectories within the field to be mapped. Wheeled areas were subsequently estimated by mul-

tiplying the total distance travelled by each vehicle by two times the section width of the tires fitted to 

corresponding vehicle. For the two tractors, the section width was given by the wider (rear) tires; this 

was possible because the tires fitted on the front and rear axles are aligned. Field trajectories were drawn 

for each operation conducted in the field and super-imposed to the aerial image of the field. The area 

affected by traffic was estimated for each operation as percentage of the field cropped area; the sum of 

which returned the traffic footprint across all operations performed during the season.  

 

RESULTS  DISCUSSION 
Vehicle’s trajectories are shown in Figures 2a-d for each operation performed between, and including, 

planting and harvesting. Table 2 shows the calculated wheeled areas for each operation.   

 

Tab. 2 Wheel tracked areas for all field operations (ha), and expressed as a percentage of the field-

cropped area 

Field operation  Area, ha % of field-cropped area 

Planting  6.69 35.20 

Fertilizer application  0.36 1.89 

Spraying  0.54 2.85 

Harvesting  5.36 28.20 

Total  12.95 68.14 

 

The total area affected by traffic was greater than that reported in other studies in Europe (e.g., Galam-

bošová et al., 2017), Australia (e.g., Tullberg et al., 2007; Antille et al., 2019) and Argentina (e.g., Botta 

et al., 2007, 2022) for ZT systems, which was attributed to the configuration of the equipment used in 

this study. The total wheeled area estimated by this study could be reduced to less than 20% through the 

adoption of controlled traffic farming (CTF). This would require modification of the farm equipment to 

fit a common track gauge width that matches that of the combine harvester (3-m wheel spacing, single 

tire configuration), and by enabling all equipment to operate in modules that have; for example, a 3:1 

ratio (that is, sprayer/fertilizer applicator-to-planter/combine harvester). For the equipment listed in Ta-

ble 1, this means that the planter should be 9-m wide to match the cutter front of the combine harvester. 

The operating width of the sprayer and fertilizer applicator would need to be reduced from 28 to 27 m. 

Conversion from the current unmatched mechanization system to a fully matched CTF system should 

be considered as part of the machinery replacement program over a timeframe that is economical and 

compatible with the farming enterprise. 

 

CONCLUSIONS 
The total wheeled area estimated in this study over a single cropping season represented approximately 

two-thirds of the field-cropped area. This wheeled area could be reduced to less than 20% with careful 

planning and modification of the equipment to meet the specifications of a fully matched controlled 

traffic farming (CTF) system operated at 3-m center and 9-m base module with a 3:1 ratio (planter/com-

bine harvester-to-sprayer rig/fertilizer applicator). Conversion to a fully matched CTF system needs to 

be considered as part of the machinery replacement program over a timeframe that is economical and 
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compatible with the farming enterprise. Based on other studies in Argentina, adoption of CTF could lift 

productivity by a conservative 12%-15%, while reducing inter-annual yield variability and improving 

fuel-use efficiency and the timelines of field operations.  
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Abstract 

The article is focused on the experimental detection of pellets drying characteristic. Experimentally 

were examined pellets made on pelletizing line MGL 200. The mass losses during the drying process 

were measured by Radwag MAC 210. Five pellet samples with different content of wheat straw and 

poppy capsules in initial material were investigated. The reference sample was pellet with natural 

moisture content and its characteristics were compared with pellets which have simulated moisture 

content. The measurements results were graphically processed and the time relations, regression 

equations for the mass loss were created. The results for mass losses of pellets with different moisture 

content were calculated and statistically processed. Presented drying curves declare nonlinear 

decreasing progresses. The biggest difference for drying curve shape was identified for samples with 

simulated moisture content, this sample has also the highest mass losses and finally, its structure was 

after drying process noncompact with visible destruction.  

 

Key words: simulated moisture content, mass losses, wheat straw, poppy capsules. 

 

INTRODUCTION 

Green fuel sources have nowadays big attention (Kažimírová, Kubik & Mihina, 2020; Nilsson, 

Bernesson & Hansson, 2010). Nowadays, material of biological origin is largely processed into pellets, 

which have better physical properties and, above all, energy recovery in practice (Pradhan, Arora & 

Mahajani, 2018). Pellets are used for two primary sectors: industrial sector (substitute for coal in power 

plants), and residential sector for domestic heating. Usages of pellets have had significant growth in the 

past decade (Pradhan et al., 2019). Pellets have many advantages from the physical properties point of 

view, for example high bulk density, low moisture content and the high stability of energetic parameters 

(Caroll & Finnan, 2012). Next advantage is transport costs. Pellets have less volume to handle and 

facilitate less storage and transportation due to its high energy content than straw, chips etc. than other 

raw biomass (Zamorano et al., 2011). From the practical point of view is very important to know the 

influence of moisture changes on bio-based materials, especially on energetically usable products made 

from agricultural and food waste (Vladut et al., 2010). The way of processing, storage and pellets 

energetic characteristics is significantly affected by the moisture content of input material, this fact was 

presented by Castellano et al., (2015); Ishii, & Furuichi, (2014). The moisture content is in relationship 

with pellet durability, which was discussed in detail by authors Whittaker & Shield (2017). High 

moisture content of pellets has negative effect on the pellets performance by reducing the net energy 

output during combustion and generating high emissions of air pollutants (Serrano et al., 2011; Unpinit 

et al., 2015). The optimum moisture content of input material is important for palletization (Golinski & 

Foltynowicz, 2012). Storage conditions are affected and have effect on the material moisture content 

changes (Graham et al., 2017). Usage of non-adequate storage conditions leads to increase in the 

moisture content of the pellets and eventually deteriorating the physico-chemical properties of the pellets 

(Bennamoun, Simo-Tagne, & Ndukwu, 2020). For determining the ideal storage conditions, it is 

important to know the moisture adsorption behaviour of the pellets during storage at different conditions 

(Lee et al., 2021). Based on the presented facts from literature the next important aim of this research is 

determination of the original wheat and poppy capsules pellet’s moisture content influence on its 

structure and drying characteristics.  The originality of the research is declared by using of non-standard 

material to produce pellets. Pellets made from poppy capsules are one of the possibilities of energy 

recovery of agricultural waste. 
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MATERIALS AND METHODS 

Measured samples were made from the agricultural waste, especially wheat straw and poppy capsules. 

The 1st sample was made from 100% wheat straw with moisture content 10.2% and the 5th sample was 

processed from poppy capsules with moisture content 12.8%. Next three samples (marked as Sample    

2 – 4) had different fraction of poppy capsules and wheat straw in the input material (e.g., 25% poppy 

capsules and 75% wheat straw, 50% poppy capsules and 50% wheat straw, 75% poppy capsules and 

25% wheat straw). The agricultural waste was mixed and then it was processed to the pellets by pelleting 

device MGL 200 (Kovo Novák Znojmo, Czech Republic). The final pellets had the moisture content in 

range (3.97 – 5.95) %. Before the experimental examination they were stabilized in the laboratory 

settings with the ambient temperature 21 °C and the relative air humidity 50%. The mass of the pellets 

was determined using laboratory scales Libra Axis AG100C (Libra Ltd., Podunajské Biskupice, 

Slovakia) with accuracy 1 mg. The moisture content of samples was identified by gravimetric method. 

The samples were dried by laboratory dryer at the temperature (103 ± 2) °C and then the relative 

moisture content was calculated from Eq. (1)  

 

𝑀𝐶 =
𝑚𝜔− 𝑚0

𝑚𝜔
 ∙ 100 =  

𝑚𝑤

𝑚𝜔
 ∙ 100                                                                             (1) 

 

where: mω – is mass of the wet sample, m0 – is the mass of dry sample and mw– is the mass of water. The 

samples of pellets were before experimental identification of the dried curves exposed to humid 

environments for 5 days in laboratory settings. The moisturizing of pellets was used for the simulation 

of increasing ambient humidity. The humid weather can cause the destruction of the pellets compact 

structure during the storage. 

The pellets were moistened by spontaneous evaporation of water in an enclosed space. Distilled water 

was used as the humidifying liquid. The pellets were not in direct contact with the liquid. (Fig. 1A). The 

drying curves were experimentally detected by the moisture analyser Radwag MAC 210 (Fig. 1B) 

(Radwag Ltd., Radom, Poland). The temperature during continuous drying process was 150 °C ± 2 °C. 

The samples were measured until their mass changed by 1 milligram over 240 seconds. Then the 

moisture analyser automatically stopped the drying process. The final drying product can be considered 

as the dry matter of the pellets sample. The accuracy of mass measurement by MAC 200 was 1 mg. 

Experimentally were obtained parameters as: diameter of pellets, length of pellets, initial mass, final 

mass and the mass changes during the drying process, time, total time duration of the drying process. 

Calculated were parameters as: relative moisture content, the standard deviation, the probable error of 

arithmetic average in %, average mass loss per minute and the difference of relative moisture content of 

pellets. Experimental data were numerically processed and statistically evaluated by program Statistica® 

(TIBCO Software Inc., California, USA). 

 

 
 

Fig. 1 a) Moistening of pellets samples, b) Detection of drying curves by moisture analyser MAC 210 

RESULTS AND DISCUSSION  
At the first were measured diameters of pellet samples, the length of pellets was in range (7.88 – 23.04) 

mm. The initial mass of samples was minimal 0.452 g for straw pellets with natural moisture content 

6.4% and the maximal initial mass 0.698 had samples made from the poppy capsules with moisture 

content 5.014%. From initial and final mass of pellets were calculated total mass losses (Tab. 1). The 

other experimentally detected characteristics of pellet samples with different fraction of poppy capsules 

and wheat straw in the input material are summarised in the Tab. 1. From presented numerical values is 
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clear that minimal experimentally detected mass loss was 0.029 g for wheat pellet and the maximal mass 

loss was obtained for pellet made from poppy capsules. The drying process for pellet sample made from 

100% wheat straw – 1b (sample with natural moisture content and then moistened) taken longer time 

398 s than the same process for sample 1a. This sample was completely dried with moisture analyser 

and then were selected samples laboratory moistened. The drying time depended on the type of sample. 

For pellets samples with natural moisture was the drying time 583 s (pellets from wheat straw), (627 – 

715) s for the mix (wheat straw and poppy capsules) and 743 s for pellets made only from poppy 

capsules. For simulated moisture content, drying times of 399 s (pellets from 100% wheat straw), (421 

- 486) s (mix) and 508 s (pellets from 100% poppy capsules) were achieved. 

 

Tab. 1 Experimental results for pellet samples with the different content ratio of wheat straw and the 

poppy capsules in the input material 
Pellet 

composition 
Initial mass 

g 

Final mass 

g 

Total mass loss 

g 

Initial relative moisture content of sample 

% 

Wheat 
straw 

Poopy 
capsules Natural 

 MC 

Simulated 

MC 

100% 0% 
1 1a 1b 1 1a 1b 1 1a 1b 1 1a 1b 

0.452 0.532 0.517 0.423 0,423 0.426 0.029 0.109 0.091 6.416 20.489 17.602 

75% 25% 
2 2a 2b 2 2a 2b 2 2a 2b 2 2a 2b 

0.552 0.547 0.524 0.519 0.439 0.436 0.033 0.108 0.088 5.978 19.744 16.794 

50% 50% 
3 3a 3b 3 3a 3b 3 3a 3b 3 3a 3b 

0.601 0.596 0.573 0.567 0.483 0.481 0.034 0.113 0.092 5.657 18.961 16.056 

25% 75% 
4 4a 4b 4 4a 4b 4 4a 4b 4 4a 4b 

0.654 0.641 0.639 0.619 0.532 0.541 0.035 0.109 0.099 5.352 17.005 15.493 

0% 100% 

5 5a 5b 5 5a 5b 5 5a 5b 5 5a 5b 

0.698 0.683 0.668 0.663 0.569 0.568 0.035 0.114 0.100 5.014 16.569 14.971 

 

 
 

Fig. 2 Pellets drying curves: 1 – sample with natural moisture content, 1a – sample completely dried 

with moisture analyser before the moistened, 1b – pellet with natural moisture content and then 

moistened  

 

From Fig.2 is evident, that the mass losses of the straw pellet sample 1b was more moderate during the 

drying process. The drying curves had nonlinear shape, which can be described by polynomial function 

of the second degree – Eq. (2), but the regression coefficient of quadratic term is too small. The 

regression coefficients for all measured pellet samples are presented on Tab. 2. The coefficients of 

determination for all detected graphical dependencies were in range (0.9662 – 0.9987). 

  

𝑚 = 𝐴 𝑡2 − 𝐵𝑡 + 𝐶                                                                                                                (2) 

 

Measurement results for pellets drying curves agree with facts described in drying theory (Selivanovs et 

al., 2012; Li et al., 2011) and experimental results for bio-based materials presented by Lambert et al., 
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(2018); Gebreegziabher, Oyedun & Hui (2013). In general, second and higher order polynomial 

functions are presented in the literature (Azaka, Enibe & Achebe, 2019) for the description of drying 

curves. From the mathematical description point of view and the influence of the individual regression 

coefficients on the shape of the displayed model dependence, the polynomial function of the second 

degree, which is also presented by the authors Wang et al., (2012) in their works, can be considered 

optimal. 

 

Tab. 2 Coefficients of regression equation for drying curves of pellets  

Pellet composition 

Sample with natural MC 
Sample with simulated MC  

Type of pellet a 

Sample with simulated MC  

Type of pellet b 
Wheat 

straw 

Poopy 

capsules A 

g∙s-2 

B 

g∙s-1 

C 

g 

A 

g∙s-2 

B 

g∙s-1 

C 

g 

A 

g∙s-2 

B 

g∙s-1 

C 

g 

100% 0% 5∙10-8 6∙10-5 0.4511 1∙10-6 0.0006 0.526 4∙10-7 0.0004 0.5155 

75% 25% 6.1∙10, -8 7.31∙10-5 0.5503 1.02∙10-6 0.00061 0.537 4∙10-7 0.0004 0.5206 

50% 50% 6.65∙10-8 7.98∙10-5 0.5998 1.12∙10-6 0.000672 0.589 4.4∙10-7 0.00044 0.5722 

25% 75% 7.2∙10-8 8.64∙10-5 0.6494 1.21∙10-6 0.00072 0.6312 4.94∙10-7 0.000492 0.6371 

0% 100% 7.7∙10-8 9.24∙10-5 0.6931 1.28∙10-6 0.000768 0.673 5.16∙10-7 0.00051 0.666 

 

 
 

Fig. 3 Comparison of pellet´s initial and final mass for samples with natural and simulated MC 

 

The similar graphical relations of the drying curves were obtained for pellet samples made from 

combination of initial material (wheat straw and poppy capsules), but the individual values differed. 

Based on presented facts were calculated the average differences between the mass values detected for 

points on the experimental curve. The differences were calculated with respect to the values obtained 

for sample of pellets made from 100% wheat straw.  

 

 
 

Fig. 4 Pellets samples after the drying process: 1 – sample with natural moisture content, 1a – sample 

dried with completely moisture analyser before the moistened, 1b – pellet with natural moisture content 

and then moistened 
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The graphical comparison of the initial and the final mass for selected pellets with poppy capsules 

content ratio are shown on the Fig. 3. From Fig. 3 is evident, that the pellets mass increases with 

increased percentage ratio of poppy capsules content. This fact was confirmed by repeating a series of 

10 measurements for each pellet sample. The results were statistically processed by program Statistica®. 

The standard deviations were from ±0,00055 g to ±0,0034 g and the probable errors of arithmetic 

average were in range (0.693 – 2.184)%. 

Furthermore, the constancy of the pellet samples compactness was monitored after processes that 

simulated the change in the moisture. As shown in Figure 4, sample 1a (dried to dryness and then 

moistened) disintegrated. Sample 1b, which originally had natural moisture content and was 

subsequently subjected to a simulated increase in moisture, did not disintegrate. Despite the relative 

preservation of the pellet compactness, changes in its structure are evident from Figure 4 – 1a. It follows 

from the mentioned facts that due to the repeated application of thermal processes (or changes in 

temperature), which result in repeated changes in moisture content, a permanent change in the pellet 

structure may occur. The presented results correspond to the results presented in the literature (Graham 

et al., 2017; Cutz et al., 2021), who also observed changes in the compactness of the pellet structure 

because of heat-moisture stress.

 

CONCLUSIONS 
The research benefit was the identification of the moisture changes on the mass characteristics of pellets 

made from a non-standard combination of input raw materials, namely wheat straw and poppy capsules. 

The results obtained for poppy capsules can be considered original and innovative, as they have not been 

presented so far. The main result of the work was finding out the drying curves of pellet samples made 

from combination of wheat straw and poppy capsules. Results pointed to the relevant influence of the 

input material composition to drying process. Drying process can be described by nonlinear drying 

curves. Graphical course of curves depends on the ratio of input material. Drying curves can be 

mathematically described by polynomial function of the second degree. Furthermore, the influence of 

the method of moistening on the input mass of the pellets and its dry matter was confirmed. In general, 

it was confirmed that the input mass of the pellets increases with the increasing proportion of poppy 

capsules in the input raw material. On the contrary, the mass losses decrease with the increasing content 

of poppy capsules in the pellet. The presented differences are influenced by the chemical and physical 

properties of poppy capsules, which differ significantly from the composition of wheat straw. Research 

results confirmed, that both materials are well usable for the production of pellets. However, optimal 

moisture and temperature conditions must be ensured during the processing, handling and storage of the 

material. This fact was confirmed by observing visible structural changes after repeated simulation of 

moisture changes. The results of the research can be used in the optimization of the conditions of storage 

and handling of the pellets, to ensure its required quality. 
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Abstract 

Today's agriculture faces many challenges, the greatest is providing enough food on an ever decreasing 

amount of farmland for an ever-increasing population. In addition, other influences such as climate 

change, changes in cropping practices, and land degradation must be taken into account. Much of the 

research on soil degradation in the Czech Republic has focused on water and wind erosion. More than 

50 % of the soil in the Czech Republic is threatened by water erosion, with wind erosion affecting almost 

25 %. The research carried out in this paper focused on the shifting of soil particles due to secondary 

tillage during contour tillage. The experiment was based on the "tracer" method at different values of 

the slope of the experimental plot (2°,6°, and 11°). The results show that the shift of soil particles is 

significantly influenced by the slope on which the agronomic tillage is carried out. Statistical 

significance of the data was observed for tracers placed at the depth of tillage between 2° and 11° slope. 

In secondary tillage, working tools hurt soil erosion. It is necessary to observe these undesirable effects 

and minimize soil erodibility in the context of sustainable management. 

 

Key words: soil, soil translocation, soil tillage, cultivator, degradation, sustainability, monitoring.  

 

INTRODUCTION

Soil is one of the most precious resources on Earth. Soil resources are essential for humans and 

ecosystems (Turner et al., 2007). Currently, soil degradation is a major global environmental problem. 

Globally, about 30 % of the Earth's landmass is degraded. The importance of the problem is evidenced 

by the fact that 3.2 billion people are affected by land degradation. Soil erosion is usually referred to as 

the primary cause of land degradation. Soil erosion is recognized as an environmental problem in many 

regions (Xin and Xiangzheng, 2020). In the Czech Republic, much of the research has focused on water 

and wind erosion. These types of erosion are among the most discussed factors affecting soil 

degradation, both at the professional level and at the level of the general public. The current state of 

knowledge of this issue allows monitoring and subsequent analysis of the impacts of erosion. This 

subsequent evaluation provides a valuable basis for designing sustainable management practices 

(Sklenička et al., 2022). Although erosion caused by tillage is currently not as well studied as the above-

mentioned erosion processes, it also contributes significantly to soil degradation (Fiener et al., 2018). 

Novara. et al. (2022) state that the effects of soil erosion resulting from tillage are more significant than 

soil erosion resulting from water erosion. Soil tillage on very sloping land can even involve up to six 

times more soil particle transport compared to water erosion (Richter, 1999). This fact confirms that 

erosion during tillage is one of the major processes of soil degradation and this issue needs to be 

investigated. The average rate of soil loss on soils in the Czech Republic was found to be 2.52 t·ha-1 

·year-1 (Panagos. et al., 2015). This soil loss can be estimated at approximately 4.3 billion CZK per year 

(Podhrázská et al., 2016). The susceptibility of a plot of land to soil erosion is influenced by, among 

other things, agricultural mechanization or the size of the soil block. Žížala et al., (2021) state that 

erosion phenomena most often affect land plots of 20-50 ha in size and 500-750 m slope length. 

Considering the history of soil block formation in the Czech Republic, when smaller plots of land were 

merged into larger soil blocks, the phenomenon of soil degradation has gained in intensity. Currently, 

the average size of soil blocks in the Czech Republic is one of the largest in Europe.  
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Žížala et al., (2021) point out the dangers of simultaneous water erosion and soil erosion due to tillage. 

It also highlights that the area at risk of erosion from tillage is almost 1.5 times larger than the area at 

risk from water erosion alone. The average contribution of tillage erosion to total soil erosion is between 

20 % and 30 %. In the past, water erosion was considered the dominant soil degradation process in 

Central Europe, often with extreme impacts that are easily visible. Erosion by tillage is not so visible. 

The shift of soil particles only becomes apparent after the soil has been worked several times. Due to 

gravity and the kinetic energy generated by the movement of the working tools, the soil particles do not 

fall back to their original location but are transported slightly down the slope. This processing causes 

soil erosion leading to the gradual removal of soil particles from the soil horizon and the accumulation 

of soil sediments and nutrients at the bottom of the slope (Wilken et al., 2020). Convex and concave 

eroded soil sections are described, for example, by Govers et al., (1994); Hrabalikova et al., (2016); 

Lobb et al., (1995); Novák and Hůla (2018). Tillage erosion is a relevant soil redistribution process in 

sloping cropland (Gristina. et al., 2022). According to the available literature, the effect of agricultural 

machinery acting in the longitudinal direction has been resolved.  

However, there are very few studies dealing with longitudinal and lateral soil translocation with variable 

slope angle magnitude and focusing on secondary tillage. The lack of research conducted on this issue 

may bias the overall assessment of soil erosion on sloping farmland. This paper aims to assess the effect 

of slope angle on the longitudinal and lateral translocation of soil particles during secondary tillage. 

 

MATERIALS AND METHODS

The experiment took place at Nesperská Lhota near Vlašim (GPS 49.690435 N'';14.815578 E'') on a plot 

with sandy loam, particles < 0.01 mm: 29 % by weight. The average slope of the plot is 4.2°, and the 

elevation is 461 meters above sea level. Parcel size of 4.74 ha was measured in LPIS using GIS as the 

total area. The area of moderate and severe erosion-prone land is 3.64 ha. The experimental plot is 

classified as standard arable land with conventional management. At the same time as the soil 

displacement measurements, intact soil samples were collected on the plot for laboratory determination 

of the soil's physical properties. The sampling was carried out using the Kopecky Physical Roller Kit 

method to collect 100 cm3 physical cylinders from depths of 0.1, 0.15, and 0.2 m and calculate selected 

soil hydro-physical parameters such as reduced bulk density and porosity. Soil samples were collected 

before and after the measurements. The rolls were evaluated in the laboratories of the Czech University 

of Agriculture in Prague according to the ISO EN 17989-2 standard. Samples for the determination of 

physical properties should be taken in at least three repetitions (Pokorný et al., 2007). The results of the 

averages are recorded in Tab. 1 and 2. 

 

Tab. 1 Soil bulk density and porosity before secondary tillage 

Depth 

 m 

Bulk Density  Porosity 

g.cm-3 % 

0.1 1.49 43.8 

0.15 1.52 43.3 

0.2 1.51 43.2 
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Tab. 2 Soil bulk density and porosity after secondary tillage 

Depth 

 m 

Bulk Density  Porosity 

g.cm-3 % 

0.1 1.37 50.2 

0.15 1.39 48.2 

0.2 1.39 47.2 

 

The soil experiment was started after harvesting winter wheat with an average yield of 5.5 t·ha-1. The 

post-harvest residues were crushed and a subsoiling to a depth of 0.1 m was carried out for the initial 

incorporation of biomass. The land was plowed at the beginning of September. A Ross plow was used 

for plowing. The plowing depth was 0.22 m. Immediately after plowing, the land was leveled using a 

skid and harrow. The land was left at this stage until the end of September. Natural subsidence was 

therefore taking place. The three most suitable experimental plots for the measurements were then 

located and marked. The first measurement area was on the relative plane. The slope of the plane was 

2°. The second area was selected on a higher slope with a value of 6°. The third area had the highest 

slope of the plot, 11°, which is the maximum allowed range of slope for a secondary tillage machine. 

The slope was measured using a digital inclinometer (BMI, Germany). 

A Saturn combination cultivator was used for secondary tillage. The cultivator is used to cultivate the 

soil before sowing and to create the seedbed. The machine used for the measurements was a trailer-

mounted machine with a working width of 6 m, divided into 4 sections, so each section has a working 

width of 1.5 m. The cultivator levels loosen, crumble, and back compact the soil. The Saturn cultivator 

has been reattached to a Zetor 130 HSX 16V tractor. The power of the tractor is slightly undersized 

which reduces the possibility of selecting the working speed. The working speed of the machine was 9 

± 0.2 km·h-1. 

The,"tracer" method was used to assess soil particle displacement (Govers et al., 1999). These methods 

are based on placing tracers in the soil and noting their initial position (in this case in two axes). Once 

the tracers have been placed and recorded, the soil is processed by the machine and the position of the 

tracers is again detected. An M6 metal detector (Whites Devices) was used to determine the position. 

The numbered aluminum cube method was used in the experiment. The aluminum cubes were numbered 

from 1 to 20. The numbered "tracers" were divided into two groups. The color was used to divide the 

tracers. The yellow marked tracers were located on the soil surface. The tracers marked in silver were 

placed in the soil treatment depth, which was 0.8 m. The cube edge length was 16 mm. As reported by 

Kouselou et al., (2018), the high recovery rate of the applied tracers is essential for accurate 

quantification of soil movement. The larger the more accurate and representative the approximation of 

soil movement. In this research, 120 indicators were applied to measure soil movement and all 120 

indicators were found and recorded. The recovery rate is 100 %. Data were processed using MS Excel 

(Microsoft Corp., Redmond, WA, USA), Statistica 12 (Statsoft Inc., Tulsa, OK, USA), and Oriana 

(Kovach Computing Services, Pentraeth, UK). 

RESULTS AND DISCUSSION 

The data were evaluated with respect to the length of the marker offset and the directional angle of the 

markers. The length of the directional vector represents the length of the translocation of a particular 

tracer from its original location. The directional vector is the angle of the vector that indicates the 

difference from the direction of movement of the device. A positive value of this angle represents a 

translocation in the direction of the gradient line (perpendicular to the direction of device movement). 

Tukey's HSD test was applied to the measured data. The results of the Tukey HSD test are recorded in 

Table 3. Table 3 shows the statistical significance of the tracer data located at the depth of tillage. 

Columns 1 and 2 indicate with asterisks groups containing factor levels that are not significantly 

different from each other in their means. 
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Tab. 3 Statistical significance table for tracers located at processing depth (alfa=,0500) 

Velikost svahu  

° 

Průměr 1 2 

m   

2 1,03707111 ****  

6 1,53578592 **** **** 

11  2,66079882  **** 

 

The results of the measurements are further illustrated in Figure 1. The results show the effect 

of slope on the displacement of particles in the slope direction. The longest measured marker 

distance was 10.52 m and was measured in the experimental plot with a slope of 6°. The effect 

of slope and the magnitude of the directional angle vector were also observed. These results 

were recorded for both sets of tracers. It was found that the values of the angles in both sets of 

tracers increased as the slope increased. These results are recorded in Figure 2. 
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Fig. 1 Length of travel of soil markers 
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Fig. 2 Shift angle size 

 

In the last two decades, a number of studies have been conducted that report different soil translocation 

rates for different soils (properties, conditions) and tillage techniques (speed, direction, depth, tool type, 

etc.) determined from different measurement techniques (e.g., Loob et al., 1999; Kouselou et al., 2018; 

Turkelboom et al., 1999; Novara et al., 2019; Novara et al., 2022; Logsdon, 2013). These 

aforementioned studies show that there are substantial differences for similar categories of tillage (e.g., 

secondary tillage), which have mostly been interpreted as differences resulting from differences in soil 

properties (bulk density) and tillage techniques (in particular, tillage depth, tillage rate, and tillage 

direction). Lobb et al., (1999) looked at soil translocation in Ontario, Canada. He used a field cultivator 

for secondary tillage with a processing speed of 6.48 km·h-1 and values with an average displacement 

of 0.321 m were measured. Kouselou et al., (2018) also used a cultivator with a working speed of 8 

km·h-1 for measurements and measured a soil displacement of only 0.152 m. The measured values 

published in this study do not fully confirm these results. Much higher values of displacement occur in 

the study of Turkelboom et al., (1999), who recorded displacement in a plot with a 16 % slope of 2.88 

m, and in a plot with a 22 % slope of 3.81 m. The measured values in this paper do not differ significantly 

from those of Turkelboom et al., Novara et al., (2019) observed the translocation of soil particles in the 

area of Santa Margherita del Belice, Sicily, using a cultivator with a working speed of 4 km·h-1 for soil 

processing. The slope on which the experiment was conducted was 15° and the particle displacement 

was 1.2 m. Novara et al., (2022) further compared the effect of a disc cultivator with a working speed 

of 2 to 5 km·h-1 and a slope of 6°. The results showed that the mean soil translocation distance was up 

to 1.14 m. These results agree with the measured results for a slope of 6°. The authors Novák and Hůla 

(2018), concluded that at a working speed of 7 km·h-1, the maximum particle displacement occurs up to 

10 m. The authors further observe the vector direction of the displacement. They conclude that on a 

slope of 11°, a vector displacement of up to 60° occurs. This was only partially confirmed. The vector 

displacement of the markers was observed up to 76° on a slope with a slope of 6°. 

 

Tracers under the surface Tracers on the surface 
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CONCLUSIONS

In this experiment, the impact of secondary tillage on the longitudinal and lateral transport effect was 

evaluated. High variability of values was found, but the expected trend was confirmed, and a direct 

relationship was found between the lateral displacement of particles downslope when the machine 

moved along the contour. The transport effect was significantly influenced by the value of the lateral tilt 

of the machine. Slope values from very low values of 2° to maximum values for safe machine operation 

of 11° were evaluated in this work. A statistically significant difference in the results of the tracer data 

was found between the data obtained at slope gradients of 2° and 11°. On the basis of the measured and 

evaluated results, we conclude that soil degradation occurs by soil processing on sloping land in the 

conditions of the Czech Republic. The study of soil erosion by tillage should be intensively continued, 

because it is a phenomenon with significance for the preservation of soil fertility during intensive soil 

management. 
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Abstract 

Inter-row and intra-row weed control (WC) by self-propelled robots is a solution to reducing the need 

for tiring and time-consuming manual weeding. Field tests were performed with a solar-powered field 

robot in four treatments (RWC1, RWC2, RW3, and RWC4) by changing the performance parameters of 

the robot. The aim was to determine the efficiency of mechanical WC in sugar beet by controlling weeds 

at different speeds (740 and 400 m h−1), distances (45 and 60 mm) between the weeding knife and the 

sugar beet in a row, and the percentage of the knife entering the crop row (85 or 100%). The results 

showed that the average WC efficiency was the highest (47%) with the robot operating speed of 740 m 

h-1 and a distance of 60 mm. To sum up, high-precision self-propelled field robots can replace manual 

weeding, but these systems need to be improved and more research is needed to achieve greater effi-

ciency in WC. 

 

Key words: weeding, intra-row, solar-powered robot, operating speed, sugar beet, organic farming. 

 

INTRODUCTION 

Weeds are considered to be a major problem in crop production and especially in organic farming. 

Weeds compete with staple crops for space, water, nutrients, and light (Cioni and Maines, 2010). In 

sugar beet, which is particularly susceptible to weed competition, yield losses due to poor weed control 

can be as high as 26–100% (Cioni and Maines, 2010; Jalali and Salehi, 2013; Kunz et al., 2018; Bhadra 

et al., 2020). Therefore, weed control is one of the most important factors in sugar beet production to 

ensure crop yield and quality (Sabanci and Aydin, 2017). Efficient weed control is particularly relevant 

in organic crop production, which already yields less compared to conventional farming that uses chem-

ical weed control (Abouziena and Haggag, 2016).  

Mechanical weed control methods such as harrowing and inter-row cultivation are commonly used in 

organic farming (Šarauskis, 2019). However, mechanical weed control methods require a high degree 

of precision, i.e. knowing the exact location of weeds and crop plants (Åstrand and Baerveldt, 2002). 

For this reason, precision technologies such as automatic machine control, video cameras, optical sen-

sors, Real-Time Kinematic Global Positioning System (RTK-GPS), and others have been introduced. 

These advanced technologies not only increase the working speed of technological operations, and the 

mechanical efficiency of weed control, but also reduce crop damage (Kunz et al., 2018; Gerhards et al., 

2020). Efficient weed control has become possible not only in the inter-row but also in the intra-row, 

which can significantly increase crop yield and quality (Jalali and Salehi, 2013; Sabanci and Aydin, 

2017). Studies conducted by Melander et al. (2015) have shown that 50–90% weed control efficiency 

can be obtained by applying weed control within plant rows. According to other researchers, more than 

90% weed control efficiency can be achieved by controlling weeds inter-row and intra-row (Chandel et 

al., 2021; Gerhards et al., 2020). 

Robotic weed control systems with high precision enable site-specific weed management. The develop-

ment and improvement of such systems has been a popular and relevant area of research over the last 

decade (Åstrand and Baerveldt, 2002; Bawden et al., 2017; Sabanci and Aydin, 2017; Utstumo et al., 

2018). Autonomous weeding robots such as AVO (Ecorobotix), Dino and Oz (Naïo Technologies), Ro-

botti (Agrointelli), FD20 (FarmDroid), Robot One (Pixelfarming Robotics), etc. are also available on 

the market. Robotic weed control systems that can improve weeding efficiency, save resources, improve 

crop yield and quality, replace manual weeding and reduce environmental pollution, have a great poten-

tial to replace traditional weeding methods. 

Although there is a large body of research in the scientific literature on the development and improve-

ment of robotic weed control systems, there are few research papers evaluating the efficiency of robotic 
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weed control systems. The aim of this study was to experimentally investigate the efficiency of different 

robotic weed control methods in organic sugar beet production. It was aimed to determine the optimal 

robot operating parameters at which the robot performs the best weed control without damaging the 

sugar beet.  

 

MATERIALS AND METHODS 

The experimental trials were carried out in July 2021 in Panevėžys district, central Lithuania 

(55°49'19.4''N, 23°55'13.0''E), in an organic sugar beet field with sandy loam soil. The average air tem-

perature during the study period was 22.2 °C and the average precipitation was 58 mm.  

Sugar beet sowing and weed control were carried out by the same FD20 robot (FarmDroid, Denmark), 

powered by electricity, and equipped with solar modules and batteries. The sugar beet (variety Marley) 

was sown on 8 June 2021 with an inter-row spacing of 0.45 m and intra-row spacing of 0.18 m (sowing 

density 123 000 seeds ha-1). The working width of the robot – 2.7 m. The FD20 uses GPS, so that after 

sowing, by knowing exactly where the seeds have been placed, the robot is able to carry out weed control 

inter-row and intra-row before the plants germinate, and later after germination without damaging the 

sugar beet plants. 

 

 
 

Fig. 1 Workflow of the robotic weeding knife in the crop row: a – entry of the weeding knife into the 

crop row 

 

For the mechanical weed control of sugar beet, the robot’s operating parameters were varied: the robot’s 

working speed, the distance between the weeding knife and the sugar beet in the crop row, and the 

percentage of the knife entering the crop row (a) (Fig. 1). The different robotic weed control treatments 

RWC1, RWC2, RWC3, and RWC4 with different robot operational parameters are described in Table 

1. 

 

Tab. 1 Robot operational parameters 

Treatment 
Working speed 

Distance between weed-

ing knife and sugar beet 

Knife entered the crop 

row (a) 

m h−1 mm % 

RWC1 740 60 85 

RWC2 740 60 100 

RWC3 400 60 85 

RWC4 400 45 85 

 

To assess the efficiency of the robotic weed control methods, the number of weeds in an area of 0.25 m2 

using a 0.5 × 0.5 m frame was counted before the weed control operation (control) and after weeding. 

The trials were carried out in 8 different randomly selected field sites. The efficiency (E) of the different 

weed control methods was calculated according to the formula (Chandel et al., 2021): 
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E (%) = (Wb – Wa)/ Wb × 100                  (1)                                                                                   

 

where Wb is the number of weeds in the control before the weed control operation, and Wa is the number 

of weeds after the weed control operation. 

Statistical analysis of the data was performed using Tukey’s HSD test (Tukey, 1979) to detect significant 

differences between means. Different letters in the figures indicate significant differences between weed 

control methods (p < 0.05). 

 

RESULTS AND DISCUSSION  

The experimental results showed that the weed density before the robotic weed control ranged from 21 

to 41 weeds m-2 and after the technological operation – from 15 to 30 weeds m-2. The average weed 

control efficiency of the robotic weed control process in sugar beet rows and inter-rows was 47% in 

RWC1, 16, 23, and 32% in RWC2, RWC3, and RWC4, respectively (Fig. 2). The best result was 

achieved in RWC1 when the robot speed was 740 m h-1, the distance between the weeding knife and the 

sugar beet was 60 mm and the knife entered the crop row at 85%. The worst result was obtained by 

RWC2 with only 16% weed control efficiency. The higher working speed of the robot and the longer 

path of the weeding knife resulted in one cut and one damaged sugar beet in this treatment. Thus, the 

selection and setting of the technological parameters of the robot is a very important element for the 

efficiency of weed control.  

 
 

Fig. 2 The efficiency of different robotic weed control methods in sugar beet 

 

It should be noted that the late sowing of sugar beet and the unfavorable weather conditions (rainy 

period) did not allow the robot to control weeds in time and at the right frequency, and led to weeds that 

were large and difficult to eradicate. Another possible reason for the low efficiency of weed control is 

that the weeds were not destroyed at the point of emergence and near the sugar beet, as the weeding 

knife was working at a distance of 45 to 60 mm around the plants. Abrasion of the weeding knife blades 

may also have contributed to poor weed control. 

Pannacci et al. (2020) reported that 63–92% weed control efficiency could be achieved using combined 

inter-row and intra-row weed control. Lati et al. (2016) in a study with the Robovator found that the 

robotic intra-row cultivator removed 18–41% more weeds compared to a standard cultivator. Bleeker et 

al. (2002) obtained weed control efficiency of 30–88% in a sugar beet row. Meanwhile, studies with the 

robotic weed control platform BoniRob, which performs mechanical weed control with a tube-stamp, 

showed much better results than were obtained in our study. It has been found that the effectiveness of 

weed control can reach up to 94%. However, due to the special soil conditions required and the slow 

working process, robotic weed control platform has not been evaluated as a viable method for weed 

control (Langsenkamp at al., 2014). 

CONCLUSIONS 
In this study, experimental field trials were carried out in organic sugar beet crops comparing four dif-

ferent robotic mechanical weed control methods with each other. Robotic weed control in the plant row 
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and in the inter-row was evaluated. The results showed that weed control efficiency in sugar beet crops 

ranged from 16 to 47%. The best result (47%) was achieved in the RWC1 variant, where the robot 

traveled at 740 m h-1, the weeding knife was set at 60 mm from the sugar beet and the knife entered the 

crop row at 85%. This study only confirms that different operating parameters, field, and weather con-

ditions need to be taken into account and evaluated when assessing the efficiency of robotic machines. 

Therefore, further extensive research is needed. 
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Abstract 

Despite the presence of a large number of technical solutions, the problem of improving the quality of 

harvesting root crops is still relevant. A new design of the working body for the top removal without 

extraction the beets from the soil has been developed and researched, and investigations have been 

carried out to substantiate the optimal parameters and operating modes. Based on the analysis of the 

obtained functional and graphical dependencies, rational values of the operating modes of the 

investigated cleaner have been established in which the most high-quality work is possible when 

removing the remains of the tops from the surface of the root crops heads. In comparison with the top-

removing module of the serial Holmer beet harvester, the experimental equipment reduces the loss of 

the sugar-bearing mass by 37%. 

Key words: root crops, machine, cleaner, top residues. 

INTRODUCTION 

Beet growing is an important branch of agriculture in many European countries (Ivančan, Sito & 

Fabijanić, 2002; Bulgakov et al., 2016). Thus the volume of the sugar beet production in 2017 in France 

amounted to 34.4 million tons, in Germany – to 34.0 million tons, in Poland – to 15.7 million tons, in 

Ukraine – to 14.9 million tons. In addition, the yield of the sugar beet in France was more than 80 tons 

ha-1. In the technology of production of sugar and fodder beets the most labor-intensive and expensive 

technological process is their harvesting. Harvesting accounts for about 60% of the energy costs of the 

beet production (Hoffmann, 2018). In addition the beet gathering determines the quality of the resulting 

product, its storage properties over time, as well as the losses of the grown biological mass. Preservation 

of beet root crops is affected by the presence of the top residues since the tops, unlike the root crops, is 

a more perishable mass, and it can provoke the crop rotting. But, on the other hand, the tops can be used 

as livestock feed, for the biogas generation, etc. Obtaining clean root crops with minimal losses of the 

tops is an important task of the technological process of harvesting. Therefore the task of high-quality 

separation of the remains of the tops from the root crops is of great relevance. There are many 

investigations devoted to the problem of cleaning the heads of root crops from the top remnants 

(Bulgakov et al., 2017; Hoffmann, 2018). Initial requirements for the cleaners of the sugar beet heads: 

tops on the sugar beets must be cut off without additional cleaning by a bush harvester; the cut of the 

head must be straight, smooth, without chips; the cutting plane must pass not lower than the level of the 

green cuttings and not higher than 20 mm from the top of the head. Besides, the cropped mass of the 

root crops from the tops should not exceed 5%; the total losses of the green mass of the tops, including 

the free mass, on highly cut and uncut root crops in the pile and lost on the soil surface, should not 

exceed 10% of its yield; the number of the damaged root crops should not be more than 20%, including 

the severely damaged ones – up to 5%. Since the mass introduction of mechanization, beet harvesting 

has been over 60 years. During this time several generations of machines for its collection have already 

been created; however, the tasks of improving the machines for the implementation of this technological 

process are still of great scientific relevance and practical need. An important contribution to the theory 

and practice of this issue some time ago was made by the following scientists: Helemendik N., Pogorely 

L. and other researchers (Helemendik, 1996; Bulgakov et al., 2015; Alami et al., 2021). The purpose of 
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this research is to determine the optimal design and kinematic characteristics of the developed 

experimental cleaner of the root crops heads to ensure high-quality work. 
 

MATERIALS AND METHODS 

When conducting experimental investigations, generally accepted and specially developed methods 

were used (Bulgakov et al., 2017). Assessment of the conditions for conducting the experimental 

research included determination of the soil and climatic conditions and characteristics of planting the 

root crops, substantiation for the operating modes of the machine, and determination of the quality 

indicators (Helemendik, 1996). The conditions for conducting the field experimental investigations were 

as follows: deviation of the root crops from the theoretical axis of the line – ± 22 mm; the average height 

of the protruding heads above the ground surface – 34 mm; the width of the main row spacing – 44.5 

mm; density of root crops – 82.9 thousand pieces ha–1; the biological yield of the tops – 13.3 t ha–1; the 

biological yield of the beets – 53.4 t ha–1. Conducting experimental research of the new design of the 

cleaner to determine the quality indicators of its work was carried out by an experimental setup that 

allows full simulation of the operation of the cleaner in the field. Fig. 1 shows a structural and 

technological scheme of the experimental setup with an installed experimental twin-shaft cleaner of the 

sugar beet heads from the top residues. 

 

 a) 

 

 b) 

Fig. 1 Structural-technological scheme of the aggregate with an experimental setup, simulating a two-

shaft cleaner of the root crop heads from the residues of the tops: a – a general side view; b – a top view: 

I – the wheeled aggregating tractor; II – the experimental setup: 1 – the main frame; 2 – the transverse 

beam; 3 – the rotary frame; 4 – the hitch; 5 – the gauge wheels; 6 – the cardan transmission from the 

tractor power take-off shaft; 7 – the bevel gear on the main frame; 8 – the chain drive; 9 – the gearbox 

on the transverse beam; 10 – the chain transmission for the drive of cleaning shafts; 11 – the cardan 

shafts; 12 – the cleaning shafts; 13 – the hinges on which the blades are installed; 14 – the flexible 

cleaning blades; 15 – the sector for setting the angles of inclination 

 

The experimental setup (Patent UA115404, 2017) consists of the main frame 1 connected to the tractor, 

using hitch 4. On the main frame 1, the rotary frame 3 is installed with the help of a transverse beam 2 

(Fig. 1). The rotary frame 3 is necessary for mounting the cleaning blades 14 of the hinges 11 with 

horizontal drive shafts 12 installed at an angle α to each other. Rotary frame 3 has an ability to be 

55



 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 

installed due to main frame 2 at different angles to the surface of the sugar beet field. The installation 

height of the cleaning working bodies relative to the level of the soil surface is adjusted using gauge 

wheels 5. Each of the two cleaning shafts 12 is driven by cardan 11 from the power take-off shaft 6 of 

the aggregating tractor through bevel gear 7. Then, by means of the chain drive 8, gearbox 9 is driven 

from it, which is mounted on the rotary frame 3, due to which shafts 12 with the blocks of the hinges 

with working bodies 13 are driven by transmission through chain 10 and cardan drive 11. The horizontal 

drive shafts 12 have hinges 13 fixed at certain distances along their lengths, on which flexible cleaning 

blades 14 are pivotally mounted with the help of hinges. In total, each hoop has four cleaning blades 14. 

Drive shafts 12 with the hinged flexible cleaning blades 14 make counter rotational movement. During 

operation the cleaner, aggregated with a wheeled tractor, is installed along the axis of the row of the 

sugar beets, from which the main mass of the tops have already been cut (entire cut at a higher height); 

however, the remains of tops in the form of short green and strong residues remained on the heads of 

the beets, as well as dry and dry fallen residues, which are mainly firmly connected with the heads of 

the root crops and are located in the spaces between the rows or in a row between adjacent root crops. 

Moving progressively along the row, the drive cleaning shafts cover the row of the root crops from two 

sides, and their flexible blades 14 strike the heads, effectively knocking down (crushing and combing) 

the remains of the tops from the entire surface of the root heads. 

To study the influence of the operating modes of the cleaner upon the quality of cleaning the heads of 

root crops from the remnants of the tops, a multifactorial experiment was made (Montgomery, 2013). In 

this experiment the input parameters were: V – the speed of the forward movement of the two-shaft 

cleaner, m s–1; ω – the angular velocity of the rotational movement of the driven cleaning shafts,  

rad s–1; h – the installation height of the cleaner blades above the level of the ground surface, cm. The 

output parameter, that is, a quality indicator of the operation of the cleaner of the root crop heads, was 

the mass of the top residues per square meter of the experimental area of the sugar beet field, on which 

a continuous cut of the top mass was already made, and the passage and additional cleaning of the heads 

of the root crops from the top residues was completed. In experimental studies the speed of the forward 

movement of the two-shaft cleaner was regulated by switching the gearbox of a wheeled aggregating 

tractor. The lower limit of the forward speed of the movement was 0.8 m s–1, the upper limit was 2.0 m 

s–1, the average value was 1.4 m s–1. Adjustment of the angular speed of rotation of the drive shafts of 

the cleaner was made by changing the gear ratio of the drive. The maximum value of the angular velocity 

of the rotational movement of the cleaner shafts was 34.8 rad s–1, the maximum value was 78 rad s–1, 

the average value was 54 rad s–1. The installation height of the cleaning blade above the level of the 

ground surface was regulated by changing the position of the gauge wheels of the two-shaft cleaner. The 

minimum value of the installation height of the blades was taken equal to 0 (when the ends of the blades 

were strictly at the level of the ground surface without gaps), the average value of the installation height 

was 0.02 m (2 cm), and the maximum value of the installation height of the blades above the level of 

the soil surface was 0.04 m (4 cm). The field experimental investigations were conducted in five 

repetitions at the appropriate values of the installation height of the blades relative to the level of the 

soil surface, various operating speeds of the cleaner and various modes of rotation of the cleaner shafts 

in accordance with the standard plan matrix. The quality of cleaning of the root crops heads from the 

residues of the tops at each repetition of the experiment was checked by manually removing the remnants 

of the tops from the root crop heads in the experimental area and weighing them on electronic scales. 

Processing of the obtained experimental data was performed on a PC in accordance with the existing 

program of statistical calculations Statistica 5.0. 

 

RESULTS AND DISCUSSION 

The results of the experimental investigations (based on a full three-factor experiment) of the quality of 

the experimental top cleaner under various operating modes are presented in Table 1. 

There are obtained the functional dependencies of the amount of the top residues (Y) upon the forward 

speed of movement of the cleaner (X1), the angular speed of the rotational movement of the cleaner drive 

shafts (X2) and the height at which the blades of the cleaner are installed relative to the level of the soil 

surface (X3). These functional dependencies are described by the following regression equation in the 

form of a polynomial dependence of the 2nd degree: 
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 (1)  

at the coefficient of multiple determination D = 0.707, the coefficient of multiple correlation R = 0.841. 

This analytical dependence shows that its most significant factor is the angular speed of the drive shafts 

X2. According to the results of the numerical calculations, performed on a PC, graphs were constructed 

and presented in the form of response surfaces of the dependences of the mass of the top residues upon 

the angular velocity ω of the rotational movement of the drive shafts of the cleaner and the installation 

height h of the blades above the level of the soil surface at a forward speed V of the cleaner, equal to: 

0.8 m s–1 (Fig. 2), 1.4 m∙s–1 (Fig. 3), 2.0 m s–1 (Fig. 4). 

 

Tab. 1 Results of the experimental investigations of the quality of the experimental top cleaner under 

various operating modes 

Angular speed  

of rotation of 

the drive hafts, 
rad∙s–1 

Speed of the movement 

0.8 m∙s–1 1.4 m∙s–1 2.0 m∙s–1 

Installation height of the cleaning blades above a flat surface of the field, cm 
0 2 4 0 2 4 0 2 4 

Top residues, g∙m–2 Top residues, g∙m–2 Top residues, g∙m–2 

78.0 

5.3 5.8 4 10.3 12.3 2.1 34.9 54.1 67.5 

3.4 6.9 4.2 9.4 16.8 2.5 26.2 49.1 23.4 

8.7 8,8 11 3.9 12.3 12.4 34.2 40.2 23.1 

6.6 12.6 6.2 14.8 24.5 6.3 10.7 34.8 23.1 

4.1 22.1 5.8 8.1 9.8 10.2 8.1 31.7 20.2 

54.0 

6.7 3.1 22.4 10.1 28.7 54.6 8.4 4.3 94.2 
12.1 22.9 12.1 23.1 14.2 67.2 16.1 10.1 83.1 

14.2 10.6 19.2 7.8 23.1 70.3 7.2 17.1 58.7 

3.7 8.1 10.2 7.4 12.4 103.1 7.8 10.4 32.1 

4.1 3.1 9.7 20.1 10.7 114.1 14.5 16.3 127.3 

34.8 

74.5 63.1 180.3 40.4 12.4 50.7 2.4 16.4 12.9 
62.9 70.9 164.5 27.2 26.4 79.5 3.9 10.6 8.4 

54.6 90.1 132.1 28.4 28.5 74.8 2.8 11.1 26.7 

36.7 62.8 97.9 28.9 16.2 72.1 3.8 10.8 22.5 
82.5 50.7 117.4 30.5 34.1 97.4 6.2 15.9 10.4 

 

 

Fig. 2 Response surface of dependence of the top residues on the angular velocity of the rotational 

movement of the drive shafts of the cleaner and the installation height of the blades at the forward speed 

of the cleaner 0.8 m s–1: 1 – h = 4 cm; 2 – h = 3 cm; 3 – h = 2 cm; 4 – h = 1 cm; 5 – h = 0 cm 

2 2

1 2 3 1 2

2

3 1 2 1 3 2 3 1 2 3

  209.38 – 6.34 – 6.66 61.16 0.99 0.05

1.13 0.28 – 28.98 – 0.7 0.34  ,

Y X X X X X

X X X X X X X X X X
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Fig. 3 Response surface of dependence of the top residues on the angular velocity of the rotational 

movement of the drive shafts of the cleaner and the installation height of the blades at the forward speed 

of the cleaner 1.4 m s–1: 1 – h = 4 cm; 2 – h = 3 cm; 3 – h = 2 cm; 4 – h = 1 cm; 5 – h = 0 cm 

 

 

Fig. 4 Response surface of dependence of the top residues on the angular velocity of the rotational 

movement of the drive shafts of the cleaner and the installation height of the blades at the forward speed 

of the cleaner 2.0 m s–1: 1 – h = 4 cm; 2 – h = 3 cm; 3 – h = 2 cm; 4 – h = 1 cm  

 

In addition it is evident from the presented graphical dependencies that. with an increase in the angular 

velocity ω of the rotational movement of the drive shafts of the cleaner and a decrease in the installation 

height h of the blades above the level of the soil surface, a decrease in the top residue on the surfaces of 

the root crop heads is mainly observed. However, at the values of the forward speed V of the cleaner 

movement, equal to 1.4 m s–1, the dependences are more complex, and at the speed of 2.0 m s–1, on the 

contrary, an increase in height h leads to a decrease in the top residues. It is also evident from these 

graphical dependencies that within the range of speeds V of the forward movement 0.8...1.4 m s–1, with 

an increase in the angular speed ω of the rotational movement of the cleaner drive shafts up to 70  

rad s–1 and 64 rad s–1, first, a gradual decrease in the mass of the top residues on the heads of root crops 

is observed, and then a slight increase. At a speed of 2.0 m s–1, rapid growth of the top residues starts 

already at ω = 60 rad s–1. At an angular speed of rotation of the drive shafts of the cleaner, equal to 34.8 

rad s–1, the nature of the impact of the forward speed V of movement upon the quality indicators of work 

is changeable. So, at the “zero” height of the installation of the blades h = 0, with an increase in the 

forward speed of the cleaner within 0.8…1.4 m s–1, the mass of the top residues decreases. However, 

within the range of speed 1.4...2.0 m s–1, a certain increase in this indicator is observed. At the blade 

installation height of 2 cm, the tendencies are similar to the installation height h = 0 and the angular 

velocity of rotation 54 rad s–1 and 78 rad s–1. But at the installation height of the blades of 4 cm, with an 

increase in the forward speed V of the cleaner, the mass of the top residues decreases intensively. On 

the whole, raising the quality of the technological process by means of the cleaner of the root crop heads 
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from the top residues with horizontal drive shafts can be achieved by increasing the angular velocity ω 

of the drive shafts of the cleaner and reducing the installation height h of the blades above the soil surface 

at a speed of up to 1.4 m s–1. In the investigations by other authors, it is also indicated that an increase 

in the speed of more than 1.5 m s-1 leads to a decrease in the quality of harvesting the remains of sugar 

beet tops (Kukhmazov & Zyabirov, 2008). According to the results of the field experimental 

investigations of the two-shaft cleaner, the rational modes of its operation are: speed V of the forward 

movement of the cleaner is 0.8...1.2 m s–1; the angular speed ω of the rotational movement of the driven 

cleaning shafts is 63…78 rad s–1 and the height h of the cleaner blades above the ground level is 0…2 

cm. 

To evaluate the efficiency of the experimental machine, research was made of five main indicators of 

the quality of work in comparison with the serial machines, used to perform this technological process. 

The loss of the mass  of the root crop heads due to the removal of the  tops when cut by the top-removing 

module of a serial Holmer beet harvester is 3.2%, but for the experimental equipment 2.0% (i.e., there 

is a decrease in the losses by 37%). In other mass-produced machines, common in Ukraine, this indicator 

of loss of mass is even greater (Kukhmazov & Zyabirov, 2008). The set of technical documentation for 

the experimental equipment of the top removal was transferred to the Ternopil Combine Plant (Ukraine) 

to be used in industrial production of the beet harvesting equipment. 
 

CONCLUSIONS  

1. Improving the quality of the technological process with a cleaner of the root crop heads from the top 

residues by means of horizontal drive shafts can be achieved by increasing the angular speed of the drive 

shafts of the cleaner and reducing the installation height of the blades above the soil surface at low 

forward speeds of the machine. 

2. Based on the analysis of the obtained functional and graphical dependencies, it has been established 

that the rational values of the operating modes of the cleaner to be studied under which the most high-

quality work is possible when removing top residues from the surface of the root crop heads are: the 

speed of the forward movement of the two-shaft cleaner – 0.8…1.2 m∙s–1; angular speed of rotation of 

its drive shafts – 63...78 rad·s–1; the installation height of the blades of the cleaner above the level of the 

ground surface – 0...2 cm. 
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Abstract 

The article is focused on the measurement of uprooting force of a spruce trees of different stem diameter 

using two methods and their comparison. First method uses a single-axis force transducer and the tree 

is uprooted by pulling a steel cable with a tractor winch. Second method uses a double-frame dynamom-

eter, mounted in the three-point hitch of the tractor and the tree is uprooted by driving a vehicle into it. 

7 trees were uprooted using each method and their comparison was made. The results showed a linear 

dependency between maximum uprooting force and tree stem diameter. 

 

Key words: tractor; force measurement; three-point hitch; tree uprooting. 

 

INTRODUCTION 

The information about the actual magnitude and layout of the traction forces evoked by a tractor or other 

non-road vehicle is necessary for the optimal utilization of its traction potential or in terms of strength 

and fatigue studies (Roca et al., 2019). It also carries information about the soil mechanical properties 

(Novák et al., 2014). 

Measurement of force, in general, can be based on several different principles. Ştefănescu and Anghel 

in their study (Ştefănescu & Anghel, 2013) distinguished 12 main types of electrical force transducers. 

However, electrical resistance strain gauges are still most used currently due to its simplicity, sufficient 

accuracy and low cost (Ştefănescu, 2020). Moreover, for most applications in multi-axial force sensors 

the electrical resistance strain gauges are used (Alipanahi et al., 2022; Liu & Tzo, 2002; Templeman et 

al., 2020).  

Measurement of traction forces is possible in one, two or three directions. In the case of one-directional 

force measurement only one force sensor can be used (Kroulík et al., 2015). The sensor can be also build 

in a suitable measurement frame (Procházka et al., 2015). This approach can offer a suitable accuracy 

in one axis, however, the results does not contain information about the vertical or lateral forces (Novák 

et al., 2014; Roeber et al., 2017). 

The measurement of the traction forces in more directions can be done by means of single-frame or 

double-frame dynamometers (Roca et al., 2019). The frame dynamometers are usually universal and 

can be used on more types of vehicles, on the other hand, its dimensions and mass affect the geometry 

and mass distribution of the vehicle or vehicle-implement system (Alimardani et al., 2008; Kheiralla et 

al., 2003; Roca et al., 2019). Single-frame dynamometers (Al-Jalil et al., 2001; Alimardani et al., 2008; 

C.G.Bowers & Jr., 1989; Kheiralla et al., 2003; Kumar et al., 2016; O’Dogherty, 1996) are used for 

two-directional measurement of traction force. According to (Roca et al., 2019), longitudinal and verti-

cal forces are measured using the single frame dynamometers. However, when compared to double-

frame dynamometers, their mass and dimensions are smaller. The principle of double-frame dynamom-

eters (Askari et al., 2011; Chaplin et al., 1987; Jeon et al., 2019; Palmer, 1992; Pijuan et al., 2012; 

Roca et al., 2019) is based on two frames, connected with force sensors. One frame is connected to the 
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vehicle and the other to the implement or other source of the measured traction force. These dynamom-

eters offer a three-directional traction force measurement with a good accuracy, however, their dimen-

sions and mass are higher when compared to single-frame dynamometers. Also, some dynamometer 

designs may suffer with cross sensitivity problems, especially when there is a separate sensor for lateral 

force measurement (Palmer, 1992; Roca et al., 2019). 

The evaluation of tree uprooting force or moment (or uprooting resistance) is in literature usually eval-

uated due to slope stabilization, windfirmness and tree productivity (Campbell & Hawkins, 2004; 

Cannon et al., 2015; Peltola et al., 2000; Rahardjo et al., 2009). Except the tree stem diameter, there 

are many other factors affecting the tree uprooting force such as tree species and their condition, root 

system and its condition, soil type and its condition, failure mode, position of the center of mass, tree 

dimensions and others (Bartens et al., 2010; Campbell & Hawkins, 2004; Cannon et al., 2015; Rahardjo 

et al., 2009; Ribeiro et al., 2016; Szoradova et al., 2013). However, despite these factors, authors found 

in most cases linear dependency of the uprooting resistance on the tree stem diameter or stem mass 

(Campbell & Hawkins, 2004; Cannon et al., 2015; Ribeiro et al., 2016). 

The objective of the paper is to determine the dependency of the tree stem diameter on the uprooting 

force, in order to estimate a required traction force of a vehicle crossing the forest vegetation, using a 

single strain gauge sensor and a double-frame dynamometer with six strain gauge sensors and compare 

these two methods.  

 

MATERIALS AND METHODS 

The measurement took place on the land of school forest company Masarykův Les Křtiny near the Brno 

city at the Czech Republic. The measurement was performed using two methods, a single axis force 

sensor and a double-frame dynamometer.  

As a single axis sensor a HBM U10M (nominal load 125 kN, relative error 0.02%) sensor was used (Fig. 

1a). The double-frame dynamometer used for measurement can be seen in Fig. 1b. Its maximal load is 

400 kN and uses six half-bridge strain gauge sensors in order to obtain a three-directional results of the 

traction force and moment. 

 

 
 

Fig. 1 Force transducers – a) HBM U10M, b) double-frame dynamometer with x, y and z axis labels 

 

The calculation of the resultant force of the double-frame dynamometer, related to the origin of the 

coordinate system, is based on the coordinates of all 12 connecting points, from which the lengths of the 

connecting rods are calculated according to equation (1) and measured forces in these rods. 

𝐿𝑖 = √(𝑋𝑖.1 − 𝑋𝑖.2)2 + (𝑌𝑖.1 − 𝑌𝑖.2)2 + (𝑍𝑖.1 − 𝑍𝑖.2)2     (1) 
Where Li is length of the individual connecting rod (m); Xi,1 is x–coordinates of connecting points on 

the implement side frame (m); Yi,1 is y–coordinates of connecting points on the implement side frame 

(m); Zi,1 is z–coordinates of connecting points on the implement side frame (m); Xi,2 is x–coordinates of 

connecting points on the tractor side frame (m); Yi,2 is y–coordinates of connecting points on the tractor 

side frame (m); Zi,2 is z–coordinates of connecting points on the tractor side frame (m), i=1–6. 

The values of the X, Y and Z components of the forces, measured in the individual connecting 

rods are calculated according to equations (2), (3) and (4). 

(a) (b) 
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𝐹𝑖𝑋 = 𝐹𝑖
𝑋𝑖.1−𝑋𝑖.2

𝐿𝑖
          (2) 

𝐹𝑖𝑌 = 𝐹𝑖
𝑌𝑖.1−𝑌𝑖.2

𝐿𝑖
          (3) 

𝐹𝑖𝑍 = 𝐹𝑖
𝑍𝑖.1−𝑍𝑖.2

𝐿𝑖
          (4) 

Where FiX is x–component of the measured forces in the connecting rods (N); FiY is y–component of the 

measured forces in the connecting rods (N); FiZ is z–component of the measured forces in the connecting 

rods (N); Fi is measured force in the individual connecting rod (N), i=1–6. 

The X, Y and Z components of the resultant force are calculated as a sum of the components of the 

individual measured forces F1-F6 in the respective axis.  

Resultant force calculation is based on its X, Y and Z components, according to equation (5). 

𝐹𝑅 = √𝐹𝑋
2 + 𝐹𝑌

2 + 𝐹𝑍
2        (5) 

Where FR is resultant force (N); FX is the X component of the resultant force FR; FY is the Y component 

of the resultant force FR; FZ is the Z component of the resultant force FR. 

Before the measurement the diameter of the tree stem was measured at the height of approx. 110 cm 

above the ground level. When using a single force sensor the rope was fixed at the same height and 

using a steel cable and a winch of the tractor the tree was uprooted while measuring the curse of the 

uprooting force. When using a double-frame dynamometer the device was mounted into the three-point 

hitch of the tractor and using a reverse gear of the tractor the tree was uprooted using the implement side 

of the double frame dynamometer while measuring the course of the force between tractor and the tree 

stem. The maximum uprooting force from the course was taken as a result. In both cases the data were 

recorded with a frequency of 50 Hz. 

During the measurement 7 trees were uprooted using the single axis force sensor and 7 trees using the 

double-frame dynamometer. All uprooted trees were spruces, basic characterization of each uprooted 

tree can be seen in Table 1.  

Tab. 1 Characterization of the uprooted trees 

Sensor 

Stem 

diame-

ter  

(cm) 

Stem 

circum-

ference 

(cm) 

Dry 

branch 

height 

(cm) 

Semi-

dry 

branch 

height 

(cm) 

Green 

branch 

height 

(cm) 

Tree 

height 

(cm) 

Tree 

crown 

height 

(cm) 

Root 

width 

(cm) 

Root 

height 

(cm) 

Root 

depth 

(cm) 

HBM U10M 19.9 625 210 580 780 1640 260 220 155 55 

HBM U10M 16.9 531 210 670 980 1650 260 310 125 90 

HBM U10M 22.8 716 220 420 850 1710 330 390 120 60 

HBM U10M 24.3 763 230 300 510 1620 520 350 315 100 

HBM U10M 12.4 389 200 360 720 1540 250 230 160 55 

HBM U10M 16.7 524 210 660 630 1630 360 310 110 65 

HBM U10M 10.5 329 190 230 380 1530 230 200 130 50 

Double-frame dyn. 13.4 421 220 580 750 1480 370 160 75 45 

Double-frame dyn. 9.6 301 320 490 590 1110 180 40 30 45 

Double-frame dyn. 11.3 355 210 500 530 1250 230 160 100 40 

Double-frame dyn. 18.7 587 190 695 880 1620 310 220 215 70 

Double-frame dyn. 19.7 619 260 190 620 1640 340 195 125 90 

Double-frame dyn. 24.9 782 200 620 710 1670 370 250 90 40 

Double-frame dyn. 20.1 631 200 360 660 1950 320 270 45 40 

 

 

 

 

62



 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 

RESULTS AND DISCUSSION  
In Figure 2 the courses of the uprooting force using the single axis sensor and the double-frame dyna-

mometer are shown. It is evident that uprooting using a single axis force sensor takes a longer time due 

to the speed of the tractor winch. 

In Figure 2b it can be noticed that the main component of the resultant force FR is FX, which was ex-

pected due to direction of the traction force, evoked by vehicle. FY also showed a not negligible force 

magnitude which is given by the stem inclination during the uprooting of the tree. However, FY reached 

in all cases its maximum after the maximum of FX and FR.  

 

 
 

Fig. 2 The course of the forces during uprooting a tree using a single axis sensor (a) and double frame 

dynamometer (b) for a selected trees 

 

In Figure 3 the overall results of both of the methods are shown. It is evident that the linear dependency 

between uprooting force and stem diameter was found, this trend was also found by other authors fo-

cusing on similar problematics (Campbell & Hawkins, 2004; Cannon et al., 2015; Ribeiro et al., 2016). 

For the double-frame dynamometer the resultant force FR and its horizontal component FX are shown, 

since the FX causes the main disruption of the roots. It can be seen that only in two uprooted trees there 

is a noticeable difference between FX and FR and a slight difference in slope between the linear trend of 

FR and FX can be observed. 

 

 
 

Fig. 3 The comparison of maximal reached values for both methods 

 

From Figure 3 it is also evident that the results of both of the methods are comparable, especially when 

uprooting trees with the smaller stem diameter, approx. under 20 cm. The trend obtained using HBM 
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U10M has a lower slope in comparison with both trends obtained using the double-frame dynamometer 

(FR and FX). This is caused mainly by the variability of the actual uprooting force, which depends on 

many factors, as mentioned in the Introduction section. However, the method of the tree uprooting could 

have also affected the results into some extent. When uprooting a tree by driving a vehicle into it, higher 

friction between the measuring frame and the tree stem must be overcome in comparison with uprooting 

a tree using a steel cable and the single-axis sensor.   

 

CONCLUSIONS 
The contribution was focused on determination of dependency of tree stem diameter and uprooting force 

using two methods and their comparison. The study follows on from the work of Mason et al. who did 

similar research using a buried fence posts (Mason et al., 2012). From the results it can be stated that 

linear trend between tree stem diameter and its uprooting force was found. However, slightly higher 

uprooting force was obtained using a driving vehicle with double-frame dynamometer, which is mainly 

caused by the variability of actual uprooting force and higher friction between the frame and the tree 

stem. When uprooting trees with a stem diameter above approx. 20 cm using a driving vehicle, the 

vehicle should be able to reach the traction force of at least 50–60 kN per one uprooted tree.
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Abstract 

Airflow and air distribution are critical factors in creating the microclimatic conditions necessary for 

plant growth and productivity in the greenhouse. Different greenhouse models and orientations can 

affect airflow and ventilation rates, resulting in greenhouse microclimate variation. The aim of this 

study was to evaluate the microclimatic conditions in the greenhouse in Samsun under different green-

house models and orientations using the computational fluid dynamics method (CFD). Greenhouse mi-

croclimate conditions were simulated in two different models, M1 (45° vent) and M2 (35° vent), vali-

dated with experimental data, and airflow patterns, airspeed, temperature, and relative humidity were 

determined for each model in different greenhouse orientations before the winding course. The statisti-

cal parameters for evaluating model performance showed good agreement between the simulation and 

field test data. Since the wind was from the north, there was insufficient airflow through the greenhouse 

in most directions. The indoor temperature ranged from 27-28°C, and the relative humidity ranged from 

42-48%. Based on the simulation, the best orientation for M1 is 45o, while M2 is close to the wind run 

at 75o. This CFD method effectively provides sufficient information to determine the appropriate green-

house model in Samsun in less time and cost. 

 

Key words: numeric analysis, micro-climate, model, uniformity index. 

 

INTRODUCTION 

Greenhouse technology is developing rapidly as it helps farmers grow crops in different regions and 

seasons. Greenhouse microclimate analysis, such as temperature, air velocity, and humidity, is necessary 

to provide adequate shading and ventilation or heat or cool the greenhouse. Determining the microcli-

matic conditions also allows optimizing the required environment for high-quality and quantity harvests 

(Akrami et al., 2020). 

The temperature inside a greenhouse is affected by several factors, including the temperature of the 

ambient air, the heat transfer coefficient of the covering material, and solar radiation. The amount of 

solar radiation received by the greenhouse depends on the angle of the sun at a given time based on a 

specific season, greenhouse type, location, and orientation. Most of the solar radiation hits the ground 

directly, which increases the temperature of the greenhouse (Li et al., 2018). 

The orientation of the greenhouse also plays an important role in determining the entry velocity of the 

air. Khaoua et al. (2006) studied the effect of air velocity and type of roof opening on the temperature 

distribution inside the greenhouse. This study showed that the combination of roof opening configura-

tions and air velocity significantly affects the microclimate inside the greenhouse. 

Ventilation is a critical process that significantly impacts plant performance at all stages of the process. 

Due to its extreme complexity, computational fluid dynamics (CFD) techniques are particularly benefi-

cial for mapping flows and developing a better understanding of the flow fields responsible for the 

evolution of the microclimate, as well as conducting sensitivity studies to improve it (Bournet & 

Boulard, 2010).  

Recently, CFD has become a widely used and powerful tool for developing building plans with efficient 

ventilation and modeling the greenhouse under climatic conditions (Baeza et al., 2006; Benni et al., 

2016; Cemek et al., 2017; He et al., 2015; He et al., 2018; Saberian & Sajadiye, 2019; Senhaji et al., 

2019). 
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Given this information, the aim of this study is to determine the effects of greenhouse vents and orien-

tation on greenhouse microclimate. For this purpose, microclimatic conditions in greenhouses in Sam-

sun were evaluated under different greenhouse models and orientations using the CFD method. The 

results were used to determine the most appropriate greenhouse model and orientation. 

 

MATERIALS AND METHODS 

Field measurement
This study was conducted in an experimental greenhouse at the Faculty of Agriculture, Ondokuz Mayıs 

University, Samsun, Turkey. The greenhouse is 6.20 x 20 m and has a floor area of 124 m2. A total of 

42 measurements were taken inside the greenhouse, each of which included a measurement of temper-

ature, relative humidity, wind speed, and wind direction. The temperature and wind components outside 

the greenhouse, within a radius of 1 m, were also considered. The wind in Samsun was mainly from the 

WNW and NNW directions. The average monthly wind speed is about 3.5 m/s, with the strongest wind 

varying between 11 and 15 m/s. 

The location of measurement points is given in Fig. 1. The internal and external wall temperatures were 

also measured with a Testo 875-2i thermal imaging camera. All measurement parameters were measured 

consecutively with two repetitions to reduce possible errors. All data were measured from 10:00 am to 

3:00 pm, with a total average measurement time of 1 hour for each greenhouse condition. 

 

(a) 

 

(b) 

Fig. 1 Measurement points location (a) front view (b) top view 

 

CFD Simulations 

CFD is used in many disciplines worldwide (Sørensen & Nielsen, 2003). With this method, a user can 

fully control all influencing factors for the simulation without spending much time and money. Moreo-

ver, the result of this simulation is complete and detailed information that allows the user to analyze 

comprehensively.  

The experimental greenhouse is the same as the M1 and M2 greenhouse (Fig. 2). The models were tested 

in seven different directions before the wind direction (90o, 75o, 60o, 45o, 30o, 15o, 0o), as shown in Fig. 

3.  
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Measurement points location (a) front view (b) top view 
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Fig. 3 Different greenhouse orientations 

 

Solidworks was used to design the greenhouse geometry, and the simulation was performed in Ansys-

Fluent. The program uses the finite volume method to numerically solve the Navier-Stokes equations, 

i.e., the mass, energy, and momentum balances that admit air velocity and temperature fields (Erizal & 

Romdhonah, 2012). The geometry ratio of simulation and field experiment is 1/1. The computational 

domain of this CFD simulation was set to the area inside the greenhouse. The wall function used was a 

near-wall treatment with standard wall functions. The species transport function was used with a diffu-

sion energy source consisting of a mixture of nitrogen, oxygen, and water vapor to simulate relative 

humidity.  

The optimal mesh distribution and the number of cells were set in the Proximity and Curvature, Fine 

Relevance Center, High Smoothing, Slow Transition, and Fine Span Angle Center size functions. The 

minimum proximity size is 0.003 m, while the maximum area size is 0.12 m. The inlet and outlet areas 

have an element size of 0.05 m. The skewness of the mesh was 0.504.  

There are three main methods used for fluid flow analysis: control volume or integral analysis, infinitely 

small element or differential analysis, and experimental study and dimensional analysis (White, 1998). 

The second-order non-homogeneous differential solution was used for the analysis of non-compressible 

fluids. Some specific grid resolutions were used to maintain the accuracy of the results and reduce the 

calculations (Campen & Bot, 2003).  

 

Model validation 

The results of the CFD model were compared with field measurements in the experimental greenhouse. 

Statistical parameters for model validation included fractional bias (FB), normalized mean squared error 

(NMSE), geometric mean bias (MG), geometric mean-variance (VG), and fraction of two (FAC2). Mod-

els were considered fit if more than half of the parameters met these criteria: |FB|<0.3, 0.7<MG<1.3, 

NMSE<0.25, VG<4, and 0.5<FAC2<2  (Chang & Hanna, 2004; Küçüktopcu et al., 2022).  
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where Co is the observed value and Cp is the predicted value. 

 

Uniformity index 

The uniformity index is used to represent and evaluate the uniformity of the flow distribution. It is 

calculated using the statistical deviation, where the γ value is between 0-1. The larger the number, the 

better the uniformity (Zhang et al., 2017). The uniformity index used in this study is the area-weighted 

uniformity index. The uniformity index can be expressed as (Tajik et al., 2017). 
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Where vi, Ti, RHi is the local velocity magnitude, temperature, and relative humidity, respectively, Ai is 

the local area, and A is the area where the γ is calculated. The uniformity index is calculated using 

ANSYS Fluent feature on the XY, YZ and XZ surface inside the greenhouse model. 

RESULTS AND DISCUSSION  

Validation of CFD Model 

A statistical parameter for air velocity, temperature, and relative humidity in the greenhouse was deter-

mined to evaluate model performance. From Table 1, it can be seen that all the results for air velocity, 

temperature, and relative humidity in NMSE, FB, MG, VG, and FAC2 are within the acceptance criteria. 

This proves that this greenhouse model can be used to simulate indoor environmental conditions. 

 

Tab. 1 Statistical parameters for model performance evaluation 

Parameters Air Velocity Temperature Relative Humidity 

NMSE (< 0.25) 0.024 0.001 0.001 

|FB| (< 0.3) 0.153 0.003 0.028 

MG (0.7-1.3) 1.165 1.004 1.028 

VG (< 4) 1.724 1.008 1.058 

FAC2 (0.5-2.0) 0.858 0.996 0.972 

 

Evaluation of the greenhouse models 

Model 1

Since there was no wall opening in the northern part of the Model 1 (M1) greenhouse, there was gener-

ally an inflow at the southern roof opening and an outflow at the southern wall opening for the 90o, 75o, 

60o, 45o, 30o, and 15o greenhouse orientations. Air circulated from the roof opening to the north wall and 

floor and exited directly through the south wall opening. For the 0o greenhouse orientation, the south 

roof opening and the south wall opening were parallel to the wind flow, so air flowed into both openings. 

This resulted in more air circulation and rotation within the greenhouse than in the others. Khaoua et al. 

(2006) also noted that there was also a countercurrent or loop in the wind flow within the greenhouse in 

this direction. 

The magnitude of air velocity was observed in a different orientation for greenhouse M1. For the green-

houses in the 90o, 75o, 60o, 45o, and 30o orientations, the wall region tends to have a higher air velocity 

than the central region, as indicated by the difference in color. However, in the 15o orientation, the air 
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velocity in the wall and the middle of the greenhouse is slightly the same, while in the 0o orientation, 

the air velocity in the center area of the greenhouse is generally higher than in the wall. 

The air velocity in the greenhouse with 90o, 75o, 60o, 45o, 30o, 15o and 0o orientation is 0.06-0.6 m/s, 

0.02-0.45 m/s, 0.08-0.75 m/s, 0.07-0.65 m/s, 0.03-0.51 m/s, 0.07-0.35 m/s, and 0.04-0.23 m/s respec-

tively. The greenhouse with a 60o orientation has the highest air velocity difference, 0.67 m/s, and the 

highest average air velocity, 0.37 m/s. This results in a relatively low uniformity index compared to the 

others. The greenhouse with a 0o orientation, parallel to the wind direction, has an average air velocity 

of 0.11 m/s and a uniformity index of 0.79. Since there is no constant inflow or outflow in this direction, 

the air velocity inside the greenhouse tends to be lower. 

The temperature in the center of the greenhouse is constant, especially in the orientations 75o and 30o. 

For the greenhouses in the 90o, 60o, and 45o orientations, the wall area tends to have a lower temperature. 

In the 15o orientation, the temperature near the southern wall opening was slightly higher, while in the 

0o orientation, the central area of the greenhouse had a higher temperature than in the other orientations. 

There is no difference in the uniformity index for temperature in all orientations. The temperature in the 

greenhouse with 90o, 75o, 60o, 45o, 30o, 15o and 0o orientation is 26.85-27.95 oC, 26.95-28.25 oC, 26.75-

27.95 oC, 26.85-27.95 oC, 26.95-28.75 oC, 26.95-28.85 oC, and 26.95-29.25 oC respectively. Greenhouses 

with 15o and 0o orientations have a relatively higher temperature difference, 1.9 oC, and 2.3 oC, and a 

higher average, 28.10 oC, and 28.35 oC. This result indicates an agreement with the air velocity distribu-

tion. Since there is no constant inflow or outflow in this orientation, the air velocity inside the green-

house tends to be lower. This results in a higher temperature. Roy & Boulard (2004) mentioned in their 

study that the temperature in the greenhouse was 5 K higher at 0° wind incidence than at 90° wind 

incidence. They also mentioned that the relative humidity was 20% higher at 0° incidence than at 90° 

incidence. 

There were no significant differences in relative humidity for any of the greenhouse orientations except 

for the 0o orientation; the relative humidity in the western area of the greenhouse is lower than in the 

eastern area. The relative humidity in the greenhouse with 90o, 75o, 60o, 45o, 30o, 15o and 0o orientation 

is 45.15-45.77%, 44.64-45.43%, 45.37-46.2%, 45.26-45.96%, 44.87-45.48%, 42.37-45.33%, and 42.05-

46.56% respectively. The greenhouse with the orientation 15o and 0o has a relative difference in relative 

humidity, 2.96% and 4.51%, and a lower average, 44.48%, and 43.80%. The greenhouse with orienta-

tions 15o and 0o is not as humid as the others. In all models, it was found that the lowest air temperature 

resulted in the highest relative humidity, mainly at the position of the air inlet (Duong et al., 2021). 

Overall, the highest uniformity index is seen in the greenhouse with an orientation of 0o. However, the 

temperature range reached in the greenhouse with this orientation is larger than the others, with a tem-

perature difference of up to 2.3 oC. The average temperature is also higher. The same results are observed 

for relative humidity. The differences in relative humidity in M1 with 0o orientation are large, and the 

value of relative humidity is lower. Maintaining a relatively low temperature and sufficient humidity in 

the greenhouse to support plant growth while maintaining uniformity is essential. Therefore, the recom-

mended values of the greenhouse can be maintained in the 45o orientation. The flow pattern, air velocity, 

temperature, and relative humidity for the M1 with a 45o orientation can be seen in Figures 4 and 5. 

 

 

 

 

 

 

 

 

Fig. 4 Velocity flow pattern in XY and YZ plane for M1 with 45o orientation 
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XY plane YZ plane XZ plane 

   

(a) Air velocity 

   

(b) Temperature 

   

(c) Relative Humidity 

Fig. 5 Air velocity (a), temperature (b), and relative humidity (c) distribution for M1 with 45o orienta-

tion 

Model 2 

Since there is no wall opening in the northern part of the greenhouse, when the greenhouse was oriented 

90o, 75o, 60o, 45o, 30o, and 15o, there was generally an inflow at the roof opening and an outflow at the 

southern wall opening, similar to the previous model. Air circulated from the roof opening to the north 

wall and floor and exited directly through the south wall opening. In the 0o orientation of the greenhouse, 

there is an inlet at the south wall opening, and the air flows directly to the roof opening.  

For the greenhouses in the 90o, 75o, 60o, and 15o orientations, the wall area tends to have a higher air 

velocity than the center area. However, in the 45o and 30o orientations, the air velocity in the greenhouse 

walls and the middle area are slightly equal. In the 0o orientation, there was a large difference in velocity 

from the south wall opening through the roof opening compared to the other locations. This is because 

most of the air flows directly in this orientation. This is consistent with a study by Shklyar & Arbel 

(2004), where a high velocity was observed near the windward corner between the sidewall and the roof. 

The air velocity values in the greenhouses with 90o, 75o, 60o, 45o, 30o, 15o and 0 o orientations are 0.03-

0.41 m/s, 0.02-0.34 m/s, 0.03-0.33 m/s, 0.01-0.36 m/s, 0.04-0.28 m/s, 0.04-0.33 m/s and 0.02-0.44 m/s, 

respectively. The greenhouse with orientation 0 o has the highest average air velocity, 0.21 m/s, and the 

lowest uniformity index, 0.731.  

The temperature in the central area of the greenhouse is largely constant in the 90o, 75o, 60o, 45o, 30o, 

and 15o orientations. In the greenhouse with 0o orientation, the temperature is lower around the roof 

from the south wall to the south roof opening. The overall temperature inside the greenhouse with 0o 

orientation is also lower than the others. The uniformity index of temperature does not differ for all 

orientations. The temperature values inside the greenhouses with 90o, 75o, 60o, 45o, 30o, 15o and 0o ori-

entations are 26.65-28.15 oC, 26.65-28.45 oC, 26.65-29.25 oC, 26.65-29.05 oC, 26.65-29.95 oC, 26.75-

30.15 oC and 25.55-28.15 oC, respectively. The greenhouse with orientation 0o has the lowest average 

temperature, 26.57 oC, compared to the others. This result indicates agreement with the air velocity 

distribution.  

There is a relatively small difference in the uniformity index in all greenhouse orientations. The relative 

humidity values in the greenhouse with 90o, 75o, 60o, 45o, 30o, 15o and 0o orientations are 44.77-45.46%, 
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44.06-45.51%, 41.72-45.62%, 42.44-45.13%, 40.43-45.80%, 39.85-44.95% and 44.49-53.77%, respec-

tively. A greenhouse with an orientation of 0o has higher relative humidity, 48.95%, and a lower uni-

formity index, 0.981, than the others. In contrast, a greenhouse with an orientation of 75o has the lowest 

average relative humidity.  

The greenhouse with the 30o orientation in M2 has the highest uniformity index of 0.807. The tempera-

ture in this orientation is high, 28.23 oC, and the relative humidity is low, 43.95%. In the greenhouses 

with 90o and 75o orientations, the temperature was 27 oC. The uniformity index for a greenhouse with a 

75o orientation is higher than the 90o orientation, so 75o was chosen as the most suitable orientation for 

the greenhouse with M2. 

 

 
Fig. 6 Velocity flow pattern in XY and YZ plane for M2 with 75o orientation 

 

XY plane YZ plane XZ plane 

   
(a) Air velocity 

   
(b) Temperature 

   
(c) Relative Humidity 

Fig. 7 Air velocity (a), temperature (b), and relative humidity (c) distribution for M2 with 75o orienta-

tion 

 

CONCLUSIONS 

The airflow pattern, air velocity, temperature, and relative humidity in two different models, M1 (45o 

vent) and M2 (35o vent), each with seven orientations (90o, 75o, 60o, 45o, 30o, 15o, and 0o) were investi-

gated in this study using CFD simulation. Validation was performed using the temperature and relative 

humidity data set. The statistical parameters used to evaluate the model performance showed good 

agreement between the simulation and the field test data. Since the wind was from the north, most ori-

entations had insufficient airflow through the greenhouse. The indoor temperature ranged from 27-28 
oC, and the relative humidity ranged from 42-48%. Based on the simulation, the best orientation for M1 
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is 45o and for M2 is 75o in terms of wind direction. This method effectively provides sufficient infor-

mation to determine the appropriate greenhouse model in Samsun in less time and cost.
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Abstract 

 

The paper presents validation of results of a numerical model of radial centrifugal pump flow using an 

experimental method PIV (Particle Image Velocimetry). For this purpose, a 3D model of the pump was 

created in Inventor, which was then used to design a numerical flow model in Ansys in the CFX module. 

The performance characteristics of the same pump were measured on an experimental test circuit, and 

vector maps of the flow in the suction pipe were obtained using the PIV method. The results of the 

experiment – vector fields of fluid velocity distribution in a suction pipe – were then compared with the 

outputs of the numerical Ansys model, namely the flow curves and pressure distribution. This compari-

son demonstrated that the numerical model achieves the best agreement with reality if the input varia-

bles are the pressure in front of the pump and the mass flow behind the pump. In this case, the model 

can calculate the pressure at the pump inlet with a deviation of 1% to 10% and create streamlines in 

the suction pipe corresponding to the results of PIV measurements. 

 

Key words: Particle image velocimetry (PIV), ANSYS, centrifugal pump, performance characteristic.  

 

INTRODUCTION 

The more modern technologies evolve, the more the design and innovation of machine parts are trans-

ferred to the virtual environment. The programs Catia, Inventor, SolidEdge, SolidWorks, NX cad, 

CFturbo, and many others have been used recently for this purpose (Chandrasekaran, Santhanam, and 

Venkateshwaran, 2021). The programs Ansys, TCAE, FlexSim, AutoCAD CFD, and others are used to 

simulate fluid flow. They are used to verify the functionality or innovation of components (Gülich, 

2010). For example, (Sankar, 2018) used Ansys to study the impact of change in the number of impeller 

blades and the size of their outlet angle on the efficiency and head of the pump. However, the validation 

of numerical models, i.e., their experimental verification, remains an issue. For example, (Hassan, 

Abdallah, and Abou El-Azm Aly, 2016) compared the numerical model of a pump in the Ansys program 

with experimental measurements when innovating the impeller. In their work, (Alemi et al., 2015) veri-

fied the numerical model with available experimental data, and there was good agreement between the 

model's results and reality. The pressures and flow rates of the flowing fluid can be easily verified using 

pressure gauges and flowmeters. The measurement is described in the standard ISO 9906 (International 

Organization for Standardization, 2012). Other more sophisticated methods for capturing fluid flow can 

be PIV (Particle Image Velocimetry) methods (Corpetti et al., 2006). PIV methods are usually used 

successfully to verify Ansys simulations. For example, (Furst et al., 2021) reached an agreement on the 

streamline's shapes and the fluid velocity when verifying the mathematical model with the measured 

values in the test laboratory using PIV. On the other hand, (Owida et al., 2010) compared PIV and Ansys 

models and did not reach an agreement. The reason was the imperfect transparency of the pump during 

experimental measurements. To obtain reliable results from numerical models, the setting of the density 

of the computational mesh is one of the most important parameters. A coarse mesh is computationally 

simpler but can severely skew the results. In contrast, a finer mesh gives more accurate results, but the 

computation time increases, and convergence becomes complicated (Gülich, 2010). 

The aim of this research was to verify the reliability of the numerical Ansys model for predicting fluid 

behaviour when flowing through a radial centrifugal pump. 
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MATERIALS AND METHODS

Flow visualization in the suction pipe using the PIV method 

Verification tests were conducted on an open hydraulic circuit in the laboratory of fluid mechanics at 

the Faculty of Engineering, Czech University of Life Sciences Prague. The circuit diagram is shown in 

Figure 1. 

The test circuit consisted of a tested pump (P), a reservoir with pipes, and control and measuring devices. 

The motor with the momentum sensor (D) Magtrol TMB 307/41 (accuracy 0.1%) allowed for the con-

tinuous regulation of shaft speed via the frequency converter (FC) LSLV0055s100-4EOFNS. The water 

flow was measured using an electromagnetic flowmeter (Q) SITRANS FM MAG 5100 W (accuracy 

0.5%). The pressures at pump inlet ps (p-in) and pump outlet pp (p-out) were measured by the pressure 

sensor HEIM 3340 (accuracy 0.5%), which was installed according to the first-class accuracy require-

ments.  

 

 

Q   – flowmeter 

P  – tested pump 

V1  – control valve 

pp, ps – pressure sensors 

D   – dynamometer 

FC   – frequency converter 

C   – camcorder PIV 

 

 

 

 

 

 

Fig. 1 Hydraulic circuit for pump testing (Polák, 2019) 

 

A single-stage radial centrifugal cast iron pump with a spiral casing was used for the measurement. The 

diagram of the pump and its performance parameters guaranteed by the manufacturer is presented in 

Fig. 2. The evaluation tests were based on the CSN EN ISO 9906 standard providing the tests of hydro-

dynamic pumps. The measurements were performed at 1,450 rpm and 2,950 rpm, which were set using 

a frequency converter. The torque was measured by a torque sensor on the shaft between the pump and 

the electric motor. The pressures were monitored by pressure sensors on the suction (ps) and discharge 

pipes (pp). The flow through the pump was measured using a flowmeter located in front of the throttle 

valve. Gradual closing of the throttle valve increased the head of the pump. The power parameters of 

the pump were measured at constant speeds, and velocity field measurement was performed synchro-

nously using the PIV method. 

 

 
 

Fig. 2 Cast iron impeller in spiral casing and parameters of pump (Polák, 2017) 
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A 2D PIV set from the TSI company was used to measure the velocity fields in the pump suction pipe 

(see Fig. 3). The basis was a two-pulse Nd:YAG laser (YAG100-100-LIT) with a wavelength of 532 

nm operating with an optical device Light Sheet Optics 610026 and a camera Powerview Cameras 

630092. The set was completed by a synchronizer LaserPulse Model 610036 and COMPUTER for PIV 

600054-64 with INSIGHT ™ 4G-2DTR Data Acquisition software. Fluorescent particles were dispersed 

in the flowing fluid –hollow glass spheres 100-SLVR with a diameter of 12 μm, silver-coated to increase 

the reflection of light on the surface.  

A vertical plane in the axis of the transparent suction pipe at the pump inlet was selected to monitor the 

flow (see Fig. 3). A laser was placed above the pipe, repeatedly emitting two consecutive light pulses 

with a time delay of 50 μs. The optical system directed the emitting laser beam into a thin light sheet 

which illuminated the monitored area in the suction pipe. A high-speed camera positioned perpendicular 

to the plane scanned the area at the same frequency as the laser pulses. This was provided by the syn-

chronizer. The images from the camera captured the positions of the fluorescent particles. The first 

image (t) displayed the initial positions of the particles and the second (t´) the final positions. The image 

processing was carried out by specialized software, which, by comparing the corresponding pairs, de-

termined the directions and sizes of the velocity vectors of individual particles or flowing fluid. The 

Scilab program was used to visualize the measured data. The graphical form of the vector fields was 

created in this program.  

 

 
 

Fig. 3 Diagram of PIV method application during the experiment (Černý and Sitte, 2020) 

 

Numerical model of flow in the suction pipe 

The model of the pump (spiral casing, impeller, and suction pipe) was created in the Inventor 2022 

program. For the purposes of numerical flow simulations in the Ansys program, the model was further 

modified to fill the flowing fluid space with a fine tetrahedral mesh. Two of the most important mesh 

quality parameters are Element Quality and Skewness. The value of Element Quality ranges from 0 to 

1. A value of 1 indicates a perfect cube or square, while a value of 0 indicates that the element has a 

zero or negative volume. Its value is calculated according to equation (1), where parameter C corre-

sponds to the element type. For tetrahedrons, C = 124.70765802. The frequency of mesh elements was 

highest in the interval of element quality values from 0.9 to 1, inclusive. 

 

𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝑄𝑢𝑎𝑙𝑖𝑡𝑦 = 𝐶 [𝑣𝑜𝑙𝑢𝑚𝑒/√(∑(𝐸𝑑𝑔𝑒 𝑙𝑒𝑛𝑔𝑡ℎ)2)3]  (1) 

 

Skewness is actually directly related to the quality of mesh structure, and it shows how close the mesh 

structure is to its ideal shape or form. When the Skewness decreases, it means a higher element quality. 

80



 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 

Figure 4 presents the graphical dependence of the number of elements on the Skewness value and, at 

the same time, the Skewness quality spectrum (Ansys, 2012). The numerical model of the pump exper-

imentally verified in this study had the majority of mesh elements in the range of Skewness value 

0 – 0,25, which corresponds to excellent mesh quality. 

 

 
 

Fig. 4 Mesh quality according to skewness 

 

To validate numerical models of flow using the PIV method, three sets of simulations were created in 

Ansys, which differ from each other by input parameters. The sets are marked with numbers 1 to 3, and 

their overview is presented in Tab. 1. For the first set of simulations, the measured pressure at the pump 

inlet and the mass flowrate at the pump outlet were used as input parameters. For the second set, the 

flowrate at the pump inlet and the pressure at the pump outlet were used. And for the third set of simu-

lations, the velocity at the pump inlet obtained from the PIV measurement and the flowrate at the outlet 

were chosen. The calculated values of pressures and flowrates at the control points and graphically rep-

resented curves of the streamlines in the vertical plane in the axis of the suction pipe were the results of 

the numerical models. Simulations were performed at all points of the pump performance characteristics. 

 

Tab. 1 Setting input parameters of numerical simulations  

Setting No.  Input variables for numerical model  

1 Pressure at the pump inlet, mass flowrates at the pump outlet  

2 Mass flowrate at the pump inlet, pressure at the pump outlet  

3 Velocity at the pump inlet from PIV, mass flowrate at the pump outlet  

 

RESULTS AND DISCUSSION  
The curves in the graph in Fig. 5 represent the pressure values (p-in/p-out), including the standard devi-

ation, measured on the test circuit at 1,450 rpm. The measurement of the pump performance character-

istic consisted of five partial measurements (P1 to P5). The points in the graph (Ansys out) indicate the 

calculated outlet pressures at setting 1 and are used for comparison with the measured outlet pressures 

(p-out). The points (Ansys in) are the calculated inlet pressures at setting 2 and are used for comparison 

with the measured values of inlet pressures (p-in). 

 

 
 

Fig. 5 Graph of measured and calculated pressures  
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At setting 1, the calculated pressure values are very close to the measured values – the largest deviation 

is 9.8%, the smallest less than 1%. At setting 2, the trend of the pressure course in Ansys was opposite 

to that of the measured values – i.e., the pressure at the pump inlet gradually decreased while the meas-

ured values increased. In most cases, the calculated pressure was significantly lower than the measured, 

even twice as much. For the calculations applied, the computation time of the numerical simulations 

increased with increasing head. In the first measurements (P1), the convergence occurred within 500 

iterations; in the last (P5), the convergence occurred after 5000 iterations. This behaviour corresponds 

to the assumptions made by (Gülich, 2010) according to which the unsteady flow tends to converge 

more poorly. In setting 3, the calculation did not converge. Although this setting gave a good agreement 

with the shapes of the streamlines that corresponded to the PIV measurement, the results cannot be 

considered. 

Another output of numerical models in Ansys were vector maps of fluid velocities in the suction pipe 

of the pump, which were compared with PIV measurements – see Fig. 6. For these purposes, vector 

maps were generated in Ansys in the vertical plane identical to PIV measurements, i.e., right in front of 

the impeller inlet. In this plane, velocity vectors were depicted only in the "tangential" direction (see 

Fig. 6, right). For comparison, the centre of the performance characteristic (P3) was selected, corre-

sponding to the maximum efficiency and for which the manufacturer guarantees the parameters of the 

pump. The maps below indicate a steady fluid flow from the right side, which fully corresponds to the 

PIV measurement. The velocity increases as the fluid moves to the left towards the impeller. Both Ansys 

and PIV show this fact. In the lower part of the picture, PIV measurements show vectors pointing in 

different directions, indicating vortices' formation. A more detailed description of the PIV method re-

sults is provided by (Černý and Sitte, 2020). The vector field in Ansys illustrates this vortex more prom-

inently. The vortex is not local but arises along the entire inner circumference of the suction pipe. How-

ever, a 3D PIV measurement would be needed to accurately describe it because the particles in this part 

of the pipe move generally in space and thus outside the monitored plane, not captured by the 2D PIV 

method. 

 

 
  PIV method      Ansys calculation 

 

Fig. 6 Measured and calculated vector maps at 1450 rpm at measuring point P3 

 

CONCLUSIONS

This research aimed to determine with what reliability it is possible to use a numerical model in Ansys 

to predict the behaviour of a fluid flowing through a radial centrifugal pump. For this purpose, the mod-

el's numerical and graphical outputs were compared with the values of measured performance charac-

teristics and velocity fields obtained from the PIV method. 

A comparison of the three different setting methods of the model in Ansys proved the best agreement 

of the calculation with reality when the pump inlet pressure and the pump outlet mass flowrate were set 

as input variables (setting 1). The calculated and measured parameters differed from 1 to 9.8% in this 

case. If the mass flowrate at the pump inlet and the pressure at the pump outlet (setting 2) were set as 

input variables, the deviations from reality were much greater. When the velocity at the pump inlet and 

the mass flowrate at the pump outlet were set as input variables, the calculation did not converge at all. 
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From the point of view of the analysis of vector maps of fluid velocities in the pump´s suction pipe, the 

model presents comparable shapes of streamlines at settings 1 and 2. Vector maps from the Ansys pro-

gram correspond well to the outputs from PIV measurements. Possible differences are caused by the 

fact that 2D PIV shows vectors projected only into the measured area. Therefore, particles moving in 

the direction from/to the monitored plane will not be displayed in the result. In contrast, the Ansys model 

can display not only vectors in the area, but also their projections into all streamlines, in any cross section 

of the pipe. The results of this research, together with the flow model in Ansys, will be used as a basis 

for a more detailed flow analysis regarding the anticipated innovations of the radial centrifugal pump. 
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Abstract 

In the study, rupture energy values of Deveci and Abate Fetel pear fruits were predicted using Artificial 

Neural Network (ANN). The breaking energy of the pears was examined in terms of storage time and 

loading position, and the experiments were carried out in two stages with samples kept in cold storage 

immediately after harvest and 30 days later. Rupture energy values (output data) were estimated using 

four different single and multilayer ANN models. -Four different model results obtained using Leven-

berg - Marquardt, Scaled Conjugate Gradient and resilient backpropagation training algorithms were 

compared with the calculated values. Statistical parameters such as R2, RMSE, MAE and MSE were 

used to evaluate the performance of the methods. Model 1 by ANN gave better results in network 5-1 

the R2 value is 0.90, the square of the root error is 0.018, and 0.093 in the MAE is obtained using three 

inputs. 
 

Key words: ANN, scaled conjugate gradient, rupture energy, prediction, Deveci, Abate Fetel. 
 

INTRODUCTION 

Pear (Pyrus communis L.) is a type of fruit that was first grown in the Asian continent and spread all 

over the world. There are more than 5000 pear varieties in the world and about 640 of them are grown 

in Turkey (Polatcı et al., 2020). The determination of the physical and mechanical properties of the pear, 

which is widely produced in the world and has commercial importance, is important in the adoption and 

design of various unit operations. The fruit compression test simulates the static loading condition that 

the fruit can withstand during mechanical transport and storage (Tabatabaekoloor, 2014).  

It is important in determining the physical, mechanical and quality characteristics of fruits under harvest 

and storage conditions. For this, various modeling studies are carried out. In recent years, especially soft 

calculation techniques have been used. Among these techniques, artificial neural networks (ANN) are 

widely used (Wu et al., 2017). The artificial neural network application is aimed to make high-accuracy 

predictions using a few inputs. Different input, network structure, training algorithm, number of iterati-

ons, etc. by creating different combinations, suitable ANN models were determined to be used to predict 

physical and mechanical properties. The ANN method was used to estimate the physiological characte-

ristic change in pear, and it was determined that the ANN model made the best estimation based on real 

data (Azadbakht et al., 2022).  
The aim of the study is to model the rupture energy of Deveci and Abate Fetel pear cultivars for loading 

location and storage time conditions using artificial neural network method. In the research, R2, RMSE, 

MSE, MAE parameters were used as an acceptability indicator for the estimation of the rupture energy 

for pear.High accuracy predictions were made in the 4 ANN models created. Using these models accor-

ding to the entered parameters, a high-accuracy estimation of rupture energy for pear can be made. 
 

MATERIALS AND METHOD 

Deveci and Abate Fetel pear varieties used in the research were harvested from SAMMEY fruit produ-

ction farm in Samsun in October. Harvesting was done by hand. Pear varieties are divided into two 

groups for storage and room temperature conditions. Half of the separated pear cultivars were stored at 

1˚C storage temperature and 90% relative humidity for 30 days. A refrigerator was used as a storage 

medium. Trials of the other half were carried out in a laboratory environment at 21±2˚C room tempera-

ture after harvest (Yeşiloğlu et al., 2016). 
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Kern brand electronic precision scales were used for mass measurements of pear varieties. Dimension 

measurements of fruits were made with a digital caliper (Mohsenin, 1980; Yeşiloğlu et al., 2016). The 

water-soluble dry matter content was determined digital refractometers (0.1% Bx, Davras et al., 2019). 

A single column Universal Tester (Lloyd Instrument LRX Plus, Lloyd Instruments Ltd, An AMETEK 

Company, Hampshire, UK) attached to a Magness-Taylor probe (10 mm) was used to obtain the firm-

ness values of the fruits. Force was applied to fruit varieties with a 100 N capacity load cell at a compres-

sion speed of 10 mm/min. Data were obtained with NEXYGEN Plus Material Test Software Version 

2.1 (Lloyd Instrument Ltd, An AMETEK Company) and in the force-deformation graph provided by 

the software was taken as the Magness-Taylor force (Yeşiloğlu et al. 2016; Abbott et al., 1992). With 

the calculation of the area under the curve, rupture energy values were obtained (Yurtlu and Yeşiloğlu, 

2011). Estimation of the repture energy value (RE) for single and double-layer neural structures using 

different input combinations of length (L), thickness (T), width (W), mass (M), water soluble dry matter 

(WSDM), Magness-Taylor force values were made with artificial neural networks (ANN). The layers 

used in the study; input layer, middle layers (hidden layer) and output layer that are shown in Figure 1. 

 

 
Fig. 1 Artificial neural network multi-layer structure with 3-5-8-1 and ANN models inputs  
 

The ANN method requires adjusting the inter-network weight relationships and using a training pattern 

with appropriate output values. Necessary adjustments between the weights are made by adding rules to 

the training and thus a single information is obtained from the data. The model of a neural network is 

influenced by the network's topology, characteristics, and training algorithm (Zhou and Si, 1998) and 

(Hagan and Menhaj, 1994; Parisi et al., 1996). In this study, four different models were created with 

the inputs length, thickness, width, mass, and water soluble dry matterused in the study. The inputs used 

for the models (ANN1, ANN2, ANN3 and ANN4) are given in Fig. 1. For 4 models, estimations were 

made on single-layer networks as 5*1, 8*1, 10*1 and double-layer networks as 5*5*1, 5*8*1, 5*10*1. 

As an example, the model structure of ANN1 with 5*8*1 (double hidden layers) is shown in Figure 1. 

The results obtained by using three different training algorithms as Levenberg-Marquardt (LM), Scaled 

Conjugate Gradient (SCG) and Resilient Backpropagation (RP) were compared with the real values by 

performing 250-500-750 iterations. 174 (74%) of 274 data were used as training data and 60 (26%) as 

test data. The determination coefficient (R2) of the data (Azadbakht et al., 2017), root mean square error 

(RMSE) (Khoshnevisan et al., 2013; Azadbakht et al., 2018), mean absolute error (MAE) (Azadbakht 

et al., 2016) and mean square error (MSE) (Azadbakht et al., 2016) values were calculated to choose the 

best model according to the highest R2 and lowest RMSE, MSE, and MAE values. The aim of the study 

is to model the rupture energy of Deveci and Abate Fetel pear cultivars for loading location and storage 

time conditions using artificial neural network method. In the research, R2, RMSE, MSE, MAE para-

meters were used as an acceptability indicator for the estimation of the rupture energy for pear. High 

accuracy predictions were made in the 4 ANN models created. Using these models according to the 

entered parameters, a high-accuracy estimation of rupture energy for pear can be made. 

 

RESULTS AND DISCUSSION 

The descriptive statics properties of the mechanical properties measured for Deveci and Abate Fetel 

pear cultivars at storage and room conditions are shown in Table 2. Coefficient of variation (CV) 

measures the variation of an attribute. A CV ≤ 15% indicates a low variation, 16-35% a moderate vari-

ation, and a CV ≥ 36% high variation (Wilding, 1985). In the measured mechanical properties, CV values 

varied between 4.7%-39.3% in Deveci warehouse, 5.4%-37.6% in room conditions, and 3.4%-41.5% in 
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Abate Fetel warehouse conditions, 4.6%-41.9% in room conditions. The Skewness values for Deveci 

and Abate Fetel pear cultivars varied between 0 and 0.5 under storage and room conditions. It is accepted 

that the variables given in the table 1 show a normal distribution according to Skewness values. 

In the study, 4 ANN models were created using different inputs. Using 3 inputs and 4 inputs, rupture 

energy was estimated for different model structures and the estimation results according to the training 

and testing datas, performance indicators are given in Table 2. 750 iterations were made in the SCG 

training algorithm, and better results were obtained than the LM and RP training algorithms. R2 values 

were changed between 0.81 and 0.60 in LM and between 0.76 and 0.54 in RP for models and neural 

network. RMSE, MSE and MAE values higher results were obtained than the SCG training algorithms. 

 

Tab 1 Descriptive statistical parameters for Deveci and Abate Fetel fruits 

Variables 

 

Max. Min. Mean SD CV 

Skew-

ness 

Kur- 

tosis 

 

Max. Min. Mean SD CV 

Skew- 

ness 

Kur- 

tosis 

L  

 

Deveci 
Stor-

age 

94.1 70.4 81.5 5.2 6.3 0.2 0.2 

Abate 

Fetel 
Stor-

age 

130.5 117.2 122.9 4.2 3.4 0.3 -1.0 

W 90.2 67.3 74.1 3.5 4.7 1.3 4.8 66.6 58.8 62.7 2.1 3.4 -0.2 0.1 
T 87.8 61.4 71.2 4.0 5.6 0.4 2.7 63.8 53.5 58.7 2.8 4.8 -0.2 -0.1 

M 317.5 181.8 214.6 20.6 9.6 1.3 5.6 227.1 182.3 206.2 13.8 6.7 -0.3 -1.0 

WSDM 12.4 7.6 9.9 1.0 10.5 0.4 -0.1 15.3 12.9 13.9 0.7 4.8 0.5 0.0 
MT 78.5 26.7 53.1 13.0 24.4 -0.2 -0.6 59.3 23.0 40.6 9.5 23.3 0.0 -0.4 

RF 0.3 0.0 0.2 0.1 39.3 0.4 0.02 0.3 0.0 0.1 0.1 41.5 1.0 0.5 

L 

Deveci 
Har-

vest-

ing 

92.2 61.2 79.3 6.5 8.1 -0.4 0.9 
Abate 

Fetel 

Har-
vest-

ing 

130.6 113.6 122.9 5.7 4.6 0.0 -1.3 
W 94.0 75.4 86.2 4.8 5.5 -0.3 -0.7 66.5 53.7 58.1 3.3 5.7 1.5 2.6 

T 94.8 72.7 82.9 4.4 5.4 0.1 0.8 65.1 50.1 59.2 4.3 7.2 -0.7 0.1 

M 360.2 260.1 309.0 23.4 7.6 0.2 -0.5 234.9 175.7 207.8 18.3 8.8 -0.5 -0.8 
WSDM 15.7 9.5 12.0 1.2 10.2 0.7 1.7 13.7 10.8 11.8 0.8 6.6 1.1 1.3 

MT 67.7 20.3 40.9 10.1 24.6 0.3 -0.2 59.0 15.2 37.8 10.7 28.4 -0.3 -0.6 

RF 0.3 0.0 0.1 0.0 37.6 0.6 1.1 0.3 0.0 0.1 0.1 41.9 0.2 -0.3 

SD: Standard Deviation, CV: Coefficient of Variation 

 

In ANN1, ANN2, ANN3, and ANN4 models, R2 values in single and double-layer network structures 

varied between 0.86 and 0.94 and the distribution graphs are shown in Figure 2. By evaluating all data 

estimations, the most accurate rupture energy estimation was made using the SCG training algorithm 

with a single layer in the ANN1 (3*5*1) model for determining Deveci and Abate Fetel pear cultivars 

under storage and room conditions. Distribution and scatter graphs for rupture energy estimated storage 

and room conditions of Deveci and Abate Fetel pear varieties are presented in Figure 3. With the eva-

luation of the results, rupture energy estimation was made using the M, WSDM, and MT (ANN1) inputs. 

When there is missing data from the input parameters used in the study, accurate predictions can be 

made using the other 3 models (ANN2, ANN3, and ANN4). Ziaratban et al., (2016) used mathematical 

modeling of volume and surface area and feed-forward artificial neural network methods in Golden 

Delicious apples and using different training algorithms (GD, CGF, LM) 5, 10, 15 neuron structures, 

they predicted with high accuracy (R2 0.99) for 15 neuron structures in the LM training algorithm. In 

the studies, different network neuron structures were modeled using 5, 10 (Azadbakht et al., 2022), 

between 2 and 20 neurons (Vasighi-Shojae et al., 2020) the and LM training algorithm (Azadbakht et 

al., 2022). 
 

Tab. 2 Statistical results between calculated and predicted rupture energy in training and testing data  
  SCG 

  Training Data Testing Data  

Model Model structure R2 RMSE MSE MAE R2 RMSE MSE MAE 

ANN1 

3-5-1 0.94 0.0152 0.0002 0.1397 0.86 0.0256 0.0007 0.7853 

3-8-1 0.91 0.0191 0.0004 0.1396 0.85 0.0270 0.0007 0.7843 

3-10-1 0.82 0.0295 0.0009 0.1391 0.80 0.0320 0.0010 0.7803 

3-5-5-1 0.88 0.0234 0.0005 0.1394 0.81 0.0259 0.0007 0.7829 

3-5-8-1 0.88 0.0238 0.0006 0.1394 0.75 0.0386 0.0015 0.7808 

3-5-10-1 0.83 0.0354 0.0013 0.1387 0.76 0.0326 0.0013 0.7784 

ANN2 

3-5-1 0.81 0.0287 0.0228 0.1391 0.80 0.0246 0.1061 0.7807 

3-8-1 0.83 0.0266 0.0228 0.1392 0.91 0.0173 0.1057 0.7814 

3-10-1 0.80 0.0367 0.0227 0.1386 0.87 0.0265 0.1056 0.7783 

3-5-5-1 0.83 0.0263 0.0229 0.1392 0.78 0.0434 0.1075 0.7800 

3-5-8-1 0.83 0.0273 0.0228 0.1392 0.79 0.0411 0.1072 0.7799 

3-5-10-1 0.79 0.0378 0.0227 0.1385 0.86 0.0202 0.1052 0.7782 
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ANN3 

4-5-1 0.85 0.0268 0.0007 0.1392 0.92 0.0170 0.0035 0.7777 

4-8-1 0.80 0.0330 0.0011 0.1388 0.88 0.0244 0.0050 0.7783 

4-10-1 0.82 0.0261 0.0007 0.1392 0.82 0.0241 0.0038 0.7745 

4-5-5-1 0.87 0.0250 0.0006 0.1393 0.94 0.0155 0.0029 0.7790 

4-5-8-1 0.82 0.0282 0.0008 0.1391 0.87 0.0220 0.0043 0.7737 

4-5-10-1 0.78 0.0358 0.0013 0.1387 0.73 0.0236 0.0062 0.7763 

ANN4 

4-5-1 0.79 0.0291 0.0008 0.1391 0.81 0.0249 0.0045 0.7788 

4-8-1 0.81 0.0278 0.0008 0.1392 0.90 0.0189 0.0040 0.7773 

4-10-1 0.77 0.0365 0.0013 0.1386 0.84 0.0343 0.0078 0.7785 

4-5-5-1 0.85 0.0241 0.0006 0.1394 0.87 0.0238 0.0033 0.7793 

4-5-8-1 0.79 0.0409 0.0017 0.1383 0.85 0.0342 0.0086 0.7780 

4-5-10-1 0.78 0.0334 0.0011 0.1388 0.82 0.0236 0.0060 0.7761 

 

 
Fig. 2 Rupture energy results for all data by the best ANN models 

 

 

 
Fig. 3 Scatter plots between calculated and predicted rupture energy results by ANN1 a) storage duration 

and loading position of Deveci pear b) storage duration and loading position of Abate Fetel pear  
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Gorzelany et al., (2022) were reported to predict of mechanical properties of fresh and stored fruit of 

large cranberry by used artificial neural network. Zarifneshat et al., (2012) estimated the volume of 

apple fruit crunches using an artificial neural network. In the study, they concluded that the ANN model 

is more accurate than the regression model. The R2 value was calculated as 0.994 for the ANN model 

and 0.969 for the regression model. 

 

CONCLUSIONS 

In the study, mechanical properties of rupture energy for loading position and storage time conditions 

of Deveci and Abate Fetel pear cultivars were modeled using artificial neural network method.  

In this study, the best model (3-5-1 model structure) determined in the study was used in the estimation 

of the Rupture energy value. High accuracy predictions were made in the created 4 ANN models. Ac-

cording to the input parameters, using these models, rupture energy estimations for pear can be made 

with high accuracy. According to the purpose of the ANN method, it is important to obtain highly ac-

curate predictions using how little data. Based on this and evaluating the model results in the study, a 

high accuracy (R2, 0.90) estimation was made in the 3*5*1 network structure according to the highest 

R2 and lowest RMSE, MSE and MAE indicators. It is thought that the results of the study will be useful 

in estimating the breaking energy from the mechanical properties of the fruit by using the artificial neural 

network method and in the development of more powerful models. The study will also enable the deve-

lopment of models to be used to determine the mechanical and physical properties of different fruits 

grown in different regions. 
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Abstract 

In Italy there are about 150 varieties of rice and in the world, there are more than 3 thousand, each 

with different properties. Predicting rice yield at panicle initiation stage would provide valuable 

information for future planning.  

In this study, RapidEye satellite images were acquired in order to provide spatio-temporal data of 

canopy reflectance at high spatio-temporal resolution, allowing to identify crop differences between and 

within fields. The study area was located in Sardinia, in a 35ha paddy field, where rice (Oryza Sativa) 

has been cultivated for over 30 years. Yield maps were acquired in both study years to validate the 

analysis. 

Spectral information and reflectance analysis from remote sensing provide information about health 

and growth evolution. The potential of NDVI vegetation index to be used as yield estimator was 

investigated. A correlation analysis was performed between NDVI maps, derived from satellite images, 

and yield maps respectively in both study years. Correlation analysis has shown that seeding density is 

a determinant of yield although the NDVI index is influenced by additional factors such as the presence 

of weeds and plant diseases. 

Key words: yield maps, NDVI, seeding density. 

 
INTRODUCTION 

The agricultural sector of rice growing must be set up against a background of the new challenges facing 

to both cultural input competition and the increasing demand for food, linked to competition on food 

prices caused by the globalization of markets. Agriculture, especially in developed countries, requires 

an approach to sustainable production from both an economic and environmental point of view 

(Coppola, 2020). 

The precision agriculture approach could benefit from the use and the convergence of several 

technologies among which the Global Positioning System (GPS), Geographic Information System 

(GIS), miniaturized computer components, automatic control, in-field and remote sensing, mobile 

computing, advanced information processing and, wireless data transmission (D’Antonio 2020; 

Gibbons, 2000). Previous studies using remote sensing of rice crops have demonstrated relationships 

between the reflectance data and biophysical parameters (Shibayama and Akiyama, 1989; Spackman et 

al., 2000; Cassanova et al., 1998). These studies are characterized by the collection of ground-based 

radiometric data and they have successfully estimated biomass in rice, before the heading stage, by using 

NDVI vegetation index values. Other studies have shown that it is possible to estimate rice yield using 

vegetation indices from remote sensing (Fablo and Felix, 2001; Alvaro et al., 2007).  

Rice (Oriza Sativa L.), an essential aliment in most Asian countries, accounts for more than 40% of 

caloric consumption worldwide (IRRI, 2006). Annual rice production amounted to approximately 755 

million tons (FAOSTAT, 2019) for a yield of around 4,88 ton/ha in Asia (FAOSTAT, 2019). While in 

2011 (FAOSTAT, 2012) production reached 650 million tons.  

Profit from rice production rely on crop grain yield and total biomass produced. Predicting rice yield at 

panicle initiation stage would provide valuable information for future planning.  

Yield efficiency depends mainly on accurate site-specific management, which needs a proper 

delineation of homogeneous zones in the field. Homogeneous zones are the result of the analysis of the 

combined interaction of chemical and physical soil properties, climate and plant (Basso et al., 2016; 
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Fiorentino et al., 2020; Elsharkawy et al., 2022). Homogeneous zone definition usually requires years 

of studies, depending on the field complexity. 

Tomography, climate and canopy reflectance data provide direct or indirect management suggestions 

about crop canopy, nitrogen and chlorophyll content as well as weeds density.  

The objective of this paper is to investigate the potential of Normalized Difference Vegetation Index 

(NDVI) to estimate rice yield at different growing stages. Yield maps were acquired to validate the 

analysis. Rice yield is strictly related to rice seedling density (number of rice seedlings per unit area) 

 

MATERIALS AND METHODS 

Site description and agronomic management  
The experiment took place in Sardinia (8°43'40"E, 39°56'44"N, WGS 84) during two consecutive 

growing seasons, in a 35ha paddy field, where rice (Oryza Sativa) has been cultivated for over 30 years. 

The study area was divided in 9 sub-areas, as shown in figure 1. 

In the first experimental growing season, the “Volano” (plots D and E) and “Karnak” (plots: A, B, C, F, 

G, H and I) cultivars, were planted. The crop cycle length was of 150 days. 

The study field was a traditional paddy area continuously flooded; the wide field had the same treatment 

in terms of water use, fertilization, as well as disease and pest control. Two sub-areas have required 

some extra treatments in graminaceae weeds control, during crop cycle. 

Broadcast sowing was done on 17th May, with seed density of 500 germinables seeds m-2.  

“Libero” (Indica subsp., plots D and E), “Karnak” (Japonica subsp., plots B, C, F, G, H and I) and 

“Carnise” (Japonica, plot A) varieties were planted in the field during the second growing season. The 

crop cycle length was of 160 days. Broadcast sowing was done on 15th May, with a seed density of 500 

germinables seeds m-2. Seed density showed a noticeable variability due to a mechanical fault on 

broadcast sowing or environmental conditions (wind and waves, seed flotating, etc).  

 

 

Fig. 1 Sardinia study area with the experimental plots 

 

Field Measurements: Yield Maps  

Georeferenced yield data were recorded by a New Holland combine harvester equipped with a yield 

monitor system (grain mass flow and moisture sensors). The data were acquired along 6 meters wide 

parallel transects. The average distance between two successive acquisitions was about 2 meters. Yield 

data were corrected based on the grain moisture content estimated by the combine harvester.  

The 2 years yield maps (shown in figure 2), were obtained by plotting the yield data, elaborated by 

Ordinary Kriging at the nodes of a regular grid of 5 meters spatial resolution (Goovaerts, 1997).  

It has been decided to analyzed separately the different cultivars, as a result of important discrepancies 

found between the mean of each yield distribution in the second year with respect to Karnak-Carmise 
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and Libero, while the difference was lower in the first experimental year for Volano and Karnak. The 

yield maps, shown in figure 2, were georeferenced and coregistrated in UTM WGS 84 zone 33N 

geographic reference system. 

 

(a)       (b) 
Fig. 2 Yield maps for growing season 2010 (a) and 2011 (b) 

 

Remote sensing images 

A multi-temporal series of remote sensed images were acquired from the German company RapidEye 

A.G. (Brandeburg, DE). Satellite images were characterized by a spatial resolution of 5 meters and 5 

narrow bands (spectral intervals of the electromagnetic radiation: Blue, Green, Red, Red-Edge and 

NearInfraRed). The images acquisition took place on 2010: 2th July, 28th July, 15th August and 10th 

September; and 2011: 26th June, 5th July, 16th July, 28th July 12, 20th August. 

The Normalized Difference Vegetation Index (NDVI, Rouse et al., 1974) was computed as follows: 

NDVI = (NIR – RED) / (NIR + RED)       (1) 

NIR represents the wavelength in the near infrared portion of the electromagnetic spectrum (760-880 

nm) and RED, the wavelength in the red portion of the spectrum (630-690 nm). All images, were 

geometrically and radiometrically corrected, and then, georeferenced and coregistered in UTM WGS84 

coordinate system.  

 

Correlation Analysis 

A multitemporal time series of correlation maps were elaborated; the Pearson (Hall, 1976; James, 1988) 

correlation coefficients were computed at each node (5 meters equally spaced) of a regular grid 

associated to the corresponding pixels of the yield and the NDVI maps. The analysis has involved both 

studies years (2010 and 2011) at three different dates during the growing seasons. The NDVI maps 

involved in the analysis were: 2010 July 2nd and 2011 July 5th; 2010 July 28th e 2011 July 28th; 2010 

August 15th e 2011 August 20th. The coupled dates of NDVI’ maps involved in the analysis were very 

close, if not coincident, and relative to the same growing stage. 

The spatial correlation maps, between NDVI and yield, were obtained by using a purpose-built Matlab 

script. Since it is not possible to consider each pixel independent from the neighbors at the spatial 

resolution of 5 meters, the Pearson analysis takes into account, not only of the corresponding pixels of 

each map, but all pixels that fall within a neighborhood centered on the pixel of interest. The 

neighborhood was defined as a circular moving window of a 30 meters diameter. The script produces a 

second output: the significance level (p-values) maps at each georeferenced location (acceptance level: 

p-val.<0.05).  

 

92



 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 
RESULTS AND DISCUSSION 

Yield maps  

Figure 2 shows the yield maps for the growing season 2010 (a) and 2011(b). The average yield for the 

Karnak cultivar was higher in 2010 than in 2011.  

In 2010 the average yield for the plots D and E, associated to the the Volano cultivar, was about 6,34 t 

ha-1, while the remaining plots (Karnak cultivar) produced about 7,36 t ha-1. 

The average yields for Volano and Karnak cultivars do not show significant discrepancies. 

Difference in levels of production between the fields E and D (YieldE<YieldD) (figure 2a) further 

supports this statement. This difference can be explained by the persistence of weeds in plot E, 

notwithstanding the operations of weed control. 

In 2011, the average yield for the plots D and E, associated to the Libero cultivar, was about 3,31 t ha-1. 

From the observation of figure 2b we notice that yield in plots D and E was low, particularly in the south 

side of plot E. In the Karnak-Carmise plots, the average yield was about 6 t ha-1, lower than the previous 

year because of the non-uniformity in seed density that occurred in 2011. 

During both study years, the yield showed a marked spatial and temporal variability. Identification of 

stable zone in the field from visual inspection remains difficult.  

 

NDVI and Yield Analysis 

The number of rice seedlings in the field is one of the main agronomic components for determining rice 

yield and the yield is also strictly correlated to the plant growth. 

In this paper, the NDVI index, acquired at different phenological stages of rice crop, was correlated to 

the yield map in both study years. The index allows to monitor both the distribution of plants in the field 

and their development over time. 

The spatio-temporal correlation analysis was performed including the following NDVI dates: 

 2010 July 2nd and 2011 July 5th; 

 2010 July 28th and 2011 July 28th; 

 2010 August 15th and 2011 August 20th. 

The study allows both to evaluate the behavior of a single sample point of the field, but also how it 

behaves with respect to its neighbors. 

The correlation analysis determines the geographical relationship between NDVI and yield and 

highlights its distribution in the space. The correlation maps are shown in figure 3. 

Figure 3a shows a high inverse correlation (p value <0.001) between yield and NDVI index in plots D 

and E, which was already evident from the beginning of July. This was due to the presence of weeds in 

both 2010 and 2011study years. A further complication occurred in 2011 with the appearance of the 

sterility of kernels in relation to the Libero variety. In this area, this negative correlation persists even in 

the analysis of the two successive dates. The infertility of kernels, that occurred in plot E in the second 

study year, was not detectable by the analysis of the vegetation index, but it was not influenced by 

nitrogen management decisions or by weeding control. It would be interesting to calibrate the index 

limit value beyond which the crop becomes infesting itself. 

The inverse correlation will always be obtained when the density of the crop is higher than its optimum, 

both due to the presence of weeds, as well as to the excessive sowing density or the emission of too 

many adventitious stalks due to too much forced fertilization in tillering. Too many stalks imply too 

much flowering, too much nutrient need and increasing sterility. The crop becomes infesting itself. 

In the plot B, the NDVI shows a high positive correlation with yield on July 2nd/5th (2010/2011), because 

during the first study year (2010), high NDVI values corresponded to good yield levels, while in 2011, 

the poor production was due to the low seeding density (i.e. low NDVI). At the second date the 

correlation is reversed and it also remained negative on the last reference date (August 15th/20th). The 

problem, in plot B, was the re-emergence of weeds during both study years, particularly in 2011. 

In the plot C, the strong negative correlation between NDVI and yield, already evident at the first date 

(fig. 3a), was strongly influenced by the presence of weeds in 2011. 

In the other plots (A, F, G, H and I) the significance level of correlation (pvalue> 0.05) was poor 

especially in the areas at the edges of the plots. This effect is more visible on July 2nd /5th while it 

progressively decreases at the other reference dates. 
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The negative correlation, in the central portion of plot A, stems from the high seeding density which 

occurred in 2011. Plot F shows the lowest correlation coefficients, in turn positive and negative that 

became quite high in some areas. It was, probably, due to the most productive zone during the first year 

that became the less productive in the second.  

The NDVI vegetation index proved to be a good yield estimator according to Guam et al. (2019). 

They used small unmanned aerial vehicles (UAVs) for determining high-resolution normalized 

difference vegetation index. The NDVI values were used to assess their correlations with the rice yields. 

Guam et al. (2019) observed strong correlations between NDVI and yield at the early reproductive stage 

or the late ripening stage for the direct-seeded rice. 

The limits that this methodology presents are the same as highlighted by Wu et al. (2019), they 

propoused a method to earlier estimations of rice yield that uses computer vision to accurately count 

rice seedlings in a digital image.  

The main cases of failure were: 

 when dark areas such as shadows appeared in the image, recognized as rice areas;  

 presence of weeds in images that requires more complex tecniques to be detected. 

On the other hand, the use of the NDVI index from satellite requires lower spatial resolutions (5m) than 

the use of a UAV in the field and allows more frequent monitoring over time. 
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Fig. 3 Multitemporal sequence of correlation coefficients and significance maps between NDVI and 

yield 

 

CONCLUSIONS 
The remote sensing techniques could be an important support in the planning and management of 

vegetation during the growing season. They could also be used to estimate, rapidly and safely, the plant 

vigor and the crop potential yield. 

The NDVI vegetation index, elaborated from satellite images, at different crop growing stage, was 

correlated with yield maps respectively in both study years. The combined study of the NDVI index and 

yield, has enabled the identification of potential threats related to seed density, along with the presence 

of pests and nutritional deficiency. Areas of high and low seeding density, as well as areas affected by 

weeds, were identified by 

analyzing the mutual trend of NDVI index and production. 

During the study years, the rice was affected by various problems, mainly the presence of weeds that 

made the analysis complex. In plots where no issues occurred, the NDVI index proved to be a good 

estimator of the yield and vegetation health during the growing season. 

To address these problems, an additional analysis tool will be considered to be included in the processing 

chain to filter the presence of weeds from the remote sensing data. 
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Abstract 

The article is focused on the experimental detection of rheological characteristics of fruit distillates. 

Distillates were processed with spirit of alcohol volume of 52%. 5 samples were researched. We 

observed dependency of dynamic viscosity, kinematic viscosity, density, and fluidity on temperature. The 

results were graphicly processed and regression equations, and the coefficient of determination were 

made. The stated courses declare strong exponential dependence of observed rheological 

characteristics on temperature. As different types of fruit distillates contain different additives, these 

may have influence on researched rheological characteristics. A specific part is devoted to 

thermogravimetric analysis – measures the mass (change of the mass), provides information on the 

content of components. Interpretation of the obtained TGA curves provides information about processes 

running in the materials, changes of physical and chemical properties and conditions of it, e.g., phase 

transitions, drying, oxidation stability, thermal stability, chemical reaction, denaturation, compositional 

analysis, purity, etc. Thermal analysis are respectable methods for analysis foods samples and alcohol. 

 

Key words: rheological properties, viscosity, thermogravimetric analysis, distillate. 

 

INTRODUCTION 

While measuring alcohol of 99%, the density of a sample at a given temperature is same. On the other 

hand, as far as fruit distillates are concerned, we have alcohol volume 52 % and the left over 48 % are 

demineralized water and additives which are different for each sort. We can find out different courses 

depending on type of distillates by measuring rheological properties – density and viscosity.  

Viscosity is defined by inner friction in liquid, it is the rate of resistance against mutual movement of 

molecules of fluid and it is the result of interaction between molecules (Krempaský, 1982). Viscosity 

can be kinematic and dynamic.  Dynamic viscosity of fluids is functionally dependent on temperature 

and pressure, which means it decreases with increasing temperature and it increases with increasing 

pressure. Kinematic viscosity is determined by ratio of dynamic viscosity to density at a given 

temperature. Dynamic and kinematic viscosity of oils decrease considerably with increasing 

temperature. It is caused by aggregation of molecules at lower temperatures and by breaking up clusters 

at increasing temperature and by extending free volume in fluid, which means the difference between 

total volume of fluid and actual volume of present molecules (Štěpina & Veselý, 1985). Density is a 

quantity dependent on temperature and pressure. Density means the weight of defined volume of 

substance at a given temperature and pressure, usually 20 °C and 0,1 MPa. Density is an important figure 

for conversion units of volume and weight, and it is also important for calculating kinematic viscosity 

from dynamic one (Štepina & Veselý, 1985). 

Thermogravimetric Analysis (TGA) are regarded as being the main techniques applied to improving the 

functional properties and process conditions. Can be investigated process of evaporation, destruction 

individual components and another. Effects where we can observed by TGA are compositional analysis, 

chemical reaction, desorption (drying, evaporation), enthalpy change, identification, oxidative stability 

and thermal stability. The result of the differential thermal analysis is a DTA-curve, which graphically 

shows the dependence of the temperature difference between the studied and reference sample (in units 

of electrical voltage, normally mV, since this difference is sensed as a voltage difference on the 

thermocouples under the studied and reference sample) on the temperature. On the DTA curve, we 

observe areas of zero values, when no action is taking place, and peaks. Peaks of positive values are 

caused by exothermic events and are called exoeffects, while peaks reaching negative values, so-called 

endoeffects, are caused by endothermic events (Hrubá, 2018). The term “differential” indicates that the 

difference in behaviour between the material under study and a supposedly inert reference material is 
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examined. In this manner the temperature at which any event either absorbs or releases heat can be 

found. This allows the determination of, e.g., phase transition temperatures and the study of order-

disorder transitions and chemical reactions. Similarly, heat capacity measurements can be performed, 

although DTA and DSC differ significantly in the ease and precision of such measurements. These two 

methods are ideally suited for quality control, stability, and safety studies. These thermal analysis 

methods can be conducted simultaneously with other measurement methods to provide a greatly 

enhanced ability to understand material behaviour (Lexa, 2002). In cases blends contains starch, ethylene 

alcohol and water interpretation of the TGA results becomes quite difficult and usually important errors 

are committed in the determination of blend composition (Vega, 1996; Tripodi, 2022). Curves DTA and 

DTG we can help to identify exact temperature to process. The aim of the study was to detect 

experimentally rheological characteristics of fruit distillates. We researched five different samples with 

the same alcohol volume focusing on dependency of dynamic viscosity, kinematic viscosity, density, 

and fluidity on temperature. The second part of the research was focused on the interpretation of the 

obtained TGA curves.  

 

MATERIALS AND METHODS 

The measurement was carried out on five samples of distillates – cherry, plum, pear, peach, and apricot. 

The alcohol volume of all examined samples was 52 % at temperature 20 °C. The measurement of 

density was carried out on densimeter Mettler Toledo DM40. The principle of measurement of density 

is based on electromagnetic induced oscillation of U-shaped glass tube. Dynamic viscosity was 

measured on viscometer DV2T fy Brookfield. The principle of measurement is based on measurement 

of torque of spindle rotating in the sample at constant speed. Dynamic viscosity derived from Newton's 

law is characterized by a relationship: 

𝜏 = 𝜂 𝑔𝑟𝑎𝑑 𝑣                      (1) 

where:    𝑔𝑟𝑎𝑑 𝜐 =  
𝑑𝜈

𝑑ℎ
 - the size of velocity gradient (s-1), 

    - shear stress (Pa),  

   η - dynamic viscosity (Pa.s).  

The basic unit of dynamic viscosity is Pa.s., but a thousand times smaller unit mPa.s is usually used 

(Krempaský, 1982). 

The temperature effect on viscosity can be described by an Arrhenius type equation: 

RT

EA

e


 0           (2)   

where:    – dynamic viscosity (Pa.s),  

o – the reference value of dynamic viscosity (Pa.s),  

EA – activation energy (J.mol-1), 

R – gas constant (8,314472 J.K-1.mol-1), 

T – thermodynamic temperature (K).   

 

Many authors (Hlaváč, 2011; Munson et al., 2009) explain, that the temperature dependence of viscosity 

may be explained by cohesive forces between molecules, too. These cohesive forces between molecules 

decrease with increasing temperature and flow becomes freer. As a result, viscosity of liquids decreases 

with increasing temperature. The fluidity of liquids in liquid state can be explained by relatively weak 

forces of mutual activity of molecules and their high movability. The fluidity of various liquids is 

different, and it equals to reciprocal of dynamic viscosity:  




1
   (Pa-1.s−1)         (3) 

Kinematic viscosity can be defined as quotient of dynamic viscosity and density of liquids when 

measured at the same temperature:  




  ,           (4) 

where η is dynamic viscosity in Pa.s and  is density in kg.m-3. The basic unit of kinematic viscosity is 

m2.s-1, but smaller unit mm2.s-1 is also commonly used (Štěpina , Veselý, 1985). 
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The fluidity is ability of matters to flow. Parts of liquid matters can move easily towards one another 

because the particles are not bounded in fixed positions. The measure of fluidity is expressed by 

viscosity. It is defined as reciprocal of dynamic viscosity (3). 

Thermogravimetric Analysis was measured on METTLER TOLEDO. The temperature method of the 

experiment was set according to the needs of samples and conditions of laboratory. The temperature 

was increased from 25 °C to 200 °C at a heating rate of 10 °C.min-1. Isothermal part of experiment was 

not occurred. After achieving the temperature 200 °C the sample was cooled to an operating temperature 

of 25 ° C. TGA was performed in nitroge atmosphere throughout the experiment.  

As carrier gas was used nitrogen (purity 99 %). Gas flow was for both methods 50 ml.min-1. The device 

TGA/DSC1 was employed to measure the changes of mass in the samples and to monitor the 

temperature processes. TGA measurement was realized in Alumina crucible with lids and with diameter 

of 6 mm and length of 4.5 mm. The total volumes of the crucibles were 70 μl and the lids were pierced. 

Simultaneously with the thermogravimetric analysis, DTA measurement was performed. The sample 

was weighed by scales KERN ABT 220-5DM version 1.2 03/2013 (Kern & Sohn GmbH, Balingen, 

Germany). 

RESULTS AND DISCUSSION  

Temperature dependence of dynamic viscosity was measured at temperatures ranging from 20 °C to 80 

°C. The coefficients of regression equations and coefficients of determination are summarised in the 

Table 3. We can observe from Table 3 that dynamic viscosity of samples is decreasing exponentially 

with increasing temperature. It was expected and it corresponds with conclusions of fluid materials 

reported in literature (Vozárová et al., 2015; Hlaváč et al., 2017, 2019, 2021; Trávníček et al., 2013). 

The determination coefficients for all the samples are very high, what confirms strong exponentially 

decreasing dependence, too. The progress can be described by a decreasing exponential function, which 

is in accordance with Arrhenius equation. 

 

Tab. 1 Dependences of dynamic viscosity on 

temperature 

 

Regression 

equation 

Determination 

coefficient R2 

Cherry y = 3,2046e-0,011x 0,9542 

Plum y = 3,1777e-0,011x 0,9556 

Pear y = 3,244e-0,013x 0,9671 

Peach y = 3,5286e-0,015x 0,981 

Apricot 

   y = 3,3763e-

0,013x 0,9637 
 

Tab. 2 Dependences of kinematic viscosity on 

temperature 

 Regression equation 

Determination 

coefficient R2 

Cherry    y = 3,312e-0,01x 0,9442 

Plum    y = 3,3211e-0,01x 0,9459 

Pear    y = 3,381e-0,012x 0,9602 

Peach y = 3,6979e-0,014x 0,9775 

Apricot y = 3,7663e-0,015x 0,909 
 

 

Tab. 3 Dependences of density viscosity on 

temperature 

 

Regression 

equation 

Determination 

coefficient R2 

Cherry 

y = 0,9676e-9E-

04x 0,9909 

Plum 

y = 0,9568e-9E-

04x 0,9921 

Pear 

y = 0,9595e-9E-

04x 0,9919 

Peach 

y = 0,9542e-1E-

03x 0,9949 

Apricot y = 0,9543e-0,001x 0,9826 
 

Tab. 4 Dependences of fluidity on temperature 

 Regression equation 

Determination 

coefficient R2 

Cherry y = 312,05e0,0111x 0,9532 

Plum y = 314,7e0,0113x 0,9681 

Pear y = 308,26e0,0129x 0,9689 

Peach y = 283,4e0,0148x 0,9802 

Apricot y = 278,81e0,0148x 0,9681 
 

 

With the increasing temperature, the density decreased. We found out from the experimental 

measurement that the distillate of cherry has the highest density. It is caused by the fact that 30 - 40% 
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of the total weight of cherry is a stone which causes more oily substances. The lowest density was 

measured from the apricot, where the maximum of weight of the stone is only 10 %. The overall decrease 

of progress in curves is described by exponentially regressive equation. The coefficients of 

determination reached high values in all samples. We can conclude from the measurements that the 

regression equations describe very precisely graphically shown decreasing dependencies. Those results 

confirmed validity of Arrhenius exponential relation. We compared in the graphical dependence of 

density on temperature the coefficients of determination of linear model of regression equation with the 

coefficient of determination of exponential shape of curve. Similar comparison was made by (Kumbár, 

2013) with stating that both measured coefficients reached high value. We can see that there is not a big 

difference between linear and exponential mathematical models – from mathematical point of view. On 

the other hand, from the physical point of view, better interpretation has exponential dependence of 

Arrhenius type.  

Temperature dependencies of samples of dynamic viscosity had an  exponential  decreasing  shape,  

which  is  in  accordance with Arrhenius equation. Kinematic viscosity of samples is decreasing with 

increasing temperature. When heating the compared samples, their fluidity increases. 

Thermogravimetric (TG) curve, as a function of respective boiling temperature, where are quite like 

those obtained by TG curve of alcohol, performed in alumina pan with pinhole lids. All the samples 

were put into the similar mass from 93,70 mg to 115,60 mg. Fig. 1 shows the TGA results for at 200 °C 

with different composition (apricot, plum, peach, cherry and pear). 

 

 
 

Fig.1 Thermogravimetric curves of distillate by heating rate 10 °C.min-1, where blue colour is apricot, 

violet is plum, red is pear, black is cherry and green colour is pear distillate. 

 

Curves are normalized and they show evident most decrease of mass by apricot and least by peach. All 

samples terminate yourself decreases around 150 °C. Basic information about decreases of samples are 

indicated in Tab. 1. 

 

Tab. 1 Temperatures and final mass determined from analysis TG curves 

 Onset (°C) Residue (%) Inflect. Pt. (°C) Onset (°C) Residue (%) Inflect. Pt. (°C) 

apricot 56.7 74.03 75.34 88.35 70.08 91.58 

plum - - - 85.76 91.94 102.71 

peach 42.76 97.72 59.09 84.3 73.08 102.46 

cherry 37.58 91.1 51.8 88 57.92 104.3 

pear 43.12 87.06 55.61 92.72 61.87 103.04 
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TGA results show that the alcohol undergoes thermal degradation beginning around 40 °C (onset 

temperature), the greatest rate of change on the curve which is also known as inflection point at 102 °C 

and the total mass loss of 42,08 %. The residue remaining was from 57,92 % to 91,94 % at 140 °C to 

150 °C. Shift of the TG curves responsible volatile melt, it is the liquid sample evaporate. All processes 

in this temperature range are covered by evaporation binary solution of water and ethanol. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 DTG (left) and DTA (right) curves of distillate by heating rate 10 °C.min-1, where blue colour 

is apricot, violet is plum, red is pear, black is cherry and green colour is pear distillate. 

 

To further characterize this process of samples was can the peak calculation of the 1st derivative of the 

mass loss curve. There is represented by DTG curves in the Fig. 2. Distinct peaks are in three samples 

at to temperature 55 °C (endset). Table 2 contains summary information about the individual peaks of 

the DTG curves. DTG curves can be divide into two parts, the first part being up to temperature 80°C 

and second part starting from this temperature to ending process. Peaks from first part are observable in 

peach, cherry and pear. It can be explained by the higher alcohol content without reaction with water 

and another components of distillate. 
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Tab. 2 Temperatures determined from analysis DTG curves 

 Onset (°C) Peak (°C) Endset (°C) Onset (°C) Peak (°C) Endset (°C) 

apricot - - - 63.38 103.89 120.1 

plum - - - 89.75 102.13 118.04 

peach 35.33 59.21 66.24 74.53 101.79 111.72 

cherry 31.08 50.47 62.78 86.41 103.45 121.49 

pear 42.2 54.03 60.43 84.4 102.72 117.23 

 

Main change of mass is large area of reference temperature from 80 °C to 150 °C. In peach and cherry 

is visible three tip at DTG curve. Two peaks are showed at temperatures (110-140) °C. One peak is 

observed in the plum with protracted left side peak and ending the process is determine by 149 °C. DTG 

curve of apricot include to the main area four peak of mass change. Peak in the main change of mass 

loss were match to the temperature of boil acetates. DTA curves measured concurrently with TGA as 

change of the heat flow determine strongly endothermic process in two curves part. One endothermic 

peak is visibly in firstly part of DTA curve to 80 °C in pear and peach distillate. Then follows 

endothermic case volatile other components of samples as aldehydes, acetates, terpenes and aromatic 

ingredients. 

 

CONCLUSION 
We can observe from all samples that the viscosity and density are decreasing with increasing 

temperature. The density and the dynamic viscosity demonstrated high temperature dependence. While 

distilling stone fruits, more oily substances (essential oils) are distilled and those have influence on 

measurement of rheological characteristics. Difference is minimal what is very suitable from the point 

of view of quality of distillates. The research will continue to identify tolerance limits for each distillate 

and based on that finding out, it will be possible to determine alcohol strength for individual produced 

distillate. Thermal analysis are respectable methods for analysis foods samples and alcohol. Good 

precondition is investigated basic composition of the samples by precisely treatment of methodology. 

Likeness DTA and DTG they confirm this claim. The Present peaks by temperature to 80 °C be 

permitted forecast change of the rheological properties (Leonardo, 2020; Tripodi, 2022) based on 

azeotropic blend water and alcohol. 
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Abstract 

Excessive exposure to wood dust can cause serious health problems. The aim of this study was to inves-

tigate the influence of the cutter shape and wood species on airborne wood dust concentration during 

chainsaw cross-cutting operations. Inhalable and respirable wood dust mass concentrations were meas-

ured using a real-time aerosol monitor DustTrak DRX. Statistical analysis was based on the Scheirer-

Ray-Hare test. The results of this study indicate that both examined factors have a significant influence 

on respirable fraction of the wood dust mass concentration.  

 

Key words: wood dust; chainsaw; mass concentration; measurement. 

 

INTRODUCTION 

Chainsaw is power-driven tool designed to cut wood with a saw-chain and consisting of an integrated 

compact unit of handles, power source, guide bar and saw-chain (ISO, 2017). Chainsaw is a source of 

many significant hazards (e.g. mechanical, thermal, noise, vibration, physical load, exhaust fumes, air-

borne wood dust). International standards ISO 11681-1 (2022) and ISO 11681-2 (2022) specify the 

safety requirements and/or measures to eliminate the hazards or reduce risks for chainsaws. A significant 

body of research exists regarding the exposure of chainsaw operators to noise (e.g. Neri et al., 2018; 

Rukat et al., 2020; Huber et al., 2021), vibration (e.g. Kováč et al., 2018; Landekič et al., 2020; Iftime 

et al., 2022), and physical load (e.g. Cheţa et al., 2018; Arman et al., 2021; Grzywiński et al., 2022). 

Several studies have been performed to determine carbon monoxide (Lesczyński, 2014; Hooper, Parker 

& Todoroki, 2017) and exhaust fumes (Neri et al., 2016) concentration within the breathing zone of 

chainsaw operators and explore simultaneous exposure to exhaust fumes and noise (Schwarz et al., 

2019).  

However, very few published studies have addressed the exposure of chainsaw operators to airborne 

wood dust. Horvat et al. (2005) carried out comparison between measured mass concentration of res-

pirable particles and total dust for sample pairs collected in felling dead standing fir-trees and maximum 

permissible concentrations for fir-wood. In another study, Horvat et al. (2007) reported significant dif-

ference between mass concentrations of oak wood respirable particles in winter during the final cut and 

on thinning in summer, while the difference between mass concentrations of total dust was not so ap-

parent. Marchi et al. (2017) found that exposure to wood dust varied widely with different silvicultural 

treatments, while no significant difference were found for different type of chainsaw fuel. The study 

(Marenče, Mihelič & Poje, 2017) demonstrated that cutting chain selection and proper chain preparation 

are crucial for achieving high productivity and reducing health risk. Dimou et al. (2020) showed that the 

concentration of inhalable dust is in inverse proportion to the increase in breast height diameter, imply-

ing that larger trees generated lower dust amounts.  

Factors thought to be influencing the exposure of chainsaw operators to airborne wood dust have been 

explored only in several studies. Together, these studies outline that exposure of chainsaw operators to 

airborne wood dust was usually lower than current occupational exposure limits. Nevertheless, several 

authors highlight that occupational exposure limits are based on epidemiological studies from furniture 

industry and so it does not reflect the special conditions prevailing in the outdoor workplaces. 

To the best of our knowledge, no previous studies have been undertaken to investigate influence of saw 

chain type and wood density on wood dust emission from chainsaw. The aim of this study is to explore 

the effect of the cutter shape and wood species on airborne wood dust concentration during chainsaw 

cross-cutting operations.  
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MATERIALS AND METHODS 

The experiment was designed as two-factor full factorial experiment involving two levels of cutter shape 

and two levels of wood species. Each treatment was replicated five times so that the total number of 

runs was 20. The layout of experimental setup is shown in Fig. 1. In order to investigate the influence 

of aforementioned factors on the dust emission formation, cross-cutting experiments were carried using 

factory-fresh cordless chainsaw (MSA 220 C, Andreas Stihl AG & Co. KG, Weiblingen, Germany) with 

lithium-ion battery (Stihl AP 300 S). Battery was charged by hi-speed charger (Stihl AL 500). The 

chainsaw was equipped with a 35 cm length guide bar (Stihl Rollomatic E) as specified by machine 

manufacturer. A single individual, experienced in the use of the chainsaw, performed cross-cutting op-

erations.  

The saw chains under study were full chisel chain (Stihl Picco Super 3) and semi-chisel chain (Stihl 

Picco Micro 3). To avoid any effects on dust measurements due to the condition of the saw chain, only 

a chains originally sharpened by manufacturer were used for each test cycle. The saw chains were lu-

bricated with chain oil (Stihl BioPlus) and tensioned according to manufacturer's recommendations.  

 

 
 

Fig. 1 Layout of experimental setup: 1- sampler, 2 - specimen, 3 - sawhorse, 4 - monitor, 5 - chainsaw  

 

The tree species under the study were beech (Fagus sylvatica L.) and spruce (Picea Abies (L.) H. Karst). 

Test specimens in the form of planks of 500 mm × 250 mm × 50 mm in dimension were conditioned to 

a final moisture content of 12% before experimentation. The sawhorse with chainsaw holder (Magg 

120009, PHT a.s., Praque, Czech Republic) was used for clamping the test specimens. 

Inhalable and respirable wood dust mass concentrations were measured using a desktop aerosol monitor 

(DustTrak 8533 DRX, TSI Inc., Shoreview, MN, USA). Real-time monitor measured and recorded 

wood dust mass concentration every second. Before each sampling event, the zero offset calibration was 

performed with HEPA filter, as recommended by the manufacturer. Plastic IOM sampler (IOM Multi-

dust sampler, SKC Inc., Eighty-four, PA, USA) was connected to monitor inlet using conductive tubing. 

Fixed-point sampling was employing, the sampler was positioned at breathing zone of operator. Each 

sampling event lasted 5 minutes. 

The temperature and relative ambient humidity was monitored using microclimatic conditions monitor 

(Testo 480, Testo SE & Co., Titisee-Neustadt, Germany). All tests were conducted at ambient temper-

ature of 20 °C ± 1°C and at relative ambient humidity of 36 % ± 1 %. 

In this study, data normality was tested by Shapiro-Wilk test. The Scheirer-Ray-Hare test was used to 

assess effects of cutter shape and wood species on airborne wood dust mass concentration. All statistical 

analyses were performed using a Microsoft Excel freeware add-on Real Statistics.  
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RESULTS AND DISCUSSION 
Fig. 2 shows an example of the temporal variations in aerosol monitor response with time for generated 

beech dust during cross-cutting.  

 

 
 

Fig. 2 Temporal variations in aerosol monitor response during cross-cutting of beech wood with semi-

chisel cutter 

 

Influence of the cutter shape and type of wood on the mass concentration of airborne dust particles 

emitted by chainsaw is shown in Fig. 3 and Tab.1  

 

 
 

Fig. 3 Effect of cutter shape (PS - full chisel, PM - semi-chisel) and wood species on the mass concen-

tration (arithmetic mean ± standard deviation, n=5): A – respirable fraction, B – inhalable fraction 

 

In a case of respirable fraction, the highest average mass concentration of 1.14 mg.m-3 was realized 

using treatment beech wood and semi-chisel profile of cutter. On the other side, the minimum average 

mass concentration of 0.42 mg.m-3 was measured using treatment full chisel profile of cutter and spruce 

wood. 

In a case of inhalable fraction, the highest average mass concentration of 1.92 mg.m-3 was realized using 

treatment beech wood and semi-chisel profile of cutter. On the other side, the minimum average mass 

concentration of 0.83 mg.m-3 was measured using treatment full chisel profile of cutter and spruce wood. 
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Tab. 1 Summary of the Scheirer-Ray-Hare test results. The test was performed to detect the effect of 

factors Wood species and Cutter shape on wood dust mass concentrations. Meaning of statistical varia-

bles: H refers to the value of the Scheirer-Ray-Hare test; P < 0.05 represents significant differences, 

while P > 0.05 represents no significant differences. 

Variable Factor H statistics P-value Sign. 

Respirable 

fraction 

Wood species 7.405 0.006 Yes 

Cutter shape 4.805 0.028 Yes 

Wood species x Cutter shape 0.205 0.650 No 

Inhalable  

fraction 

Wood species 8.691 0.003 Yes 

Cutter shape 1.462 0.226 No 

Wood species x Cutter shape 0.205 0.650 No 

 

Currently there is no specific standardized procedure for measurement the dust concentration produced 

by chainsaw. Real-time inhalable and respirable dust measurements in breathing zone of chainsaw's 

operator were used to investigate the influence of the cutter shape and wood species on airborne wood 

dust concentration during chainsaw cross-cutting operations. 

Comparing results of airborne wood dust concentration evaluation from different experimental setups 

and field measurements reported in literature is very difficult. However, results of this study are con-

sistent with results reported by several authors (Horvat et al., 2005; Horvat et al., 2007; Marchi et al., 

2017; Dimou et al., 2020) in that hardwoods (angiosperms) generated higher dust concentrations than 

softwoods (coniferous).   

Several limitations to this study need to be considered. We did not determine size and photometric cal-

ibration factors for the aerosol monitor. The DustTrak DRX monitor is factory calibrated to the respira-

ble fraction of standard ISO 1210-1, A1 test dust. We assumed that the optical properties of beech and 

spruce wood aerosols are not diametrically different. Intention of this study was to investigate if there 

is any difference between different settings rather than to determine real occupational exposure to air-

borne wood dust. For this reason, it was sufficient to know relative mass concentration values. Thus we 

performed only zero calibration procedure for compensation of zero drift. Reported values of inhalable 

wood dust are underestimated due to limitation  in the size range of DustTrak DRX. Feed force exerted 

during cross-cutting may have an effect on mass concentration and size distribution of emitted airborne 

wood dust. Design of the study did not allow to control the feed force. However, all the cross-cutting 

trials were performed by the same person using the least possible feed force to make experiments in a 

repeatable way. A minor limitation of this study can be considered in connection with use of safety 

enclosure. Safety enclosure as a part of sawhorse reduced amount of airborne dust wood which has been 

emitted to breathing zone of operator.   

 

CONCLUSIONS 
This paper investigated the formation of airborne wood dust emissions depending on cutter shape a 

wood species. Based on experimental results, the following findings are concluded for the specific case: 

 In a case of respirable fraction, both the cutter shape and wood species significantly influence 

airborne wood dust mass concentration. For semi-chisel shaped cutter it was observed higher 

values of airborne wood dust mass concentrations than for cutting using full chisel chain. For 

cross-cutting of beech wood it was observed higher values of airborne wood dust mass concen-

trations than for spruce wood. 

 In a case of inhalable fraction, only a type of wood significantly influences airborne wood dust 

mass concentration. Similarly, for cross-cutting of beech wood it was observed higher values of 

airborne wood dust mass concentrations than for spruce wood. 

In order to extend this approach in future research, different wood species and cutter shapes should be 

considered. Based on further experiments with these different settings, the impact of the settings on the 

generation of airborne wood dust emissions can be verified and described more generally. 
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Abstract 

This study examined infrared and hot air oven drying methods for fresh apple slices under different 

drying temperatures from 40 oC to 80 oC with 10 oC intervals for approximately 10 hrs drying time.  

The drying curves of the sample weight and moisture content versus drying time were presented.  

The main calculated parameters were the total colour change, chroma, colour index, whiteness index, 

browning index, hue angle, rehydration capacity, shrinkage (%), bulk density (g/mL), area (mm2) and 

volume (mL). The correlation analysis showed that for both drying methods all the calculated 

parameters did not significantly (P > 0.05) correlate with the drying temperatures except total colour 

change, colour index and whiteness index which significantly (P < 0.05) correlated linearly with the 

drying temperatures. The significant correlation values were between -0.887 and 0.980. It was observed 

that the infrared drying showed a higher total colour change than the hot air oven drying. Future studies 

will consider in detail the combined drying methods, mathematical modelling of the drying curves and 

optimization of the operating parameters for different varieties of fresh apples and other fresh products 

to ensure better control of the drying operations and quality improvement of the final product for 

consumption and storage.  

 

Key words: apple slices; drying behaviour; shrinkage, rehydration capacity, colour analysis. 

 

INTRODUCTION 

Drying has been one of the commonly used methods to preserve foods such as fruits and vegetables for 

human consumption (Aral & Bese, 2016). It is done to remove moisture through evaporating and  

sublimation processes including heat and mass transfer mechanisms (Jafari, Movagharnejad & Sadeghi 

2020). Fruits and vegetables are dried to inhibit microbial, enzymatic and quality decay (Aral & Bese, 

2016). Several authors namely but not limited to the following have studied the drying characteristics 

of fruits and vegetables using different drying methods (Aidani, 2016; Karaaslan, Ekinci & Akbolat, 

2017; Bozkir et al., 2019; Jafari, Movagharnejad & Sadeghi 2020). For instance, Aidani, (2016) studied 

hayward kiwifruits by combined infrared-vacuum whereas Jafari, Movagharnejad & Sadeghi (2020) 

examined the effect of thickness of samples, air velocity and infrared power on the drying kinetics and 

quality attributes of blanched slices during infrared drying. Particularly, apples are cultivated in many 

countries of the world and can be eaten in various forms as fresh, dried, juice, jam or marmalade  

(EL-Mesery, Kamel & Emara, 2021). They provide vast health and nutritional benefits to humans like 

anti-inflammatory effects and chronic disease prevention (Khudyakov, Sosnin, Shorstkii & Okpala, 

2022). In the literature, considerable studies have been performed and more are being conducted to 

determine the optimum drying methods, processing factors, energy consumption, physical and chemical 

quality characteristics of dried apple slices for their storage and reuse (EL-Mesery, Kamel & Emara, 

2021; Joardder & Karim, 2022; Khudyakov, Sosnin, Shorstkii & Okpala, 2022). Most importantly,  

consumers prefer dried products according to their physical qualities such as colour, shape, aroma and 

appearance (Cetin, Saglam and Demir, 2019). The present study aimed at evaluating the colour  

attributes, moisture content (g/g dry basis), rehydration capacity, shrinkage (%), bulk density (g/mL), 

area and volume of dried apple slices under infrared and hot air oven drying methods under different 

drying temperatures. 

MATERIALS AND METHODS 

Sample and drying methods 

Fresh whole red delicious apples (Fig. 1 a) were purchased from a supermarket in Prague, Czech  

Republic. The samples were kept in a refrigerator at 5 oC. Before the experiments, the samples were 
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removed and allowed to cool to a laboratory temperature of 24.26±0.50 oC and humidity of 41.6±2.42%. 

A slicer was used to cut the fresh apples into a cylindrical size of 10 mm. The dimensions (diameter and 

thickness) of the fresh and dried apple sliced samples were accurately measured using a digital calliper 

with an accuracy of 0.01 mm. The mass of the fresh and dried apple sliced samples was measured using 

a digital balance with an accuracy of 0.01. Infrared and hot air oven methods were used to dry the freshly 

sliced apple samples (Fig. 1 b, c and d) at different drying temperatures from 40 oC to 80 oC with 10 oC 

intervals.  

 

Colour analysis 

The colour values of the fresh and dried apple slices at the different drying temperatures were measured 

using the RGB colour analyzer (RGB-2000 Voltcraft). The RGB (Red, Green and Blue) values were 

converted to Lab values using an online converter. The total colour change (ΔE), chroma (ΔC), colour 

index (CI), browning index (BI) and hue angle (Hueᵒ) of the fresh and dried sliced apples under different 

drying temperatures for both infrared and hot air oven methods were calculated using equations (1) to 

(10) according to Aral & Bese, (2016); Bozkir & Ergun (2020); Jafari, Movagharnejad & Sadeghi 

(2020). 

Δ𝐸 = √(𝐿𝑂
∗ − 𝐿∗)2 + (𝑎𝑂

∗ − 𝑎∗)2 + (𝑏𝑂
∗ − 𝑏∗)2      (1) 

Δ𝐶 = √(𝑎𝑂
∗ − 𝑎∗)2 + (𝑏𝑂

∗ − 𝑏∗)2        (2) 

𝐶𝐼 =
1000∙𝑎∗

𝐿∗∙𝑏∗           (3) 

𝑊𝐼 = 100 − √(100 − 𝐿∗)2 + 𝑎∗ + 𝑏∗       (4)  

𝐵𝐼 =
[100(𝑥 − 0.31)]

0.17
         (5) 

𝑥 =
(𝑎∗+1.75∙𝐿∗)

(5.645∙𝐿∗+𝑎∗−3.012∙𝑏∗)
        (6) 

𝐻𝑢𝑒° = 𝑡𝑎𝑛−1 (
𝑏∗

𝑎∗)          (7) 

(when 𝑎∗ > 0 and 𝑏∗ ≥ 0; 0° < 𝐻𝑢𝑒 < 90°)    

𝐻𝑢𝑒° = 180 + 𝑡𝑎𝑛−1 (
𝑏∗

𝑎∗)         (8) 

(when 𝑎∗ < 0 and 𝑏∗ ≥ 0; 90° < 𝐻𝑢𝑒 < 180°)  

𝐻𝑢𝑒° = 180 + 𝑡𝑎𝑛−1 (
𝑏∗

𝑎∗)         (9) 

(when 𝑎∗ < 0 and 𝑏∗ < 0; 180° < 𝐻𝑢𝑒 < 270°)  

𝐻𝑢𝑒° = 360 + 𝑡𝑎𝑛−1 (
𝑏∗

𝑎∗)         (10) 

(If 𝑎∗ > 0 and 𝑏∗ < 0; 270° < 𝐻𝑢𝑒 < 360°)  

where 𝐿𝑂
∗ , 𝑎𝑂

∗  and 𝑏𝑂
∗  represent the fresh samples whereas 𝐿∗, 𝑎∗ and 𝑏∗ represent the dried samples. 

According to Aral & Bese, 2016; Bagheri & Dinani, 2019; and Jafari, Movagharnejad & Sadeghi 2020, 

the 𝐿∗ colour parameter is in 0 (blackness) to 100 (whiteness) range. The 𝑎∗ parameter is from −𝑎∗ 

(greenness) to + 𝑎∗ (redness) and the 𝑏∗ parameter is in −𝑏∗ (blueness) to + 𝑏∗ (yellowness). The chroma 

(C) indicates the colour’s saturation or purity.  

 
Fig. 1 Two fresh samples of whole apples (a), fresh apple slice (b), infrared dried apple slice (c) and 

hot air oven dried apple slice (d) at 80 oC drying temperature. 
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Moisture content  

The moisture content 𝑀𝐶 (d.b.) of the sample during the drying process was calculated using equation 

(11). 

𝑀𝐶 = (
𝑊𝐹𝑆−𝑊𝐷𝑆

𝑊𝐷𝑆
)          (11)

where 𝑊𝐹𝑆 is the initial weight of the freshly sliced sample (g) and 𝑊𝐷𝑆 is the weight of the dried sliced 

sample (g). 

 

Rehydration capacity  

The rehydration capacity RC (-) was carried out according to the procedure reported by Cui, Li, Song & 

Song, (2008) cited in Bozkir & Ergun, (2020). Following the procedure, the weighted dehydrated 

samples were dipped into a beaker of hot water at 80 oC for 15 min. The rehydrated samples were filtered 

over a screen for 2 min and slightly blotted with an absorbent paper thrice and then weighted again.  

The RC of the dried samples was calculated using equation (12). 

𝑅𝐶 =  (
𝑊𝑅𝑆

𝑊𝐷𝑆
)          (12)

where 𝑊𝑅𝑆 is the weight of the rehydrated sample (g) and 𝑊𝐷𝑆 is the weight of the dried sample (g). 

 

Shrinkage  

In a drying process, the shrinkage 𝑆𝐾 (%) refers to the volume reduction or the change in selected  

dimensions due to the moisture removal from the sample structure (Bozkir & Ergun, 2020).  

The shrinkage of the samples was calculated using equations (13) to (15) according to Majdi, Esfahani  

& Mohebbi, (2019). 

𝑆𝐾 =  (
𝑉𝑂−𝑉𝑓

𝑉𝑂
) × 100         (13)

where 𝑉𝑂 is the initial volume of the fresh sample (mL) and 𝑉𝑓 is the final volume of the dried sample 

(mL). 

𝑉𝑂 =  𝜋 (
𝐷𝑂

2
)

2
∙ 𝑡𝑂         (14) 

𝑉𝑓 =  𝜋 (
𝐷𝑓

2
)

2
∙ 𝑡𝑓         (15)

where 𝐷𝑂, 𝑡𝑂, 𝐷𝑓 and 𝑡𝑓 are the initial and final diameter (mm) and thickness (mm) of the sample.  

 

Bulk density  

The bulk density (g/mL) of the dried samples was calculated using equation (16) according to  

Goula & Adamopouls, (2005) cited in Bozkir & Ergun, (2020). 

𝜌𝑏𝑢𝑙𝑘 = (
𝑚

𝑉
)          (16) 

where 𝑚 is the weight of the dried sample (g) and 𝑉 is the volume of the dried sample (mL). 

 

Surface area  

The surface area A (mm2) of the fresh and dried sliced samples was calculated using equation (17) 

according to Cetin, Saglam and Demir, (2019). 

𝐴 = 2𝜋𝑟(𝑟 + ℎ)         (17) 

where 𝑟 is the radius (mm) and ℎ is the thickness (mm) of the fresh and dried samples. 

 

Statistical analysis 

The data were subjected to a correlation analysis at a 5% significance level using Statistica 13 software 

(Statsoft, 2013).  

 

RESULTS AND DISCUSSION  

The measured and calculated colour parameters of the fresh and dried sliced apple samples using the 

infrared (IR) and hot air oven (OV) drying methods are given in Tabs. 1 and 2. It can be seen in Tabs. 1 

and 2 that the 𝐿𝑂
∗ , 𝑎𝑂

∗  and 𝑏𝑂
∗  as well as 𝐿∗, 𝑎∗ and 𝑏∗ values of the fresh and dried apple sliced samples 

increased and decreased along with the drying temperatures from 40 to 80 oC for both IR and OV. 

Mostly, lower values were observed at 80 oC for IR compared to OV which showed higher values. 
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According to Jafari, Movagharnejad & Sadeghi (2020), colour is one of the major quality attributes that 

specifies the quality of the final product and influences consumer preference. The authors further stated 

that when samples of fruits and vegetables are subjected to heat treatments then non-enzymatic browning 

and pigment destructions can cause colour changes. In this present study, the total colour change (ΔE), 

chroma (ΔC), colour index (CI), whiteness index (WI) and browning index (BI) showed both increasing 

and decreasing values with the drying temperatures for IR and OV drying methods. The IR method 

indicated lower values among the colour indicators compared to OV. The results were similar to those 

reported by Bozkir & Ergun (2020) on persimmon cubes by ultrasound and osmotic dehydration 

pretreatments on the hot air drying. The correlation results (not included here) revealed that only the 

total colour change (Δ𝐸) and whiteness index (𝑊𝐼) were significantly affected (p < 0.05) by the drying 

temperatures for IR. This means that whereas the total colour change increased along with the drying 

temperatures, the whiteness index decreased. Regarding the OV, the total colour change and colour 

index (𝐶𝐼) increased significantly (p < 0.05) with drying temperatures. The other calculated parameters 

as presented in Tabs. 1 and 2 for both IR and OV were not significantly affected (p > 0.05). Considering 

the rehydration capacity, it  used as a measure of the physical and chemical changes that occur in the 

product during the drying process (Aral & Bese, 2016). Lower values were observed at a lower 

temperature of 40 oC compared to higher temperatures from 50 to 80 oC which recorded higher values. 

Similar results were reported by Aral & Bese (2016). Finally, the obtained drying curves are described 

in Figs. 2a–2d. At all drying temperatures, higher moisture removal was observed for IR compared to 

the OV. For both IR and OV drying methods, the drying time of about 10 hrs was not enough to dry the 

sliced apple sample at 40 oC to reach equilibrium sample weight or moisture content. The equilibrium 

moisture content was reached for the drying temperatures from 50 oC to 80 oC (Figs. 2c and d). During 

the drying time of about 10 hr for all drying temperatures, the moisture content values were below  

6 (d.b.). Joardder and Karim (2022) reported similar results for apple samples during convective/hot air 

drying. 

 

Tab. 1 Determined parameters of sliced apple samples dried at different temperatures using IR. 

Calculated 

parameters 

Drying temperatures 

40 oC 50 oC 60 oC 70 oC 80 oC 

𝐿𝑂
∗  44.204 40.140 40.954 45.642 41.149 

𝐿∗ 27.284 19.873 9.211 15.945 2.264 

𝑎𝑂
∗  12.759 5.600 5.302 5.734 5.562 

𝑎∗ 6.199 8.329 7.044 11.956 0.374 

𝑏𝑂
∗  36.358 28.286 27.004 28.451 26.599 

𝑏∗ 23.495 17.994 9.621 20.155 0.523 

Δ𝐸 22.244 22.894 36.233 31.456 47.105 

Δ𝐶 14.439 10.648 17.470 10.370 26.587 

𝐶𝐼 9.670 23.292 79.486 37.203 315.859 

𝑊𝐼 27.080 19.709 9.119 15.754 2.259 

𝐵𝐼 172.402 200.023 270.897 385.938 37.924 

𝐻𝑢𝑒° 75.219 65.162 53.790 59.323 54.431 

𝑅𝐶 1.542 1.798 1.676 1.772 1.616 

𝑆𝐾 49.573 49.092 44.906 54.054 37.927 

𝜌𝑏𝑢𝑙𝑘 

𝐴𝑂 

𝐴𝑓 

𝑉𝑂 

𝑉𝑓 

0.385 

6833.919 

4168.762 

21.697 

10.941 

0.241 

8600.695 

5951.719 

28.337 

14.426 

0.273 

7484.533 

5288.874 

23.961 

13.201 

0.265 

9522.559 

8957.831 

32.135 

14.765 

0.192 

8347.251 

8086.137 

26.496 

16.447 
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Tab. 2 Determined parameters of sliced apple samples dried at different temperatures using OV. 

Calculated 

parameters 

Drying temperatures 

40 oC 50 oC 60 oC 70 oC 80 oC 

𝐿𝑂
∗  28.069 46.154 47.114 42.822 48.728 

𝐿∗ 24.783 34.947 24.826 16.975 19.482 

𝑎𝑂
∗  10.112 6.601 4.661 8.031 6.391 

𝑎∗ 2.651 9.154 7.41 4.519 6.596 

𝑏𝑂
∗  22.815 30.731 28.325 29.146 30.222 

𝑏∗ 20.792 27.694 21.492 24.656 17.365 

Δ𝐸 8.399 11.889 23.473 26.468 31.948 

Δ𝐶 7.730 3.968 7.364 5.700 12.859 

𝐶𝐼 5.145 9.458 13.888 10.797 19.497 

𝑊𝐼 24.627 34.664 24.634 16.799 19.333 

𝐵𝐼 156.354 153.861 178.857 589.628 190.069 

𝐻𝑢𝑒° 82.734 71.709 70.977 79.614 69.201 

𝑅𝐶 1.488 1.577 1.851 2.034 1.505 

𝑆𝐾 52.707 57.469 50.966 55.783 53.927 

𝜌𝑏𝑢𝑙𝑘 

𝐴𝑂 

𝐴𝑓 

𝑉𝑂 

𝑉𝑓 

0.434 

7260.708 

4626.538 

21.847 

10.332 

0.468 

8429.142 

5764.578 

25.756 

10.955 

0.344 

7538.837 

6135.093 

24.642 

12.083 

0.331 

9265.871 

8549.494 

30.501 

13.487 

0.344 

7559.233 

7039.443 

24.466 

11.271 

 

 

 

IR: Infrared drying; OV: Hot air oven drying; 𝐿𝑂
∗ , 𝑎𝑂

∗  and 𝑏𝑂
∗  represent fresh samples and 𝐿∗, 𝑎∗ and 𝑏∗ 

represent dried samples as lightness, greenness/redness and blueness/yellowness; the total colour  

difference (ΔE), chroma (ΔC), colour index (CI), whiteness index (WI), browning index (BI); Hue angle 

(Hueᵒ); rehydration capacity RC (-); shrinkage 𝑆 (%) and bulk density 𝜌𝑏𝑢𝑙𝑘 (g/mL); 𝐴𝑂: initial area of 

the fresh sample (mm2); 𝐴𝑓: final area of the dried sample (mm2); 𝑉𝑂 is the initial volume of the fresh 

sample (mL) and 𝑉𝑓 is the final volume of the dried sample (mL).  

 

 

CONCLUSIONS 

Samples of dried apple slices were studied at different drying temperatures using infrared (IR) and hot 

air oven (OV) drying methods. Changes in high colour values were observed with the IR compared to 

the OV. Shrinkage values for OV were higher than the IR. Higher browning index values were obtained 

for IR compared to OV. Future studies would extend the results of the present study to obtain adequate  

information on the drying methods and their combinations by adopting a three-to-five factor with three 

levels using Box-Behnken design to optimize the quality parameters of dried fruits and/or vegetables.  
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Fig. 2 Sample weight for infrared IR (a) and hot air oven OV (b) and moisture content for IR (c) and 

OV (d) versus drying time for different drying temperatures of a dried apple sliced samples. 
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Abstract 

The aim of the contribution was to assess the importance of the differences in the properties of single- 

and multi-layer coatings applicable to the renovation of elements of biomass processing equipment. The 

article deals with the comparison of the structure, hardness and resistance to abrasive wear in labora-

tory conditions of one- and two-layer hard deposits. Hardfacing powders NP 62, NP 60 WC 20 and 

hardfacing rod RD 571 were used for deposits. Due to the use of flame spraying technology for the first 

two materials, there is no significant mixing of the weld with the substrate in the first layer, therefore 

the differences between one- and two-layer deposits are small (in the order of one percent). We found 

greater differences in the layers when hardfacing the rod with an oxy-acetylene flame (up to 36.04%). 

However, the biggest differences naturally result from the different chemical composition and resulting 

structure of the deposits, while the highest wear resistance values are achieved by deposits with a high 

content of tungsten carbides. 

 

Key words: repair; hardfacing, hardness; abrasive wear resistance. 

 

INTRODUCTION 

Biomass processing equipment is made mainly of common structural steels. The most exposed parts can 

be made of more resistant materials, e.g. stainless steels. In operation, due to combined biological, chem-

ical-physical processes and mechanical effects, degradation occurs, which can lead to a reduction or loss 

of function. In some cases, it can also results in damages with effects on the environment and employees. 

Early detection using appropriate diagnostic methods (e.g. ultrasound measurement of the thickness of 

the vessels) makes it possible to carry out a repair by replacing the worn material with a new layer, for 

example by welding. Locally or even on a larger area, it is possible to apply a material with selected 

properties that better withstands the load. 

The resulting chemical composition, mechanical properties and resistance of the weld deposit depend 

on the material used, the welding technology and the degree of mixing of the hardfacing material with 

the substrate, if it is a single-layer weld. In other layers, the composition of the deposit is close to de-

signed, but its thickness increases, which can be limiting and costly (Votava, 2014; Kalincová et al., 

2018). 

The smallest mixing can be achieved by flame spraying, because here we can create a diffusion joint 

using the proper technological procedure. Welding using an electric arc leads to partial mixing of the 

welding material and the base material (Ťavodová et al., 2018). 

Müller et al. (2018) in their experiment point to significant mixing of the substrate and hardfacing ma-

terial of the hard deposit created by the welding rod. They state that the generally recognized fact that 

the higher hardness of the material also guarantees its higher resistance to wear was not demonstrably 

proven in the tests. 

Jankura (2013) measured the hardness in laboratory tests, observed the relative wear resistance and 

analysed the microstructure of one-layer, two-layer and three-layer hardfacing deposits. He observed 

the behaviour of two additional deposits, obtained by hardfacing with welding rods E-B 508 and E-B 

518. From the results, he expressed the conclusions that the optimal properties of hardness and wear of 

hardfacing deposits are achieved in the third layer only and it is necessary to apply the welding with 

parameters resulting in minimal melting of the substrate material. 

The results from the authors Zdravecká (2014), Kotus & Čičo (2005), Votava et al. (2020), also indicate 

that high hardness does not automatically guarantee better wear resistance. 
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In this contribution, we will focus on the comparison of the chemical composition, relative wear re-

sistance, hardness and microstructure of one- (single) layer and two- (double) layer deposits of 3 selected 

hardfacing materials. 

MATERIALS AND METHODS 

Individual single-layer and double-layer hardfacing deposits were applied to steel grade C45 substrate 

(samples size 150x45x10 mm) with a minimum deposit thickness of 2-4 mm. 

For laboratory verification of resistance to wear, two metal hardfacing powders NP 62 and NP 60 WC 

20 and filled rod RD 571 were selected. 

 

Tab. 1 Typical chemical composition (wt.%) and hardness (HRC) of used hardfacing materials 

Material C Si B Fe Cr WC Ni W2C Hardness 

NP 62 0.9 5.5 4.0 5.0 20.0 - rest - 58-65 

NP 60 WC 20 0.6 5.0 3.9 5.0 20.0 20.0 rest - 75-82 

RD 571 0.1 0.8 0.3 - 5.0 - 15.0 60.0 min. 65 

 

Metal powders are highly alloyed with silicon, boron and chromium and have a higher carbon content, 

materials NP 60 WC 20 and RD 571 contains a significant proportion of tungsten carbide. 

An NPK-3 torch with a medium neutral flame and a welding speed of 3-4 mm.s-1 was used for the 

application of metal powders. The rod was hardfaced with a medium neutral oxygen-acetylene flame 

with a welding speed of 2-3 mm.s-1. 

After hardfacing, the samples were cut into dimensions of 25x22.5 mm using an abrasive water jet to 

avoid thermal effects during cutting. 

Hardness measurements were realized on a HPO 250 hardness tester using Vickers method, according 

to the STN EN ISO 6507 standard. 

The relative abrasive wear resistance measurement on the sanding cloth was realized on 24 samples, 12 

of them with a single-layer deposit and 12 of them with a two-layer deposit, and each type of deposit 

was on 4 samples. The deposits were made in the fixture on one base of the test cylinder for tribological 

tests, then machined to the standardized geometric shape, size and roughness of 0.4μm. 

The deposits on the faces of the rollers were aligned on a surface grinder to Ra=0.4 μm using sufficient 

cooling so that no heat-affected area was generated on the samples. 

The tribological test was performed on the device for testing the resistance to abrasive wear on the 

sanding cloth according to the ČSN 01 5084 standard. 

The average mass losses were determined and the relative abrasive wear resistance was calculated from 

them using the weight of the samples before and after the test measurement on the PRECISA 205 A 

device with an accuracy of 10-4 g. 

Metallography was done on twelve samples; six of them were single-layered and six were double-lay-

ered. Before the test, the samples were cut to smaller dimensions and inserted into a resin mold, then 

they were polished and etched. Samples created using metal hardfacing powders were etched using a 

solution created from H20, HNO3 and HF in a ratio of 3:2:1. A light microscope AXIO OBSERVER 

was used to monitor the structure of the deposits. On the basis of metallographic analysis, the micro-

structure of welds was evaluated using the standard STN EN ISO 17 639 – Destructive tests of welds of 

metallic materials. Macroscopic and microscopic analysis of welds. 

 

RESULTS AND DISCUSSION  
During the laboratory tests, the hardness, relative abrasive wear resistance and the microstructure of the 

welds were evaluated. 

As mentioned above, knowing the properties of individual deposits allows us to choose the appropriate 

material and technology that will ensure the resistance of the deposits applied on the surface of the part. 

In the laboratory, we therefore further investigated the resistance of one- and two-layer deposits by 

determining the relative resistance of the hardfacing materials. 
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Hardness values for all three hardfacing materials divided for 1-layer and 2-layer deposits are presented 

in Fig. 1.  

The average value of the hardness of the single-layer deposit of NP 62 powder was 1095 HV30, the 

average value of the double-layer deposit was 1105 HV30, which represents a 0.91% increase in hard-

ness. 

The average value of the hardness of the single-layer weld from NP 60 WC 20 was 1176 HV30, the 

double-layer 1143 HV30, which is a decrease in hardness by 2.8%. 

Filled stick for flame hardfacing in single-layer deposit reached an average hardness value of 681 HV30, 

double-layer reached a value of 865 HV30, which is a 27% increase in hardness. 

 

 
Fig. 1 Hardness of single-layer and double-layer deposits 

 

The average mass loss and the relative wear resistance of the deposits are presented in Tab. 2. 

Based on these data, relative abrasive wear resistances for the harfacing deposits are presented in the 

graph in Fig. 2. 

 

Tab. 2 Average mass loss and relative abrasive material resistance 

Material 
Relative mass loss, g Relative abrasive resistance, - 

1 layer 2 layers 1 layer 2 layers 

NP 62 0.9 5.5 4.0 5.0 

NP 60 WC 20 0.6 5.0 3.9 5.0 

RD 371 0.1 0.8 0.3 - 

 

The relative resistance to abrasive wear on the sanding cloth for a single-layer deposit made of NP 62 

was Ψabr = 1.55, and the double-layer one reached the value Ψabr = 1.688, which represents an increase 

of 8.9%. 

The relative resistance to abrasive wear on the sanding cloth for the single-layer deposit of NP 60 WC 

20 reached Ψabr = 4.4, for the double-layer it reached almost the same value Ψabr = 4.38, basically the 

same values. 

The best result in relative resistance was achieved by the filled rod, the value of relative resistance was 

Ψabr = 11.57 for the single-layer deposit, Ψabr = 15.74 for the two-layer deposit, which represents an 

increase of 36.04%. 

Nickel-based hardfacing powders has a limited ability to improve relative abrasive wear resistance, 

while the tungsten carbides appears to be a very effective wear propagation barrier, improving the abra-

sive wear resistance significantly. 
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Fig. 2 Relative abrasive wear resistance of deposits 

 

In the case of the first hardfacing material, single-layer and double-layer deposits have approximately 

the same chemical composition, the hardness of the coatings was also the same, but the relative wear 

resistance of the two-layer coating increased by only 8.9%. The microstructure of a single-layer weld is 

identical to the microstructure of a two-layer weld, see Fig. 3. 

 

  
       a      b 

Fig. 3 Microstructure of single-layer (a) and double-layer (b) deposits of NP 62 

 

For the second hardfacing material NP 60 WC 20, single-layer and double-layer welds have approxi-

mately the same chemical composition, the hardness of the two-layer deposit has slightly decreased, and 

the relative wear resistance of the one- and two-layer deposits has reached the same value. 

 

  
       a            b   

Fig. 4 Microstructure of single-layer (a) and double-layer (b) deposits of NP 60 WC 20 
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In the single-layer deposit of NP 60 WC 20, we can again observe (see Fig. 4) small excluded phases 

together with tungsten carbide particles of size 60-80 μm. The microstructure of the NP 60 WC 20 two-

layer deposit remained the same. In the microstructures, we can observe the uniform distribution of 

tungsten carbides and also the fact that the carbide particles do not have fused edges, which probably 

results in an interruption of the grooving by abrasive grains and increased resistance to wear. 

 

  
        a              b 

Fig. 5 Microstructure of single-layer (a) and double-layer (b) deposits of RD 571 

 

In the case of the third hardfacing material RD 571, it can be seen that the individual single- and double-

layer deposits have almost the same chemical composition.  

Compared to the two previous hardfacing materials, it reached the lowest hardness, but it can be caused 

by the measurement missing the carbide grains. Despite the measured lowest hardness value, the relative 

resistance of one and two-layer deposits was very high. It even increased by 36% for the double-layer 

deposit. 

The microstructure of the single-layer deposit was formed by relatively large unfused tungsten carbide 

grains, which are embedded in the basic dendritic matrix (Fig. 5). Tungsten carbide grains reach a size 

of 200 to 300 μm. 

According to the results of the research of Chotěborský et al. (2009) dedicated to the issue of the size of 

carbide grains for the wear of deposits, it is clear that with the increase in the size of the carbide grains 

stored in the basic matrix of the deposit, the resistance of the material against abrasive wear also in-

creases. 

Individual excluded phases have a small size, the NP 62 powder coating approaches nanostructured 

materials. It has a granular character, while the morphology is formed by austenite, as the nickel content 

is at the level of 65% of the total content of elements. 

Tungsten carbide grains formed in RD 571 deposits are several times larger compared to NP 60 WC 20 

carbide grains. The increased wear resistance was due to the uniform distribution of W2C. These kept 

their size and square shape during the hardfacing process. 

Until now, there is no consensus on the most advantageous type of structure in terms of resistance to 

abrasive wear. Some authors consider the austenitic-carbide structure to be the most advantageous, oth-

ers the martensitic-carbide structure (Chotěborský, 2019; Blaškovič, et al., 1990) 

 

CONCLUSIONS 
The deposit of NP 62 in both single-layer and double-layer form shows approximately the same struc-

ture, which is due to the fact that the hardfacing layer – substrate binding is characterized as a diffusion 

and there is probably no significant mixing. In the second layer, a finer structure of globular formations 

can be seen. 

NP 60 WC 20 the microstructure in single-layer and double-layer deposit remains the same, there is 

practically no mixing of the first and second layers, and no mixing with the base material in the case of 

the first layer, because the hardfacing material is joined by the diffusion. From the results obtained from 

these two materials, it can be concluded that the material NP60 WC20 could be more resistant to wear 

in the same operational conditions. 
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In the case of powder coating materials, it is a diffuse application, there is no large mixing of the coating 

powder with the base material, nor is there a large mixing between the one- and two-layer coating. 

While it is not valid for the third hardfacing material RD 571, from the results obtained from these 

materials, the conclusion can be drawn that the material RD 571 should be the most wear-resistant under 

the same operating conditions. 
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Abstract 

Poppy (Papaver somniferum L.) is oil plant and also an export commodity of the Czech Republic. This 

crop is demanding to grow, especially in terms of agro-ecological conditions of the field and agricul-

tural management. For this reason, remote sensing appears to be a suitable method for monitoring 

whole growth for proper treatment timing. As optical remote sensing has its limitations in the form of 

frequent cloud coverage, synthetic aperture radar images are becoming an alternative source of infor-

mation about the crop state. The results showed that synthetic aperture radar satellite images can be 

helpful in case of time evaluation of poppy growth when optical images are not available. The Radar 

Vegetation Index could explain the yield spatial distribution from 32 % only when the crops were in 

elongation growing stage.   

 

Key words: crop production; satellite images; spectral indices, radar vegetation index. 

 

INTRODUCTION 

Poppy belongs among the special crops grown in the Czech Republic in the area with altitude from 300 

to 700 m above sea level. Poppy cultivation requires special conditions as confirmed by the study of 

Hong et al. (2022). They stated that it is appropriate to focus on choosing a suitable place for growing 

poppies. Areas with strong winds are unsuitable for poppies because the crop may be uprooted. It is also 

not appropriate to grow poppies near forests where moisture is retained. Poppy has a small seed, so it is 

very demanding in the initial phenological stages. It is advisable to properly manage soil moisture and 

adhere to the sowing depth. Poppy is sown up to 2 cm. Like other oilseeds, poppies need little water to 

germinate. Subsequently, however, poppies are demanding moisture from emergence to flowering, the 

highest demands on moisture are 2-3 weeks before flowering. From the flowering stage to the maturity 

stage, the moisture requirements are reduced. Lack of water is a significant negative factor affecting 

poppy yields (Makovnyka, 2020; Maurya et al., 2019). 

Poppy growth in the field is highly heterogeneous, so it requires a considerable amount of data collection 

to develop yield models. This phenomenon has been confirmed by several observations of poppy culti-

vation under controlled conditions (Harvest et al., 2009; Kang & Primack, 1991; Lisson & Lisson, 

2007). However, few studies have used remote sensing to predict the yield (Iqbal et al., 2017; Waine et 

al., 2014). Data collected from field measurements can usually provide reference information on crop 

growth, but spatial coverage is often limited, so it is appropriate to use any of remote sensing methods, 

which can identify spatial variability of key yield indicators on a larger scale. In previous studies, various 

physiological indicators were evaluated to predict yield. Studies confirmed a significant correlation be-

tween Normalized Difference Vegetation Index (NDVI) and the capsule volume in the flower-to-harvest 

phase (Jia et al., 2011; Mahdavi-Damghani et al., 2010).  

This article focused on exploring the potential use of the Sentinel 1 synthetic aperture radar (SAR) sys-

tem to monitor the poppy growth cycle. Radar crop monitoring has several key advantages over ground-

based or optical data measurements. Thanks to the use of wavelengths in the C-band, crop monitoring 

is not affected by clouds and the radar system provides us data for analysis at intervals without outages. 

This radar feature is very useful in poppies because it is important to manage soil moisture properly, 

especially in the early phenological stages (Alonso-González et al., 2020).

As the use of SAR satellite images in crop production still carries many uncertainties that need to be 

explored, the main aim of this study was to determine the usability of the Radar Vegetation Index (RVI) 
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index calculated from SAR satellite images when optical data are not available, for the purposes of 

poppy production management.

 

MATERIALS AND METHODS 

The poppy was grown in 10.7 ha plot near to Kněževes (50° 7'58.65"N, 13°39'41.05"E), in the Czech 

Republic, during the vegetation season 2020 (sowing: March 27th to harvest on August 17th). The agro-

meteorogical data (temperature and precipitation) during the poppy growing season are given in Table 

1. 

 

Tab. 1 Monthly temperatures and precipitation for the study site in growing season 2020 until August 

17th 2020 

Parameters/Months April May June July August 

Temperature (°C) 9.7 11.6 16.9 18.3 19.7 

Precipitation (mm) 18.6 54.8 103.1 41.9 85.8 

                 

The evaluation of the whole vegetation season was carried out using satellite (optical and SAR) remote 

sensing, UAV scanning and crop analysis. The microwave and optical (cloud free) satellite images (Sen-

tinel 1 and 2) were downloaded from Copernicus Open Access Hub. The images were processed in 

SNAP SW to the form of spectral indices. Sentinel 1 images were pre-processed by Radiometric Cali-

bration, Multi-temporal Speckle Filtering and Range-Doppler Terrain correction (Relative Orbit 44), 

finally RVI was calculated. NDVI, Green NDVI (GNDVI), Triangular Greenness Index (TGI), Moisture 

Stress Index (MSI) and Enhanced MSI (EMSI) were calculated from Sentinel 2 images. The satellite 

data were complemented with images taken from drone multispectral camera. The digital elevation 

model (DEM) was derived from the UAV images taken on 21 May 2020. The data of acquisition and 

platforms with sensors used in this study are given in Table 2. Calculated spectral indices are available 

in Table 3.  

 

Tab. 2 Overview of satellite and UAV data 

Platform Sensor Calculated Index Date (2020) 

Satellite 

Sentinel 1 
C-band SAR RVI 

15.5.; 21.5; 27.5.; 2.6.; 8.6.; 

14.6.; 20.6.; 26.6.; 2.7. 

Satellite 

Sentinel 2 
MSI NDVI, GNDVI, MSI, EMSI 18.5.; 2.6.; 12.6.; 

FireFly6 Pro 
Micasense 

RedEdge MX 
NDVI, GNDVI, TGI 21.5.; 15.7. 

UAV – DJI 

Mavic Pro 
RGB TGI 23.6. 

SAR = Synthetic Aperture Radar; MSI sensor = Multispectral Instrument; RVI = Radar Vegetation Index; NDVI 

= Normalized Difference Vegetation Index; GNDVI = Green NDVI, MSI = Moisture Stress Index, EMSI = En-

hanced MSI; TGI = Triangular Greenness Index; UAV = Unmanned Aerial Vehicle, SAR = Synthetic Aperture 

Radar 

 

Tab. 3 Overview of spectral indices used in this study 

Index Equation Reference 

Radar Vegetation Index RVI = (4σ°VH)/(σ°VV + σ°VH) Charbonneau et al. (2005) 

Normalized Difference Vegeta-

tion Index 
NDVI = (NIR-R)/(NIR+R) Rouse et al. (1974) 

Green NDVI GNDVI = (NIR-G)/(NIR+G) Gitelson et al. (1996) 

Triangular Greenness Index TGI = G-0.39×R-0.61×B Hunt et al. (2013) 

Moisture Stress Index MSI = SWIR1/NIR Rock et al. (1985) 

Enhanced MSI EMSI = SWIR2/NIR Rock et al. (1985) 
R, G, B, NIR, SWIR1 and SWIR2 = reflectance in RED, GREEN, BLUE, NIR (B4, B3, B2 and B8 bands for 

Sentinel 2 image), SWIR1 and SWIR2 bands (B11 and B12 bands for Sentinel 2 images); σ° backscatter coefficient 

(sigma nought); VH polarization mode vertical/horizontal; VV polarization mode vertical/vertical. 
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The crop samples of poppy in the growing stage BBCH 90 (on 12 August 2020) before harvest were 

taken from 0.5 × 0.5 m grid for 20 selected sampling points designed according to the scale of TGI 

spectral index from 23 June 2020. The crop samples were analyzed for number of poppyheads and 

weight of seeds. 

The yield was measured during the harvest with Case 8250 combine harvester equipped with yield mon-

itor. The yield data were processed according to a common statistical workflow. All the data (crop sam-

ples, yield map and images) were converted into the shapefiles vector or geotiff raster data format with 

the aim to compare them on the base spatial distribution over the experimental plot. The data in such 

formats were then processed in QGIS (version 3.16.8) and ArcGIS Pro (version 2.9.2) SWs. The infor-

mation derived from spatial formats were then analyzed in Statistica (version 13.5.0.17) SW. 

 

RESULTS AND DISCUSSION  
Coefficients of determination (R2) between vegetation indices (NDVI, GNDVI, TGI) calculated from 

UAV images, number of poppyhead and weight of seeds, and RVI in individual dates of crop scanning 

are given in Table 4. Coefficients of determination between RVI and vegetation indices (NDVI, GNDVI, 

MSI and EMSI) calculated from optical satellite images are available in Table 5. The average values of 

selected indices (RVI, NDVI, GNDVI, MSI, EMSI) throughout the growing season of poppy in terms 

of Sentinel 1 and Sentinel 2 scanning can be seen in Figure 1. Figure 2 then displays selected spectral 

indices for individual dates: EMSI for 18 May 2020; RVI for 27 May 2020, GNDVI for 2 June 2020; 

and RVI for 2 June 2020. 

The results showed only very low, or no dependence were found between values of RVI values and 

spectral indices calculated from UAV images (NDVI, GNDVI and TGI) in scanning dates. Only the 

date of Sentinel 1 scanning - May 27th showed relatively higher dependence between RVI and NDVI, 

GNDVI and TGI indices derived from UAV images on May 21st. These dates corresponded to an elon-

gation phenological phase of poppy growth. The result showed that the TGI index can be used as alter-

native to NDVI or GNDVI if there is no NIR band available, as was also confirmed in the study on 

poppy evaluation by Jelínek et al. (2020). UAV images can also sufficiently supplement crop growth 

information if satellite images are not or cannot be used (Balážová et al., 2021). The RVI index could 

explain the yield spatial distribution from 32 % in May 15 when the crops were in elongation phenolog-

ical phase; and from 21 % (on July 2nd) in the growth phase BBCH 68 (end of flowering). Microwave 

radiation should carry information about moisture and roughness of canopy. These results therefore 

showed the possible yield variability noticeable during poppy growth, with regard to biomass increase. 

Coefficient of determinations 0.27 and 0.28 were found between RVI from June 20 (BBCH 58 – begin-

ning of flowering) and number of poppy heads and weight of seeds. This result could explain the signal's 

ability to detect reflections from different surface types (flowers vs. canopy of green plants). 

 

Tab. 4 Coefficients of determination (R2) between spectral indices derived from UAV images (Normal-

ized Difference Vegetation Index = NDVI, Green NDVI = GNDVI, Triangular Greenness Index = TGI), 

Digital Elevation Model (DEM), Yield, number of poppyhead (NoP) and weight of seeds (W); and 

Radar Vegetation Index (RVI); at 5% significance level

 RVI 

NDVI 

21.5. 

NDVI 

15.7. 

GNDVI 

21.5. 

GNDVI 

15.7. 

TGI 

21.5. 

TGI 

23.6. 

TGI 

15.7. DEM 

Yield 

(t.ha-1) NoP W(g) 

15.5. 0.15 0.02 0.18 0.02 0.09 0.00 0.00 0.05 0.32 0.09 0.02 

21.5. 0.09 0.06 0.09 0.05 0.07 0.02 0.01 0.04 0.05 0.18 0.05 

27.5. 0.28 0.11 0.35 0.13 0.24 0.05 0.07 0.05 0.15 0.02 0.00 

2.6. 0.03 0.10 0.03 0.01 0.05 0.12 0.16 0.00 0.00 0.00 0.00 

8.6. 0.01 0.05 0.00 0.04 0.00 0.00 0.02 0.01 0.02 0.00 0.01 

14.6. 0.03 0.00 0.05 0.02 0.07 0.10 0.01 0.03 0.01 0.17 0.21 

20.6. 0.01 0.02 0.01 0.10 0.00 0.05 0.16 0.11 0.03 0.27 0.28 

26.6. 0.11 0.01 0.10 0.03 0.13 0.00 0.06 0.08 0.03 0.02 0.01 

2.7. 0.04 0.00 0.06 0.01 0.04 0.00 0.01 0.00 0.21 0.00 0.01 
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Tab. 5 Coefficients of determination (R2) between spectral indices derived from satellite images in op-

tical (Normalized Difference Vegetation Index = NDVI, Green NDVI = GNDVI, Moisture Stress Index 

= MSI, Enhanced MSI = EMSI) and microwave (RVI) part of electromagnetic spectra I given dates; at 

5% significance level 

 RVI 

N
D

V
I 

1
8

.5
. 

N
D

V
I 

2
.6

. 

N
D

V
I 

1
2

.6
. 

G
N

D
V

I 

1
8

.5
. 

G
N

D
V

I 

2
.6

. 

G
N

D
V

I 

1
2

.6
. 

M
S

I 1
8

.5
. 

M
S

I 2
.6

. 

M
S

 1
2

.6
. 

E
M

S
I 

1
8

.5
. 

E
M

S
I 2

.6
. 

E
M

S
I 

1
2

.6
. 

15.5. 0.06 0.00 0.01 0.06 0.00 0.04 0.32 0.01 0.00 0.28 0.00 0.01 

21.5. 0.02 0.00 0.00 0.02 0.00 0.00 0.09 0.01 0.01 0.07 0.01 0.00 

27.5. 0.30 0.05 0.00 0.37 0.04 0.00 0.40 0.07 0.00 0.41 0.05 0.00 

2.6. 0.07 0.22 0.17 0.15 0.29 0.24 0.10 0.25 0.21 0.09 0.24 0.20 

8.6. 0.01 0.07 0.07 0.01 0.06 0.04 0.08 0.10 0.09 0.07 0.08 0.08 

14.6. 0.00 0.02 0.03 0.00 0.03 0.04 0.10 0.08 0.09 0.06 0.05 0.06 

20.6. 0.09 0.03 0.01 0.06 0.05 0.03 0.00 0.02 0.02 0.00 0.04 0.02 

26.6. 0.02 0.01 0.01 0.01 0.02 0.02 0.05 0.06 0.07 0.04 0.04 0.05 

2.7. 0.10 0.03 0.00 0.16 0.04 0.01 0.26 0.08 0.07 0.24 0.01 0.00 

 

The dependency between RVI and optical indices was also relatively low. The RVI values are generally 

in relation to the water content of the canopy and the increase in biomass, which finally corresponded 

to the higher R2 on May 27th and June 2nd. The similar results confirmed Tůma el al. (2021). The higher 

dependence of the MSI / EMSI indices at the beginning of growth rather corresponded to the low mois-

ture content in the soil. The MSI and EMSI values decreased as the biomass increased during the very 

rainy growing season (see Table 1). The RVI curve followed the tendency of the NDVI and GNDVI 

indices, although the optical indices were less useful due to frequent clouds. Gonenc et al. (2019) found 

out similar trend in NDVI and RVI curves. The RVI curve clearly showed an increase in values at the 

end of May, when there was an elongation growth stage during a relatively humid spring and then also 

a sudden decrease in values during flowering (June 8th). This was followed by an increase and decrease 

in values from the beginning of plant maturation and death (see Table 5, Fig. 1 and 2). 

 

 
 

Fig. 1 The average values of selected indices (RVI, NDVI, GNDVI, MSI, EMSI) throughout the 

growing season of poppy 
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Fig. 2 Selected spectral indices for individual dates: Enhanced Moisture Stress Index (EMSI) for 18 

May 2020 (a); Radar Vegetation Index (RVI) for 27 May 2020 (b); Green Normalized Difference Veg-

etation Index (GNDVI) for 2 June 2020 (c); and RVI for 2 June 2020 (d)

CONCLUSIONS 
The poppy was monitored with optical and synthetic aperture radar sensors during 2020 vegetation sea-

son. The results showed that development of calculated RVI values in time, can be very helpful in as-

sessing the condition of the poppy stand, especially in cases where optical satellite images are missing, 

and the stand cannot often be scanned using UAVs. It has been also confirmed that if a common RGB 

camera is available on the UAV, it is sufficient to calculate the TGI index as an alternative to NDVI or 

GNDVI.  RVI index was also evaluated in terms of use for yield estimation. The spatial distribution of 

final yield was explained from 32 % by RVI index when the crops were in elongation phenological 

phase and from 21 % in growing phase at the end of flowering. Future research should focus not only 

on the use of RVI in poppy stands, but also on other crops commonly grown in the Czech Republic, 

including the implementation of the RVI index into common agricultural practice. 
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Abstract 

Application of oxidized-biochar as one of the most controversial issues of sustainable agriculture and 

consequently improving crop production needs to a meta-analysis investigation due to conflicting stud-

ies that covers representative crop yields datasets. Based on results, crop yields increased by 6.7%, 

11.8%, and 18.1% in low (<15 ha), medium (15-25 ha), and high (>25 ha) rates of oxidized-biochar, 

respectively. While produced-biochar at 350-500 °C and >500 °C temperature significantly enhanced 

crop yield by 20.2% and 15.7%, respectively, there wasn't a significant change in yield with biochar 

pyrolyzed at < 350 °C. Also, using oxidized biochar caused to increase crop yield in soils with high 

value (>2.5% kg-1 soil) of organic matter and clay texture by 23% and 22% increase, respectively. 

Overall, altering these factors can notably boost crop yield efficiency, because they play important roles 

in nutrient, water and air supply as well as in biogeochemical cycling in agricultural ecosystems. 

 

Key words: soil organic carbon, pyrolysis temperature, aging, oxidation. 

 

INTRODUCTION 

In recent decades, special attention has been paid to increasing crop production efficiency by application 

of biochar in the direction of sustainable agriculture (Asadi et al., 2021). Due to its porous structure and 

creating a suitable substrate to retain water, nutrients (Ghorbani et al., 2019) and prevent the absorption 

of contaminants such as heavy metals by plant roots (Amirahmadi et al., 2020), the crop yield has been 

significantly enhanced (Ghorbani et al., 2021). Recently, this attention has been enhanced by boosting 

the surface properties of biochar, such as the cation exchange capacity (CEC) due to oxidation (Yang et 

al., 2019; Li et al., 2020). Most scientific publications refer to the initial properties of fresh biochars. 

However, these properties are changing over time when biochars have been exposed to a moisture-

containing environment, as it is the case after application to soil. This process is referred to as “ageing 

(oxidation)” (Beusch, 2021). Oxidation of biochar can be defined as dissociation in biochar structure 

and altering in its biochemical characteristics. These basic changes can be effectively caused to the 

dissolution of organic compounds, absorption of dissolved compounds from the soil, and the neutrali-

zation of alkaline conditions in soil over time (Mia et al., 2017; Hung et al., 2021). It has been studied 

that the degradation of biochar due to the aging process can be derived into two-part as follows; a) biotic 

oxidation (activities and respiration of microorganisms) and abiotic oxidation (chemical aging in lab, 

and photooxidation) (Bakshi et al., 2016; Feng et al., 2018; Yang et al., 2019). The addition of oxidized-

biochar in soils may be more advantageous than fresh biochars, because the degradation in characteris-

tics of the biochars during oxidation may extent the capacity of water and nutrient sustain in soils (Shi 

et al., 2015; Mia et al., 2017).  

It has been demonstrated that oxidized-biochar can improve soil water storage in drought conditions 

(Mia et al., 2017; Hung et al., 2021). Meanwhile, oxidized-biochar can improve carbon sequestration 

due to the mineralization of organic carbon (Li et al., 2020). Surface characteristics of biochar are play-

ing important roles in altering absorption behavior in soil (Asadi et al., 2021; Hung et al., 2021). Organic 

matter in biochar tends to be converted to low molecular weight compounds by chemical interactions 

over a long period of time (Pan et al., 2021). The chemical oxidation of biochar is one of the best 

promising ways to degradation of physicochemical characteristics of biochar and thus, enhance the CEC 

of biochar as the result of more negatively charge and oxygen-containing functional groups on the sur-

face (Huff et al., 2018; Yang et al., 2019). On the other hand, it has been shown that using oxidized-

biochar without fertilization may even diminution crop yields due to immobilization of N (Tam-meorg 

et al., 2014). A considerable increment in quinoa (Chenopodium quinoa L.) yield was reported (Kam-

mann et al. 2015) when a mix of compost and biochar was applied to the soil. The substance of compost-

biochar was significantly nutrient-loaded and had absorbed substantial amounts of nitrate. Also, there 

wasn't a significant improvement in maize yield when oxidized-biochars were applied for two years’ 
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field study (Rogovska et al., 2014). A labile fraction of oxidized-biochar which is rapidly mineralized 

by the extension of soil respiration is the main reason (Haider et al., 2017). Therefore, it's hypothesized 

that decreasing nutrient availability may also be correlated with the complex absorbent behavior of bi-

ochar (Kanthle et al., 2016). 

Increment of phenolic hydroxyl groups and aromatic ethers on biochar surface due to oxidation is inev-

itable (Li et al., 2020). However, the magnitude of degradation on the surface area isn't clear, and dif-

ferent studies have reported conflicting findings of either enhancement or a scarce reduction in func-

tional groups. Notwithstanding, the manipulating of oxidized-biochar in agricultural systems has been 

implemented by many studies, it seems existence of contradictory data regarding the changes in crop 

yields needs a meta-analysis study. Therefore, the aim of this meta-analysis is clarification the role of 

oxidized biochar in crop efficiency influenced by pyrolysis condition and soil properties. 

 

MATERIALS AND METHODS 

Literature survey and selection criteria  

Based on published literature, this meta-analysis was implemented. We identified papers that reported 

agricultural crop yield in non-oxidized (control) and oxidized (treatment) biochar using the online data-

base search engines Web of Science and Google Scholar. Keywords used for literature search were 

combinations of terms such as biochar, pyrolysis, feedstock, oxidation, aged biochar, soil, surface area, 

porosity, functional groups, CEC and crop yield. Also, two criteria were considered to select proper 

studies as follows: a) all studies were conducted in agricultural environments, and b) all studies reported 

results from a non-oxidized (control) and oxidized (treatment) biochar.  

 

Collection of data 

We reviewed over 50 papers and found that 12 of them met our selection criteria. In total, 864 observa-

tions or 432 pairs of observations (effect sizes) were extracted from those studies meeting our criteria 

and were used in this meta-analysis. These datasets consisted of crop yield in t ha-1 affected by oxidized 

and non-oxidized biochar, pyrolysis temperature, and soil texture and soil organic carbon (SOC). 

The rate of biochar application was grouped as low for <15 ha, medium for 15-25 ha, high for >25 ha. 

Pyrolysis temperature were classified as low (<350 °C), medium (350-500 °C), and high (>500 °C). 

Soils with the texture of sandy loam, loamy sand, and sand were categorized as sandy. Also, studies that 

contained soils with the texture of loam, silt loam, clay loam, and silty clay loam were categorized as 

loamy, as well as, clay and silty were grouped as clay texture. SOC was categorized as low (<1 %), 

medium (1-2.5 %), and high (>2.5 %).  

 

Meta-data analyses  

Meta-analysis calculates the magnitude of change of a variable and the significance of this change in 

response to a treatment. The natural logarithm of the response ratio (RR) was used to evaluate the value 

of change which defines as effect size (Hedges et al., 1999):  

ln(𝑅𝑅) = ln
𝑋𝑇

𝑋𝐶
                       

where XC and XT represent the average of the variable in the control and treatment, respectively. The 

RR can be considered as the percentage change after applying oxidized-biochar as (eln(RR) -1) × 100 

(Nave et al., 2010). For generating confidence intervals (CIs) around effect sizes, we recorded standard 

deviation (SD) and number of replicates (n) of crop yield for the control and treatment. The statistical 

significance was tested using 95% CI for each effect size. If the 95% CIs didn't overlap with the zero 

line, the change was statistically significant at P ≤ 0.05. Also, doesn't overlap between groups represent 

significant differences. A non-linear regression test was used for SOC versus biochar rate and for soil 

texture versus biochar rate, because the data were not normally distributed. Data collection and organi-

zation as well as all calculations (i.e., effect size and CIs), regression analyses and creation of forest 

plots were performed by Microsoft Excel 2020.  

For assessing the presence of publication bias, the Spearman rank correlation test in order to clarify the 

correlation between the replicates of each study and the effect size was conducted (Holden and Treseder, 

2013). No publication bias was inspected in the crop yield data for any of the factors. 
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RESULTS AND DISCUSSION  
Based on meta-analysis of data, oxidized-biochar caused crop yield changes across all investigated in-

fluencing factors and in total significantly increased crop yields up to 14% at α = 0.05 (Fig. 1).  

 

Fig. 1 Crop yield changes due to application of oxidized biochar, influenced by biochar rate, pyrolysis 

temperature, SOC, and soil texture. Results are presented as mean effect sizes ± 95% confidence inter-

vals. Groups with confidence intervals overlapping the reference line (0% change) indicate no statisti-

cally significant change in crop yield due to using oxidized biochar at α = 0.05. 

 

Influence of biochar application rates 

Crop yields increased by 6.7%, 11.8%, and 18.1% in low, medium, and high rates of biochar, respec-

tively, due to oxidation, which were significantly different from each other. Greater effectiveness in 

higher grades means more porosity and negative charges on the biochar surface, resulting in more water 

and nutrients available to the plant’s roots. Adding oxidized-biochar to the soil stimulates the develop-

ment of acidic functional groups (De la Rosa et al., 2018), and the accumulation of basic functional 

groups on the biochar surface will decline for the long term (Rechberger et al., 2017). Furthermore, the 

negative surface charge is increasing with oxidation, leading to a high surface charge density and en-

hanced CEC (Mia et al., 2017). One of the main reasons for the increase in crop yields at higher rates 

of oxidized-biochar is adding nutrients and required ions to the soil than furthermore. Enhancement in 

atomic concentrations of sulfur (S), N (nitrogen), sodium (Na), aluminum (Al), calcium (Ca), manga-

nese (Mn), and ferric (Fe) was detected at the surface of oxidized-biochar (Mia et al., 2017; De la Rosa 

et al., 2018). In particular, the changes in the surface chemistry may alter the adsorption properties of 

oxidized-biochars and consequently more nutrient retention in soil (Ren et al., 2016). However, due to 

the increment in CEC, oxidized-biochars may provide a superior potential to sustain cations and elevate 

crop yields (Mia et al., 2017). 

 

Influence of pyrolysis temperature 

Oxidized biochar which produced at medium (350-500 °C) and high (>500 °C) pyrolysis temperature 

significantly enhanced crop yields by 20.2% and 15.7%, respectively. While adding oxidized biochar 

that derived from low pyrolysis temperature (< 350 °C) wasn’t significantly affected by oxidation. In 

general, ageing processes are enhanced with increasing temperatures and duration of exposure (Heitköt-

ter & Marschner, 2015) and in particular affect the biochar surface (Sorrenti et al., 2016). Pyrolysis 

Biochar rates

Pyrolysis temprature

SOC

Soil texture

Overall effect

Low (<15 t ha)

Medium (15-25 t ha)

High (>25 t ha)

Low (<350 °C)

Medium (350-500 °C)

High (>500 °C)

Low (<1 %)

Medium (1-2.5 %)

High (>2.5 %)

Sandy

Loamy

Clay

-15 -10 -5 0 5 10 15 20 25 30 35 40

Changes in crop yield (%)
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temperature is a key factor that most of the biochar characteristics are depending on its changes (Ippolito 

et al., 2020; Das et al., 2021). Higher temperatures caused to increment of C content (Yuan et al., 2011), 

specific surface area, and porosity (Al-Wabel et al., 2013), inorganic element concentrations (Chen et 

al., 2019), ash content (Ippolito et al., 2020), CEC (Zhao et al., 2013), and aromaticity (Chen et al., 

2019). With the rising temperature, more volatile ingredients have been lost, and as a result, the value 

of biochar yield will be diminution (Al-Wabel et al., 2013). Moreover, higher temperatures foster de-

composition of acidic functional groups like phenolic hydroxyl and carboxyl groups, while carbonyl 

groups form (Chen et al., 2019). Also, decreasing zeta potential with increasing pyrolysis temperatures 

has been reported, which indicating less negative surface charges for high-temperature biochars than for 

low-temperature biochars (Yuan et al., 2011). This is the main reason that biochar divided from 350-

500 °C had the best result in oxidized-biochar efficiency. 

 

Influence of soil organic matter and texture  

Application of oxidized biochar significantly increased crop yields up to 5%, 18%, and 23% in soils 

with low (<1%), medium (1-2.5%), and high (>2.5%) values of SOC, respectively, which have shown 

significant differences from each other. Crop yields significantly increased by 22%, 14%, and 9% in 

clay, loamy and sandy soils, respectively, due to oxidation. Also, there were significantly different be-

tween soil textures. It has been widely corroborated that biochar significantly affects the accumulation 

of organic carbon and nitrogen at soil aggregate fractions (Xiu et al., 2019; Ghorbani et al., 2019; Joseph 

et al., 2020). After adding oxidized-biochar to the soil biochar surface is coated and the pores are linked 

with organic and mineral components of soils (Ren et al., 2016; De la Rosa et al., 2018), leading to an 

increase of aggregation and improving soil structure (Xiu et al., 2019). The clay particles apparently 

play the main role in formation of soil aggregates through binding organic molecules by bi- and trivalent 

cations (e.g. Ca2+, Fe3+ and Al3+) (Juriga et al., 2018). That is why soils with clay texture showed the 

best perform in increasing crop yields. Regarding Fig. 2, a significant positive correlation between 

changes in biochar rate and SOC (R2= 0.49), as well as, biochar rate and soil texture (R2= 0.56) in 

response to adding oxidized-biochar proves that claim. 

 
Fig. 2 The correlation between the percentage changes in biochar rate (n = 33) and soil organic carbon 

(SOC). The correlation was statistically significant at α = 0.05.    
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CONCLUSIONS 
This meta-analysis evaluated the impact of oxidized-biochar on crop yields in agricultural ecosystems 

affected by two amendment factors (biochar rate and pyrolysis temperature and two soil factors (SOC 

and texture). Despite contradictory reports in previous literature, the meta-analysis showed that the ap-

plication of oxidized-biochar significantly increased crop yields up to 14%. The positive effect of oxi-

dized-biochar on efficiency of crop yield is largely depends on the pyrolysis temperature. This means 

that increasing the pyrolysis temperature increases the porosity of biochar structure. This helps to in-

crease the specific surface area and oxygen-contained functional groups during the oxidation and then 

supply more nutrients, water and air for plant root’s area. Accompanied with the fact that clay texture 

soils hold more water and create organo-mineral bridges with soil organic matter, specific consideration 

should be paid when oxidized-biochar are used, with the intention to improve the efficiency of strategic 

agricultural products. 
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Abstract 

This review deals with the issue of water and its filtering. Among others, the effects on human health, 

in the case of consumption of contaminated water, are also mentioned. The main parameters are the 

implementation of modern elements (pH meter, flow meter, thermometer, filter pollution meter, UV 

lamp, reverse osmosis and cameras) to the existing water treatment plant and their subsequent use. The 

result should be an independent, modern treatment plant that should be able to filter clean drinking water 

for final consumers without bacteria or discoloration.  
 

Key words: water treatment plant, filtration, drinking water, industry 4.0 

 

INTRODUCTION 
In today's modern times, the quality of drinking water is a very discussed, important and current topic, 

especially in the developing countries of the world was mentioned by Sutherland, K. (2008). Providing 

high-quality drinking water for the population to their homes without any pollution is a basic condition 

for developed countries described by Mallik, A., & Arefin, M. A. (2018). In order to meet these conditi-

ons, it is required to improve the microbiological quality of the water, control of undesirable substances, 

chemicals and metals that may be contained in the water, reported by Fewtrell, L. et al. (1997). Secon-

dary steps are the maintenance and sufficient protection of the water pipeline and the complete system, 

management and control of the content and aesthetic quality of the water, which include color, hardness, 

smell and taste, these steps are reported by Martynov, S.et al. (2020). Polluted and contaminated water 

is the main carrier of many water-borne diseases, including typhoid, cholera, salmonellosis, hepatitis, 

viral infections and many others reported by Deflorio-Barker, S. et al. (2016). These diseases cause a 

noticeable weakening of the human organism and can lead to the complete failure of the human body, 

both men and women, but also children mentioned by Momba, M. N. B. et al. (2009). Water industry-

specific structures and functioning provide the perfect environment for improvements in efficiency, 

quality, and availability using Industry 4.0 principles. The water industry is represented by highly he-

terogeneous and geographically dispersed processes and technical solutions that are described by Ni-

colae, A. et al. (2019). These include legacy systems and new structures that are in stringent need of 

connecting the digital and the physical worlds in the context of highly functional process dependencies 

with interoperation reported by Nicolae, A. et al. (2019). In todays world, there is very many modern 

elements and filtration methods that are used in the water treatment plants. One of the most common 

used elements is reverse osmosis or UV (ultra-violet) purification which is described by Piferi, C. et al. 

(2021).  Study by Rao, S. M. (2007) describes that reverse osmosis process involves the use of mem-

brane technology which allows to remove dissolved salts and other impurities in water. The radiations 

function by irradiating the water and piercing through the cells of the microorganisms and viruses. 

Study by Pinto et al. (2012) describes that among the generally accepted methods of purifying drinking 

water is the addition of chlorination to the filtration process, which results in a dramatic decrease in the 

amount of bacteria in the water. Study by Liao, X., et al. (2015) describes that filtration by dual media 

rapid sand filters in a drinking water plant played a primary role in shaping the bacterial community. If 

residents decide to draw and consume water from their own sources, ensuring sufficient filtration to 

prevent possible diseases is a necessary step. Drinking water filters differ according to the technologies 

used, filter materials and purpose. Study by Poitelon, J. B. et al. (2010) describes the most common are 

mechanical filters and filters with active carbon. Mechanical filtration can be mesh or membrane. Mem-

brane filtration is generally more effective, but it is not suitable for drinking water. The membrane 

captures vital substances that the organism would miss, which is reported by Nagakura, (2015). Che-

mical filtration is not filtration in the true sense of the word, but water treatment, where unwanted 
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chemical or organic substances are removed from the water. For these purposes, granulated activated 

carbon is most often used, which, thanks to its surface and sorption properties, can capture the entire 

range of harmful substances dissolved in water – from heavy metals to chlorine and other chemicals to 

viruses and bacteria. Granulated activated carbon absorbs or captures these substances and organisms 

on its surface. Based on this, it removes unpleasant odors from the water and improves its taste which 

was reported by Tang, H. L., & Xie, Y. F. (2016).  Study by T. Eisenberg, E. Middlebrooks (1986) 

describes that reverse osmosis processes can simultaneously remove hardness, color, many types of 

bacteria, viruses and organic contaminants. Contaminants, as agricultural chemicals  reviewed the 

effectiveness of reverse osmosis on drinking water and reported that it can successfully remove a wide 

range of contaminants that are often found in drinking water which was reported by T. Eisenberg, E. 

Middlebrooks (1986). The aim of this study is to create a water treatment plant based on industry 4.0. 

By combining mechanical filtration and chemical filtration, using modern elements to maximize unit 

self-automatization. By using pH meter, water flow calculator, thermometer, filter pollution meter and 

install the cameras to simply prevent a possible problem that could arise as a result of neglect. The 

water entering the treatment plant will undergo treatment using several modern elements, and the main 

goal of this work is clean treated water at the exit. 

 

MATERIALS AND METHODS

In order to create and maximize the automatization and modernization of the water treatment plant, a 

treatment plant named Oaza 100 was selected. The treatment plant is equipped with a pre-filter with an 

ABS (acrylonitrile butadiene styrene) and nylon filter insert, composite fiberglass, reverse osmosis mod-

ule and its membrane, pump and UV lamp. All the data were collected from the manual of the water 

treatment itself and from the articles uploaded to Web of Science, Scopus, IWA (International Water 

Association). A large part of the obtained data and knowledge was obtained through an interview with 

the creator of the water treatment plant, and its subsequent maintenance and the possibility of moderni-

zation was solved with a specialist company dealing with this issue. Other technical parameters are 

mentioned in the Tab.1. All the technological equipment of the water treatment plant are fixed in a 

stainless steel frame so that all parts of the technological unit can be easily serviced while maintaining 

the smallest possible space. All materials used must meet certification for contact with food, respectively 

drinking water. To achieve the modernization of the water treatment plant, a pH meter, flow meter, 

thermometer, filter pollution meter, and cameras will be purchased. All these mentioned elements will 

be installed on the water treatment plant and tested.  The water will be entering the water treatment plant 

in three different flows 0,2; 0,4 and 0,6 liters per minute. Subsequently, the water values at the inlet and 

outlet will be compared and the efficiency of the treatment plant will be evaluated by an expert labora-

tory dealing with water analysis. 

 

Tab.1 Operational - technical parameters 

Working pressure range 6-10 bars 

Optimal working pressure 7-8 bars 

Permeate performance at optimum pressure 100 l/hod 

Weight of the body of the treatment plant approx. 500 kg 

Body dimensions (height × width × depth) 2000 × 1100 × 1720mm 

 

RESULTS AND DISCUSSION  
This review is focused on, how the treatment plant will be able to filter the water that will be admitted 

to the treatment plant at the entrance and will pass through all the installed elements and come out at the 

exit. Colored water with added bacteria and then with cyanobacteria will be fed into the treatment plant.  

Assuming that disinfection is sufficient in the treatment plant and suspended and colloidal solids are 

sufficiently removed in preceding steps, the main controlled parameters for a treatment plant are chem-

ical stability (saturation index SI), biological stability (assimilable organic carbon AOC), disinfection 

by-products (bromate) and organic micro-pollutants (pesticides) which was reported by  Rietveld, L. et 

al. (2008).  The expected results are that the treatment plant will be able to fully remove all undesirable 
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elements from the water and at the exit the water will be clean and drinkable meeting WHO require-

ments. The process revealed that the system which combines NF and UV disinfection is ranked first for 

all the different stakeholder weightings reported by Bouchard, et al. (2010). All three investigated flow 

rates should be able to filter water equally well, as they are below the limit of the maximum flow rate 

of the treatment plant. The most suitable filter cleaning process is the backwash, which is the most 

effective, which is confirmed by Arendze, S., & Sibiya, M. (2014). Although it may seem that the control 

of the treatment plant is relatively complicated, but it is not. The treatment and its controls are set up so 

that even quickly trained personnel can control it easily. No same or similar works to this were found, 

and therefore does not have the possibility to compare the results with other works. This is one of the 

reasons and motivations why this topic was chosen. 

 
 

Fig. 1 Animation of Oasa 100 water treatment 

plant 

CONCLUSIONS 
Water takes an essential part of human daily lives that’s mostly not even being considered where it´s 

being sourced or the quality of the water. For many people, tap water is deemed as undrinkable. That’s 

why it´s very important to take care of the water and filter it. The importance of water filtration is that 

it gives people access to clean water that is free of contaminants, that tastes good, and is a reliable source 

of hydration. The implementation of the modern elements into the water treatment plant would bring 

lots of benefits. Using the elements mentioned above would save time on operating the water treatment 

plant. Some of the negatives of implementing the modern elements into the water treatment may be 

reflected in the purchase price of the water treatment. The main positives of implementing the modern 

elements based on industry 4.0 into the existing water treatment plant is remote controlling the treatment 

by experts and educated workers. Which means measuring the pollution of the filters, checking if the 

filling of the filters was changed and measuring the pH and temperature. Based on these, the water 

treatment plant would provide filtering to the final consumers. 
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Abstract 

Currently, there are many situations in which we do not have documentation for some element, object, 

and we need it for various reasons. The article describes the procedure of using data from 3D scanning 

in a non-contact way for the reconstruction of a 3D model in modeling CAD software. The degree of 

approximation is determined by comparing the 3D model and the 3D scan. The accuracy of the work is 

checked by comparing the 3D model with the original CAD data. Obtained models can serve as data 

for computer-aided production, or digital imaging, for example, in virtual reality. 

 

Key words: object; 3D scanning, CAD software; data inspection. 

 

INTRODUCTION 

Reverse engineering is a common approach in many fields, such as software engineering, computer, 

electronics, chemical industry. It is also used in automotive or general engineering production (Babjak, 

2006). Reverse engineering does not only apply to processes working with material objects, but its 

application is known primarily in the areas of software, where it involves the examination of codes and 

processes through analytical procedures. 

In engineering, we understand that reverse engineering (RE) as the process of duplicating an existing 

component, assembly or product, without drawings, documentation or a computer model being availa-

ble However, the possibilities of using RE technologies go beyond the scope of product design, with 

appropriate application they can also be used as a tool for design, safety and production management 

(Dado et al., 2018). A typical example is the use of 3D scanners in production lines as a tool for quality 

control when comparing actually produced parts with production documentation, or 3D CAD models. 

In this way, it is then possible, for example, to determine the rate of tool wear in a quick way, moreover, 

without the need to interrupt the production process. Suitable device with advanced software support 

can scan the physical product within a few minutes, compare it with the CAD model and even automat-

ically generate an inspection report (Babjak, 2006). 3D scanning processes can be used to generate 

inspection reports, verify CAD models, create digital objects for virtual and mixed reality. 

The aim of the paper is to describe the process of creating a digital 3D model of a component using 

reverse engineering technologies. 

MATERIALS AND METHODS 

Engineering is the process of designing, manufacturing and maintaining products, assemblies and sys-

tems. Standard engineering („forward engineering“) is the traditional process of moving from high-level 

abstractions and logical designs to the physical system implementation. Definition of reverse engineer-

ing is the process of obtaining a geometric CAD model from 3D points acquired by scanning existing 

parts/products. In reverse engineering, the physical model is the source of information for the CAD 

model (Fig. 1). 

  
Fig. 1 3D Reverse engineering from real object to CAD 
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The starting point for creating any model using RE is to obtain input data in the form of spatial coordi-

nates of the surfaces of the object (cloud of points). There are many principles, procedures and devices 

for obtaining this geometric data. Currently, non-contact optical 3D scanners are readily available, most 

often working on the principle of triangulation, optical interferometry, or measuring the time of flight 

of modulated light (Telíšková et al., 2018). The light source can project light patterns or lines and have 

the nature of structured ambient light or laser beams of different colours and intensities. The simplest 

devices are starting at the price of several hundred euros, while serious quality can be obtained with 

devices costing couple of thousand euros. 

For our experimental work, we used a dual-camera HP 3D SLS PRO S3 device using 3D triangulation 

using a structured light beam emitted by a projector and captured on a surface by 2 industrial cameras. 

It is a static system requiring subsequent positioning of the object and scanning in these positions, fol-

lowed by combining individual scans. By merging these scans in the program, a closed polygon is cre-

ated. The system offers the possibility of using interpolation of gaps and smoothing filters, which can 

make scanning even more accurate. The 3D model obtained in this way can be saved, including the 

scanned texture, in various formats, e.g. stl, obj, plt. 

We used Rhinoceros 3D software to create a CAD model from the scanned data. It is a middle-range 3D 

CAD system with a wide application area, including mechanical engineering. Rhinoceros specializes in 

free-form non-uniform rational B-spline (NURBS) modelling. There is also over 100 third-party plug-

ins available, including rendering plug-ins for Maxwell Render, V-Ray, Thea and lots of other engines. 

Additional plug-ins for CAM and CNC milling are available as well. Its advantages are an affordable 

price and a favourable licensing policy for schools and students, allowing keep a full license even after 

the end of the academic career. We used the Mesh2Surface plugin to work with the point cloud. 

Mesh2Surface simplifies reverse engineering in Rhinoceros and helps convert digitized objects from 

non-contact scanners to CAD models. The typical workflow comprises importing data into Rhinoceros 

and Mesh2Surface, alignment, creating shapes, splitting surfaces, creating a solid model, rounding edges 

and exporting CAD model. The plugin offers a number of useful functions: extraction of shapes such as 

surfaces, spheres, cones, cylinders and free-form surfaces, object symmetry search, object alignment to 

a coordinate system. To obtain the geometric elements of the model, we combined the use of automated 

recognition and creation of geometric primitives with manual creation of geometry by translating the 

forming curve of the surface by cutting a polygonal mesh of points. We supplemented the basic shape 

with shape and cosmetic elements using standard modelling tools. 

We compared the model created in this way with the original CAD data using the freely available version 

of the GOM Inspect software for 3D point cloud inspection and mesh processing enabling dimensional 

analysis of 3D point clouds obtained from optical scanners, laser scanners, computed tomography CT 

and other sources. 

 

RESULTS AND DISCUSSION  
Basic shape of the selected part (Fig. 2a) combines a simple cylindrical surface and a shaped rotary 

surface. It was manufactured by machining and has a smooth and shiny surface. The latter is problematic 

for scanning with normal structured light due to unwanted light reflections. Therefore we covered it with 

white chalk spray for scanning purposes (Fig. 2b). The spray adds a layer to the surface causing a uni-

formly distributed systematic change in dimensions of the order of thousandths to hundreds of mm, 

which is bellow or on par of the level of the best accuracy of the scanner. 

 
      a          b            c 

Fig. 2 Machined sample (a), coated sample (b), scanned sample (c) 

 

After a successful scan (Fig. 2c), we imported the data in the .obj format into the Rhinoceros program.  
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Work with the mesh is handled by the Mes2Surface plug-in module, simplifying the initial alignment of 

the scan with the CAD coordinate system. Adjustment of the position was done by aligning the selected 

or created element with the selected plane of the modeller (Fig. 3a). 

 

 
      a      b     c 

Fig. 3 Polygonal mesh aligned to WCS in Rhinoceros (a), surfaces wrapping the mesh (b), resulting 

3D model (c) 

 

Designing on the basis of a polygonal mesh starts in selection of the area for translation of the basic 

geometric entity. The surface creation wizard (Magic Wang) then allows the selection of the type of 

geometric element to be created, in our case a cylindrical surface, the shape and dimensions of which 

can be modified interactively. To create a continuous model, it is optimal to generate the basic surfaces 

so that they intersect each other and later cut them at the intersections. The surface is then created with 

the Create Surface tool. In addition to the cylindrical surface, we used plane surfaces (Plane) for design 

and the Free Form tool for the shaped surface. 

The result of these steps can be seen in Fig. 3b. The last step is to trim the protruding parts forming the 

surfaces in the intersections, which is a routine matter. The resulting model is shown in Fig. 3c. 

Comparing the created model with the source CAD data, we found a complex deviation consisting 

mainly of deviations of the physical object manufacturing, errors created in the process of scanning and 

scan processing, as well as errors in the creation of geometry based on the scan. The comparison process 

in the GOM Inspect program includes the definition of the nominal geometry (of the original CAD 

model), loading of the compared model (created by the reverse engineering process), the choice of the 

model alignment method and conditions. We can see the result in Figs. 4a, 4b. 

 

 
  a      b 

Fig. 4 Colour coded differences of original CAD model and RE acquired model surfaces (a) with error 

values labels (b). 

Before the scanning process, we applied two coats of chalk spray to the part. This layer had a certain 

thickness. According to Dokoupil (2013), who dealt in his work with the determination of measurement 
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deviations due to the use of chalk and titanium matting powder, the value of the thickness of one layer 

of chalk spray was 0.003 mm. However, with the second layer of spray, the thickness increased largely 

and reached a value of 0.031 mm. The scanning device itself has a certain value of accuracy (0.1% of 

the object size, up to 0.05 mm). Another source for the inaccuracies generation was the composition 

process of scans and the design process. In his work, Grujičić (2014) investigated the accuracy of the 

designing itself on the obtained cloud of points. The maximum value of deviations in his case reached -

0.14 mm and +0.12 mm. However, when considering the digitization of objects for graphic use, for 

example in virtual and mixed reality, the use of special metrology scanners is unnecessarily expensive 

(Török et al., 2017).  

 

CONCLUSIONS 

Based on the output of the GOM Inspect program in the form of a colour scheme of the part with toler-

ances, we found largest cumulative upward deviation value of +0.25 mm and the largest downward 

deviation value of -0.18 mm. It can be stated we have created a fairly accurate 3D model with very small 

values of deviations compared to the real part. These deviation values are within the general tolerances 

according to STN EN 22768-1 and STN EN 22768-2 standards. 

In addition to the above-mentioned shortcomings, scanning with the mentioned technology also has a 

problem with uniform shapes due to a small number of reference points for composing scans, which 

then need to be added by as reflecting scanning targets. Higher class hand scanners with blue laser  

usually perform better in direct light conditions and/or reflective surface due to better contrast. The 

means and procedure presented in the paper are completely sufficient for obtaining sufficiently accurate 

models for virtual environments. Considering the number of objects, the efficiency of the mesh-based 

design process is rather important. There are also more advanced software tools with more sophisticated 

algorithms for automated recognition of elementary elements in scans, but they are an order of magni-

tude more expensive. However, currently there is no tool for fully automated RE process available. 

Nevertheless, the RE process remains very important, since the mesh files are usually several orders of 

magnitude larger than the corresponding CAD model files. 
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Abstract 

The article is focused on hop belt dryer and study of sensing of the speed of belts. It contains a schema 

of the belt dryer and a description of the device for sensing the speed of the belt in the dryer. In meas-

urement was found that the speed of the belts in the dryer is from 0 to 6 mm.s-1. Simultaneously was 

found that the 3rd belt achieved approximately 66 % of the speed of the second belt all the time. The 

speed of the first and the second belts was different in both hop dryers. From meteodata was found that 

for belt speed comparison and thereby setting off the hop dryer is the most suitable parameter for hu-

midity. In conclusion, are indicated directions for further research. 

 

Key words: speed, hop, belt, dryer. 

 

INTRODUCTION 

Drying is the extensively used method of the conservation of agricultural materials and food. The suc-

cess and sustainability of the drying process are assessed based on the quality of the dried products, the 

specific energy consumption and costs (Kudra, 2004; Lewicki, 2006; Mujumdar et al., 2014; Myllymaa 

et al., 2019; Myllymaa et al., 2020; Ziegler et al., 2021). During drying, water is removed from the dried 

material as quickly as possible while maintaining product quality and minimizing energy consumption. 

A universal dryer was not developed because every material insists on specific drying conditions. Many 

types of dryers (over 400) are used in industry and agriculture, which use different drying meth-

ods (Guine et al., 2011; Tarhan et al., 2011; Mujumdar et al., 2014). Theoretical and practical aspects 

of drying various materials are described in the literature. Many studies were accomplished to mathe-

matically model drying and determine the drying kinetics of various vegetables, fruits and medicinal 

plants. Zhang et al. (2015) suggested a method of controlling the temperature and relative humidity of 

the drying medium for the dryer controls system. The topic of numerical models and networks during 

drying was also deal with, for example, by Chokphoemphun & Chokphoemphun (2018), Youssefi et al. 

(2009), Guine et al. (2015), Şahinbaşkan & Köse (2010), Kaveh et al. (2018), Kaveh et al. (2019), 

KirbaŞ et al. (2019) and Holowaty et al. (2022).  

Vasiliev et al. (2020) mention in their contribution that it is necessary to further deal with the issue of 

drying hops in belt dryers, especially in the area of airflow. In Germany Raut et al. (2020), Sturm et al. 

(2020) and Raut et al. (2021) studied the drying of hop in the dryers. 

Hop drying is the last stage of the grower’s hop production. The belt dryers are the most widespread 

among growers in the Czech Republic, which represent 60 % of their total number (approx. 200 units), 

built mainly in the 1970s. The total capacity of the drying facilities is 9,500 tons of dry hops. However, 

the growers’ production is lower, with approximately 6,000 tons of dry hops. For this reason, it is not 

worthwhile to build new drying operations, but instead to modernize and innovate existing capacities. 

This article aimed to provide a method to monitor the average speed of the belt. Information on the 

speed of the belt together with other data (the hop moisture, the temperature of the drying medium, etc.) 

will allow the operator to appropriately regulate the drying process of the belt dryer.  

 

MATERIALS AND METHODS 

The belt dryer (Fig.1) contains, among other things, 3 drying belts on which the hops are dried from an 

input humidity of approx. 80 % to an output humidity of approx. 10 %. The quality of the hops (over-

drying or under-drying) depends on the speed of the drying belts, and thus the energy requirement. In 

older dryers, we often encounter slippage of drying belts. If the movement of the drying belts stops, 

there is no signalling on the dryer for the operator of the dryer, and the dried product – hops – can thus 

deteriorate. 
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One of the key parameters for the drying process is the speed of the drying belt. The principle of sensing 

the feed rate is known and used. However, in this case, it is a very slow speed of the drying belts up to 

10 mm.s-1.  

It is known from earlier experiments (Rybka et al. 2017 and Hermanek et al. 2018) that hops, depending 

on the variety, are dried to a greater extent on the second belt, while the third belt only tempers the hops. 

Therefore, it is necessary to focus on monitoring and automating the drying process.  

 

 
Fig. 1 The scheme of belt dryer PCHB 750 

 

Measurements were carried out on two belt dryers PCHB 750 in companies – Lupofyt Co., Ltd. in 

Chrášťany and Agrospol Velká Bystřice Co., Ltd. The Saaz variety, the leading variety of Czech hop 

growing, was mainly used during the measurements. As a delicate aromatic variety, it requires specific 

drying conditions that differ from hybrid varieties.  

During the experiments, the following equipment was installed in the PCHB 750 dryer: 

 the sensor (wheel) of the speed of the drying belts (for the speed from 0 to 10 mm.s-1) in the belt 

dryer of hops (Fig. 2), which was manufactured by SKV Co., Ltd. in Dvůr Králové nad Labem 

according to the suggestion of the authors of the article, 

 the evaluation centre (Fig. 3) for continuous sensing and evaluation of the speed of all drying 

belts in the belt dryer of hops, the manufacturer was SKV Co., Ltd. in Dvůr Králové nad Labem 

according to the specifications and parameters of the authors of the article, 

 the device for fastening to a belt dryer, which was designed and manufactured at the Czech 

University of Life Sciences in Prague, 

 the connecting and electrical material. 

     
Fig. 2 The sensor (wheel) of the speed of the drying belts Fig. 3 The evaluation centre 

 

The methodology of the experiment was based on the collection of process parameters from sensors 

installed on the hop dryer, i.e., the instantaneous and average speed of the belt. Furthermore, available 

meteorological data from individual areas – Chrášťany near Rakovník and Velká Bystřice – were used. 

Subsequently, the values were analysed. 
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RESULTS AND DISCUSSION  
According to measurements at the belt dryer in 2020, the speed of the second belt varied between 2.4 

and 3.8 mm.s-1. For the experiments that were carried out during the drying period in 2021, we used a 

modified device. The modification consisted of the possibility of choosing a period for which the aver-

age speed of the belt will be measured. This value is adjustable in the range from 0 to 600 s. When 

measuring in 2021, we looked for a suitable setting for the average belt speed per time interval (60 s, 

120 s, 300 s and 600 s). For our measurements on both dryers, we set the measurement for 60 s. An 

example of measured data is shown in Table 1. The measured data from the speed sensors are displayed 

as the current instantaneous belt speed and the average belt speed.   

 

Tab. 1 An example of measured data of average belt speed in a hop dryer (Agrospol Velká Bystřice 

Co., Ltd.) 

date time speed of belt 1 speed of belt 2 speed of belt 3 

month.day.year h:min:s mm.s-1 mm.s-1 mm.s-1 

08.23.2021 13:00:57 4.57 1.58 1.03 

08.23.2021 13:02:57 4.57 1.58 1.03 

08.23.2021 13:04:57 4.55 1.57 1.03 

08.23.2021 13:06:57 4.53 1.55 1.03 

08.23.2021 13:08:57 4.53 1.57 1.03 

08.23.2021 13:10:57 4.55 1.58 1.03 

 

We obtained meteorological data from the harvest period: temperature [°C], dew point [°C], humidity 

[%], speed of wind [m.s-1] and pressure [hPa].  

In the analysis, we examined and compared various meteorological data with belt speed values. Firstly, 

we removed the stopping, standing, and starting motion of the belts. We did not include the results of 

the measured values of the average speed of all three belts in the graphs below for the sake of clarity. 

From a technological point of view, the inclined belt for the supply of fresh hops and the first belt of the 

dryer are driven from one source. The second and third belts are driven from the second source. The 

third belt reached approximately 66 % speed of the second belt. The speed of the second belt was dif-

ferent for both dryers. Compared to the speed of the first belt, the speed of the second belt in the dryer 

Lupofyt Co., Ltd. was 98 % and, in the dryer Agrospol Velká Bystřice Co., Ltd. was approximately 30 

%.  

For comparison, we selected humidity from all meteodata. The results of the speed of the first belt and 

the humidity of the air for the entire period of drying of hops after their harvest are shown in the graphs 

in Figure 4 (Lupofyt Co., Ltd.) and Figure 5 (Agrospol Velká Bystřice Co., Ltd.).  

The graphs in Fig. 4 and 5 show the dependence of the average speed of the first belt of the hop dryer 

on humidity. The interpretation of the measured values shows that when the humidity increased, the 

speed of the belt decreased and vice versa. The dependence is most evident in the graph in Fig. 5. Belt 

speed regulation was not based on automatic regulation of the drying process but based on manual con-

trol by the operator of the dryer, which we want to eliminate in the future and fully replaced with auto-

mation. Manual control has so far been based on the experience of the operator and is implemented 

based on the moisture of the hops leaving the dryer and with a certain time delay. The obtained data 

were not subjected to a statistical evaluation, as only the results for one year of measurement are avail-

able so far. According to the measured values, it is also possible to conclude that speed sensors only on 

the first and second belt are sufficient. However, in the case of the third belt, the malfunction will not 

be signalled, and the operator must find out by looking into the control windows. 

J. Münsterer (2020) dealt with a detailed study of drying hops in chamber and belt dryers. In the study, 

he states that it is necessary to change the speed of the belts in the dryer in order to regulate the hop 

layer. However, there was no published article about measuring and visualizing the speed of the belts 

during drying of hops in a belt dryer. 

For further measurements, it will be necessary to obtain current meteorological data and compare them 

with measured data from speed sensors during the drying period on individual days. This assesses the 
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effect of humidity and speed of belts in the dryer. The next task will be to solve the visualization of the 

measured values in the control device in the dryer. Next, we will focus on the possibility of monitoring 

the passage of the hop mass through the dryer when changing varieties, plots, etc. 

 
Fig. 4 Measured data from Lupofyt Co., Ltd. 

Fig. 5 Measured data from Agrospol Velká Bystřice Co., Ltd. 

 

CONCLUSIONS

Continuous sensing of the speed of the dryer belts will help to signal slippage or unexpected stoppage 

of the dryer belts. The advantage of continuous sensing of the speed of the drying belts is an increase in 
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the quality of hops, safety when working in the dryer, the introduction of signalling for the operator and 

subsequent use for the automation of the hop drying process. The speed data will be transmitted to the 

computer and subsequently, it will be possible to use it for precise adjustment of the movement of the 

drying belts of the belt dryer. Another advantage lies in the possibility of using motion sensing devices 

in post-harvest technologies of other crops, e.g., when processing vegetables and sensing slow speeds 

of various mechanisms. The uniqueness of the solution results from the fact that there is no mechanism 

or device used in hop dryers to continuously monitor the speed of the drying belts. The automation of 

the drying process is achieved by mounting the designed sensor and connecting it to the control of the 

dryer.  
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Abstract 

In this article we compared apparent viscosity and density of three types of whole mustards from differ-

ent producers (Boneco, SNICO, COOP). We performed measurements of both parameters in the tem-

perature range (5 – 25) °C. Apparent viscosity was measured on rotational viscometer Anton Paar DV-

3P and density was determined according to definition (exact volume of sample was weighted). We have 

found that apparent viscosity is decreasing exponentially, while the density decreases polynomially with 

increasing of temperature. Highest apparent viscosity was obtained for the mustard Boneco and lowest 

for the mustard SNICO. Highest density had mustard COOP, while other two samples had similar den-

sities. We had also investigated the effect of storing on mustards apparent viscosity and all samples had 

a bit lower values after storing. Changes of rheological properties with temperature and storing time 

could be caused by internal structural changes and by destruction of bonds. 

 

Key words: whole mustards; apparent viscosity; density; storing; temperature. 

 

INTRODUCTION 

One of the most used materials from mustard seeds is oil, which could be used in many areas e.g. in 

industry as a lubricant or diesel fuel additive, in traditional medicine as antitumor, antiviral and analgesic 

agent, as well as in food preparation as a condiment and a preservative (Kostić et al., 2018). Rapp et al. 

(2021) have reported the properties of biofuels and biolubricants made from Indian mustard. 

Mustard paste is a non-Newtonian material for which must be applied apparent viscosity, defined as a 

ratio of shear stress and corresponding shear rate. It is expressed in physical unit Pa·s. Viscosity changes 

with temperature, for most of the liquids decreases with increasing temperature and can be described by 

an Arrhenius type equation  

𝜂 = 𝜂0 𝑒−
𝐸𝐴
𝑅 𝑇          (1)   

where 𝜂0 is reference value of viscosity, 𝐸𝐴 is activation energy, R is gas constant and T is absolute 

temperature (Figura & Teixeira, 2007).                         

According to Juszczak et al. (2004) mustard is a pungent, spicy-tasting paste which is usually used as a 

condiment, and it is made from party deoiled mustard flour or mustard seeds, water, food acids, vinegar, 

salt, sugar and flavouring additives. There are many types of mustards that differ in its composition, for 

example: whole mustard, whole grain mustard, honey mustard, spicy mustard, American mustard (from 

yellow mustard), horseradish mustard, Dijon mustard, English mustard, French mustard, hot pepper 

mustard, etc. 

Juszczak et al. (2004) had mentioned that the rheological properties of processed mustard are influenced 

by the size of solid phase particles, which could be controlled during the manufacturing (e.g. at the 

milling process). The rheological properties of mustard are also affected by other factors such as its dry 

matter content, the presence of oil fraction and the addition of thickeners (Juszczak et al., 2004). Authors 

studied the temperature relation of mustard apparent viscosity in the temperature range (8 – 30) °C and 

described this dependency with an Arrhenius equation. Authors (Aguilar & Ziegler, 1990) found that 

viscosity of dispersions of mustard seeds had decreased with increased temperature. Aguilar et al. (1991) 

compared mustards with different particle sizes obtained by milling (slightly coarse, standard, and fine). 

They observed higher apparent viscosity in no-mixing variants of mustard. Higher apparent viscosity of 

the fine milling variant, authors (Aguilar et al., 1991) explained by greater surface area and by increased 

chemical related particle-particle interactions due to the smaller particles. In case of slightly coarse mill-

ing variant, the higher apparent viscosity may be related to packing density or due to physical interac-

tions between large particles of irregular shape (Aguilar et al., 1991). Differences in apparent viscosity 

after mixing could not be detected because the mixing had disturbed the formation of a soft structure or 

network of particles (Aguilar et al., 1991). Flow behaviour of processed mustard was described with 
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Herschel-Bulkley model by Aguilar et al. (1991). Bhattacharya et al. (1991) had observed pseudoplastic 

behaviour with yield stress for three types of mustard pastes (paste with whole mustard seeds; paste with 

dehulled kernels; paste from meal). Authors used Herschel–Bulkley model for all three types of mustard 

pastes. Bhattacharya et al. (1991) found that yield stress, consistency index and apparent viscosity of 

the mustard pastes increased, but the flow behaviour index decreased with a moisture content decrease. 

Authors identified that the mustard pastes from meal showed the highest apparent viscosity, followed 

by the pastes with whole mustard seeds, and lowest apparent viscosities were observed for pastes with 

dehulled kernels (Bhattacharya et al., 1991).  Kang et al. (2020) had analysed the flow profiles of yellow 

mustard mucilage and its two fractions (water soluble and water insoluble fraction). Authors had ob-

served shear-thinning flow behaviour. Cui et al. (1994) investigated rheologic behaviour of water-solu-

ble yellow mustard and observed pseudoplastic (shear thinning behaviour). Repin et al. (2018) studied 

the flow behaviour of yellow mustard mucilage at different concentrations. Authors observed shear thin-

ning behaviour in all cases. 

Similar observations were performed on various materials. Ahmed et al. (2013) had analysed flow prop-

erties of purees from rocket leaves. From their research is clear that the flow behaviour of puree sample 

could be well described by the Herschel–Bulkley model. Baslingappa Swami et al. (2004) investigated 

flow characteristics of black gram batter and found that batters exhibited shear thinning behaviour, and 

it could be described by the Herschel–Bulkley model. Authors also determined the bulk density of the 

batters by weighing the exact volume of sample. Morales-Tovar et al. (2020) observed that the chan 

mucilage exhibits a non-Newtonian behaviour of the pseudoplastic type. Authors applied the Ostwald 

de Waele equation for characterising the flow behaviour of the chan mucilage. Oliveira et al. (2019) 

indicated that the flow behaviour of biodegradable films based on Pereskia aculeata Miller mucilage 

exhibited shear thinning behaviour and described it by power law model (Ostwald – de Waele equation). 

Decrease in the apparent viscosity caused by increased shear rate authors explained by the fact that when 

stress is applied the molecules of the solution begin to become ordered, thus, high applied stress pro-

duces higher ordering, and consequently, lower apparent viscosity (Oliveira et al., 2019; Steffe, 1996). 
Orcajo et al. (2013) had compared flow curves for hydrolysed and non-hydrolysed granules mayonnaise 

with the commercial mayonnaise sample. Authors observed that the apparent viscosity decreases with 

increments in the shear rate, which is a feature of shear thinning products. Orcajo et al. (2013) found 

that non-hydrolysed granules mayonnaise reached highest values of apparent viscosity, while hydro-

lysed granular and commercial mayonnaise had comparable values. Jouki et al. (2014) mentioned that 

apparent viscosity besides the temperature depends also on chemical composition and structure. Kishk 

& Elsheshetawy (2013) also observed decrease of apparent viscosity during the storage of mayonnaise. 

Hakimian et al. (2022) had examined microbial and physicochemical properties of mayonnaise. Authors 

investigated the effect of storing time on these properties and found that apparent viscosity had de-

creased with storing time.  

It is very hard to find information about physical properties of mustards and how are they affected by 

selected properties. That is why the aim of this article was to investigate the effect of temperature and 

storing time on the rheologic properties of mustards.  

 

MATERIALS AND METHODS 

In our article we compared apparent viscosity and density of three types of whole mustards from differ-

ent producers (Boneco, SNICO, COOP). Composition of mustards was similar, only small differences 

were in used ingredients like vinegar and sugar. We performed measurements of both parameters in the 

temperature range (5 – 25) °C. Apparent viscosity was measured on rotational viscometer Anton Paar 

DV-3P and density was determined according to definition (exact volume of sample was weighted on 

scales with precision 0,0001 g). Presented are averages of two values. Sample cooling was performed 

in cooling box and measurements were realized after the temperature stabilization. Heating of the sample 

was performed in water bath. Measurements of apparent viscosity were repeated also after three weeks 

of storing. There were constructed dependencies of rheological properties on temperature and storage 

time and evaluated by the regression equations and the coefficients of determination. 

Temperature dependency of mustard apparent viscosity can be modelled by decreasing exponential 

function (2). 

𝜂𝑎 = 𝐴 𝑒
−𝐵(

𝑡

𝑡0
)
          (2) 
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where 𝜂𝑎 is apparent viscosity (Pa·s), t is temperature (°C), 𝑡0 is 1 °C, A and B, coefficients of regression 

equation (2), are constants dependent on kind of material, and on ways of processing and storing. Similar 

dependency of mustard density can be characterized by decreasing polynomial function of second de-

gree (3) 

𝜌 = 𝐶 (
𝑡

𝑡0
)

2
− 𝐷 (

𝑡

𝑡0
) + 𝐸         (3) 

where 𝜌 is density (kg·m-3), C, D and E, coefficients of regression equation (3), are constants dependent 

on kind of material, and on ways of processing and storing.  

 

RESULTS AND DISCUSSION  
In this article we compared apparent viscosity and density of three types of whole mustards from differ-

ent producers (Boneco, SNICO, COOP). Temperature dependencies of mustards apparent viscosity is 

presented on Fig. 1.  

 

 
 

Fig. 1 Temperature dependency of mustard apparent viscosity: Boneco (▲), COOP (■), SNICO (●) 

 

 
 

Fig. 2 Temperature dependency of mustard density: Boneco (●), COOP (■), SNICO (▲) 
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It could be seen that for all examined samples the apparent viscosity decreases with increment of tem-

perature. This is in accordance with the Arrhenius equation (1). Coefficients of regression equation (2) 

and coefficients of determination are summarized in Tab. 1. Similar observations were obtained by other 

authors (Aguilar & Ziegler, 1990; Juszczak et al., 2004). Highest apparent viscosities were observed for 

mustard Boneco, lowest values for sample SNICO.   

Effect of temperature on mustard density is shown on Fig. 2. For all samples was applied decreasing 

polynomial function of second degree. Decreasing of density with temperature were also obtained for 

other materials (Kumbár & Nedomová, 2015; Thomas et al., 2015). Density of the mustard COOP was 

highest, while other two samples had similar densities. Coefficients of regression equation (3) and co-

efficients of determination are summarized in Tab. 1. 

We had also investigated the effect of storing on apparent viscosity of mustards. Samples of mustards 

were stored in cooling box and next measurements were performed after three weeks. On Fig. 3 are 

shown differences in apparent viscosity of mustard Boneco caused by storing. For all three samples we 

obtained a bit lower values after storing. Changes of rheological properties with temperature and storing 

time could be caused by internal structural changes and by destruction of bonds. Decrease of apparent 

viscosity after storing was observed by other authors (Hakimian et al., 2022; Kishk & Elsheshetawy, 

2013).  

 

 
 

Fig. 3 Temperature dependency of mustard Boneco apparent viscosity: first measurement (×), next 

measurement after three weeks of storing (●) 

 

Tab. 1 Coefficients of regression equations (2 – 3) and coefficients of determination 

Mustard /  

measurement 

A 

mPa·s 

B 

mPa·s 

R2 

SNICO / first 4360.8 0.020 0.9685 

SNICO / next 4031.3 0.016 0.9748 

COOP / first 5158.5 0.025 0.9724 

COOP / next 4478.4 0.018 0.9676 

Boneco / first 7724.7 0.018 0.9821 

Boneco /next 7056.8 0.016 0.9889 

Mustard 
C 

kg·m-3 

D 

kg·m-3 

E 

kg·m-3 

R2 

SNICO 0.0113 1.0855 1068.4 0.9846 

COOP 0.0102 1.4718 1076.8 0.9808 

Boneco 0.0023 0.9452 1069.2 0.9938 
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CONCLUSIONS 
Food materials composition is different, so their physical properties are very complex. Physical proper-

ties of food materials depend on the manipulation, external conditions and on other factors, which de-

termine their behaviour. Rheological properties of whole mustard were measured and analysed in this 

paper. Mustard paste is a non-Newtonian material, so for this material is relevant apparent viscosity. 

Effect of temperature and storing time on measured samples of whole mustard was investigated and 

comparison of used samples was made. We found out that apparent viscosity of samples decreased ex-

ponentially with increasing temperature, so the Arrhenius equation is valid. Coefficients of determina-

tion reached high values in the range (0.967 – 0.994). Comparable rheological results for mustard were 

reported by Juszczak et al. (2004). Proportion of the curves in Fig. 1 could be caused by different com-

position of analysed samples (Aguilar et al., 1991). Apparent viscosity had decreased with storage time, 

which can be caused by structural changes in samples during storing (Hakimian et al., 2022; Kishk & 

Elsheshetawy, 2013). The rheological characteristics can be used for designing of technological equip-

ment or containers for distribution of the product to the final users. The knowledge of flow behaviour is 

also important for the development of new recipes and direct qualitative assessment of the products. 

Further analysis of samples is needed for the characterization of mustard flow behaviour. 
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Abstract 

This study aims to evaluate the effect of the mixture of winter wheat and legumes cultivars on grain yield 

and wheat rheological quality properties. The experiment was conducted in an organically certified field 

at Zvikov, Ceske Budejovice, to compare grain yield, baking quality, and rheological quality analyzed 

by Mixolab of wheat flour. Based on results, grain yield showed range from 7.03 to 8.31 t ha-1 and there 

were no significant differences under winter wheat and legumes cultivars mixtures. Productivity wheat 

quality was significantly different between wheat variety and legumes mixtures in terms of protein con-

tent (P < 0.05), wet gluten (P < 0.01), sedimentation value, and falling number (P < 0.001). There was 

a significant difference in rheological quality analyzed by Mixolab as stability, weakening of protein, 

and starch characteristics under growing winter wheat and legumes mixtures. Wheat and legumes mix-

tures may offer a small yield and grain quality advantage. 

 

Key words: baking quality, yield, Mixolab, organic farming, winter wheat. 

 

INTRODUCTION 

Wheat (Triticum aestivum L.) is one of three main kinds of cereals consumed worldwide (Aune et al., 

2016). Products of wheat, particularly those from organic farming, have been interesting and developing 

in recent years (Mie et al., 2017). Organic farming systems are characterized by limited soluble nitrogen. 

Especially, nutrient uptake and use in early spring are important in winter wheat cultivation because it 

affects not only growth and grain yield but also baking wheat flour quality (Konvalina et al., 2009). On 

the other hand, organic yields are often 14% lower (Mäder et al., 2007), 20 – 30% less, and the protein 

content 10 – 25% lower than conventional farming (Konvalina et al., 2009; Osman et al., 2012).  

Organic winter wheat cultivation is limited by the low input, especially the addition of nitrogen to the soil. 

Additionally, wet soil and low temperatures conditions in early spring reduce microbial activity and the 

process of mineralization in soil affects the development of plants, particularly in the early stage. The main 

priorities in organic agriculture are improving grain yield, increasing grain quality, and productivity of 

rheological characteristics. Protein content, wet gluten, gluten index, sedimentation value (Zeleny test), 

falling number, and rheological quality analyzed by Mixolab are characterized for high baking quality of 

the organic wheat varieties. Efforts to boost grain yield and quality include breeding and selection. Howe-

ver, these take a long time and cost. Designing cultivation practices could be a complementary strategy in 

grain yield and quality improvement of grain wheat in organic farming (Konvalina et al., 2009). 

Mixtures of wheat varieties or wheat and legumes are a viable strategy for sustainable products to help 

greater stability or no reduced yield, which is promoting to achieve high yields in bread quality in organic 

farming compared to single systems (Kaut et al., 2009). Mixing varieties of wheat improves baking quality 

(Aart, 2006), growing multiline cultivars and cultivar mixtures between wheat and legumes would com-

plement properties of grain yield, grain bulk density, protein content, and also economic efficiency (Vrtilek 

et al., 2016), yield stabilization and pathogen spread in plant populations reduction (Vidal et al., 2020). In 

addition, growing mixtures of pure varieties or annual arable crop species is a promising way to improve 

crop productivity and complementary N accumulation, decreasing agricultural inputs, especially without 

chemicals use (Borg et al., 2018; Chen et al., 2020; Dahlin et al., 2020; Gaudio et al., 2019). The main 

objective of the research was to evaluate wheat yield, rheological technological quality characteristics of 

winter wheat flour under mixtures of winter wheat and legumes mixtures in organic farming.  
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MATERIALS AND METHODS 

Field Experiment  

The small plot experiment was carried out in the certified organic field (48.973995N, 14.612085E) at Zvikov, 

Ceske Budejovice, Czech Republic in vegetation season 2020. The soil texture was loamy soil. The weather 

condition was mild warm climate, at an altitude of 460 m. Experiments were started using the method of 

randomized complete block design with three replicates. Trial variants were evaluated in experiments with 

mixtures of winter wheat varieties (Butterfly) and different legumes (field bean – Vicia faba L., incarnate 

clover - Trifolium incarnatum L., spring pea Pisum sativum L. and winter pea - Pisum sativum L.).  

 

Evaluation of Qualitative Parameters  

Grain wheat was harvested from treatments without legumes seeds. The wheat flour samples were milled 

by PSY 20 (Mezos, Hradec Kralove, Czech Republic) and Quadrumat Junior machine (Brabender, 

Duisburg, Germany). Protein content (PC) was estimated by Kjeltec 1002 System (Tecator AB, Hoganas, 

Sweden), based on N * 5.7 (in dry matter). Wet gluten (WG) was measured by Glutomatic 2200 and 

Centrifuge 2015 (Perten Instruments, Hägersten, Sweden), according to ICC Standard No. 137/1. Falling 

number (FN) was determined on FN 1100 (Perten Inst., Sweden) according to AACC/No. 56-81B, 

ICC/No. 107/1, ISO/No. 3093. Sedimentation value (Zeleny test) (ZSV) was measured by using SDZT4 

apparatus according to the ICC standard No. 116/1.  

Rheological properties of wheat flour such as dough stability or weakening during mixing, as well as the 

quality of starch and protein were assessed by Mixolab (CHOPIN Technologies, France) according to the 

ICC standard method No. 173 - ICC 2006. Mixolab curves made from wheat flour. Amplitude: Elasticity of 

the dough. Higher the value, the more elastic the flour; Stability: Resistance to dough kneading. The longer 

the duration, the stronger the flour; C1: Dough development; Torque C2: Attenuation of protein due to me-

chanical work and temperature; Torque C3: The gelatinization of starch; Torque C4: Stability of hot gel; 

Torque C5: Measured retrogradation of starch in the cooling phase; Slope α: Attenuating rate of protein in 

warming; Slope β: starch gelatinization rate; Slope γ: enzymatic degradation rate.  
 

Statistical Analysis 

For the analysis of measured data, the STATISTICA program (version 13.2, StatSoft, Inc., California, 

USA) was used. One-way ANOVA was used for variance analysis. Tukey’s honest significant difference 

(HSD) was used to identify significantly different mean values, P < 0.05; P < 0.01; and P < 0.001, 

probability level.  

 

RESULTS AND DISCUSSION  

Grain Yield  

Productivity is an important indicator to evaluate manufacturing efficiency. Wheat grain production is 

influenced by agronomic features, cultivation practices, and environmental conditions. The addition of 

legumes in our experiment aimed to increase soil nutrients, resulting in increased wheat output and quality. 

Fig. 1 shows that grain yield did not differ statistically between combinations of Butterfly variety and 

legumes cultivars. The grain yield varied from 7.03 to 8.31 t ha-1. The mixtures of winter wheat and leg-

umes were not effective on yield. On the other hand, although there is no difference between the treatments 

when compared with the results of other studies, it shows the potential and achieves higher yield as Tran 

et al., (2020) found that grain yield ranged from 4.07 t ha-1 to 4.28 t ha-1 lower, compared to 7.78 t ha-1 in 

our experiment. Lacko-Bartošová et al., (2021) and Jablonskytė-Raščė et al., (2013) reported in their 

paper the grain yield of 6.7 t ha-1 and 4.95 t ha-1, respectively, which are lower than our study. Buraczyńska 

et al., (2011) found that winter wheat mixed legumes yielded higher yields than mono cultivar cereals. 

Hence, cultivating mixtures of winter wheat and legumes positively impacted, potentially improving grain 

yield in low-input agricultural systems. 
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Fig. 1 Grain yield under mixtures of winter wheat variety and legumes (Bu: Butterfly, Field: Field beans, Inc: 

Incarnate clover, Spr: Spring pea, Win: Winter pea). Means ± standard deviation (SD), P < 0.05, N = 24 
 

Wheat Quality 

The highly significant statistical difference in the productivity of wheat quality in terms of protein content (P < 

0.05), wet gluten (P < 0.001), sedimentation value (P < 0.001), falling number (P < 0.001). Protein content 

ranged from 9.83 to 10.61%. The highest number of protein content under Butterfly and field bean mixtures, 

differed significantly compared to Butterfly single by 0.76%. There was no difference between Butterfly and 

other combinations. Krejčířová et al., (2008) showed that the protein content was higher than in conventional 

farming (11.04%) compared to organic farming (9.48%). The number of protein content in their paper under 

organic farming cultivar is close to our results (10.09%). Buraczyńska et al., (2011) found that total N content 

in winter wheat grain of grown single crop was lower than crop mixtures (winter wheat and legumes).  
 

Tab. 1 Baking quality, rheological parameters evaluation by Mixolab of winter wheat and legumes mixtures 
 

Treatment Protein (%) Wet gluten (%) ZSV (mL) FN (s) 

Bu 9.85 ± 0.25b 16.66 ± 1.14c 28.42 ± 0.80b 310.00 ± 6.08b 

Bu+Field 10.61 ± 0.43a 18.83 ± 0.01ab 27.38 ± 0.38bc 304.67 ± 6.43b 

Bu+Inc 9.83 ± 0.27b 17.43 ± 0.08bc 27.00 ± 0.00c 309.00 ± 4.36b 

Bu+Spr 9.97 ± 0.10ab 18.99 ± 0.30a 30.00 ± 0.00a 297.33 ± 2.52b 

Bu+Win 10.26 ± 0.19ab 19.06 ± 0.16a 26.50 ± 0.00c 335.00 ± 3.00a 

P * ** *** *** 

Treatment Torque C2 (Nm) Torque C3 (Nm) Torque C4 (Nm) Torque C5 (Nm) 

Bu 0.42 ± 0.00ab 1.55 ± 0.01b 0.74 ± 0.52 1.57 ± 0.02b 

Bu+Field 0.42 ± 0.01ab 1.57 ± 0.01b 0.89 ± 0.01 1.50 ± 0.03b 

Bu+Inc 0.45 ± 0.02a 1.69 ± 0.02a 1.02 ± 0.04 1.75 ± 0.08a 

Bu+Spr 0.41 ± 0.01b 1.48 ± 0.02c 0.95 ± 0.09 1.51 ± 0.03b 

Bu+Win 0.43 ± 0.01ab 1.54 ± 0.01b 0.93 ± 0.03 1.55 ± 0.00b 

P ** *** NS *** 

Treatment Alfa Beta Gamma Stability (min) 

Bu -0.07 ± 0.00 0.44 ± 0.02b -0.13 ± 0.06 6.20 ± 0.20c 

Bu+Field -0.08 ± 0.01 0.47 ± 0.02b -0.10 ± 0.02 5.80 ± 0.10c 

Bu+Inc -0.08 ± 0.00 0.54 ± 0.03a -0.08 ± 0.03 8.53 ± 0.06a 

Bu+Spr -0.08 ± 0.01 0.45 ± 0.01b -0.12 ± 0.02 5.27 ± 0.06d 

Bu+Win -0.08 ± 0.01 0.48 ± 0.03ab -0.07 ± 0.02 6.77 ± 0.32b 

P NS ** NS *** 
 

Means ± standard deviation (SD), Tukey HSD test, influence of mixtures of winter wheat and legumes 

provable at *P < 0.05, ** < 0.01, *** < 0.001, NS – Non significant; different letters within the column 

shown statistically significant difference at P < 0.05. Bu: Butterfly,  Field: Field beans, Inc: Incarnate 

clover, Spr: Spring pea, Win: Winter pea, FN: Falling number, ZSV: Sedimentation value (Zeleny test). 
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Wet gluten results were also significantly different, with the highest wet gluten under intercropping with field 

beans (18.83%), spring pea (18.99%), and winter pea (19.06%), higher than sowing only Butterfly seed variety 

(16.66%), and no difference between winter wheat and incarnate clover (17.43%). A lower number on wet 

gluten of 6.34% compared to Jablonskytė-Raščė et al., (2013) results and similar to Krejčířová et al., (2008), 

gluten content stood at 18.59%. There is a correlation positively between sedimentation value with protein con-

tent and loaf volume, with the higher sedimentation value, the greater the baked bread volume. The evaluation 

of sedimentation value characteristics indicated a significant difference, sedimentation value was highest when 

growing winter wheat with spring beans (30.00 mL), however, incarnate clover (27.00 mL) and winter pea 

(26.50 mL) were lower than single grown Butterfly (28.42 mL), field bean mixes (27.38 mL) were not statisti-

cally different from single Butterfly. 

Testing of falling number is used to evaluate the amount of sprout damage wheat and correlates negatively with 

alpha-amylase (an enzyme found in sprout-damaged wheat), with a large increase in this enzyme if the germi-

nation occurs. The decreasing number test will be reduced when the amount of alpha-amylase in the wheat 

increases. A high falling number or the longer indicates that the wheat is more suitable for most baking quality, 

with an ideal falling number range of 250 - 280 s. There was a considerable variation between winter wheat and 

legume cultivar mixes. Winter wheat and winter pea mixes produced a greater result (335.00 s) than the other 

treatments, which ranged from 297.33 to 310.00 s. Our falling number is higher than an ideal falling number, 

however, it is 140 s slower than the results of Lacko-Bartošová et al., (2021). The baking quality of winter 

wheat flour was improved by combining winter wheat and legumes. 
 

 
Fig. 2 Mixolab curve of flour milled under mixtures of winter wheat variety and legumes (Bu-Temp.: 

Butterfly dough temperature, Mix-Temp.: Mixtures of Butterfly and legumes dough temperature, Bu: 

Butterfly, Field: Field beans, Inc: Incarnate clover, Spr: Spring pea, Win: Winter pea) 

 

Mixolab Analysis  
The advantage of Mixolab is being able to measure cereals flour characteristics in one test as proteins, 

starch, and associated enzymes. The mean values of each treatment for stability, Torque C2, Torque C3, 

Torque C4, Torque C5, and slope alfa, beta, gamma are displayed in Tab. 1 and Fig. 2. The mixing of 

dough against evaluation is indicated in the first phase. Mixing resistance of dough, the longer this time 

is, the more the flour will be strong. The value of stability normally ranges from 4.96 to 11.42 minutes. 

Tab. 1 shows that the stability assessed by Mixolab under growing winter wheat Butterfly variety and 

different types of legumes mixtures between 5.27 and 8.53 minutes, was high significantly statistically 

different (P < 0.001). The value of stability of mixtures of Butterfly with incarnate clover, and Butterfly 

with winter pea, respectively, was 2.33 and 0.57 minutes longer, however, Butterfly intercropping with 

field beans (5.80 minutes), and Butterfly with spring pea (5.27 minutes) was shorter compared to singly 

Butterfly (6.20 minutes). The mixtures of winter wheat and legumes were effected on stability of winter 

wheat flour, intercropping with legumes systems (6.59 minutes) longer, and related to the high gluten in 
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mixtures compared with only winter wheat (6.20 minutes). Growing winter wheat in organic farming 

with fertilizer (8.83 minutes) is higher than growing winter wheat organically without fertilizer, accord-

ing to Lacko-Bartošová et al., (2021) (3.19 minutes). Addition of organic fertilizer or mixtures with 

legumes positively affected the baking quality of wheat flour. Torque C2 measures protein weakening 

as a function of mechanical work and temperature. The weakening of protein was significantly different 

in growing seed mixtures of winter wheat and legumes. Despite the fact that there was a significant 

difference (P < 0.01) between the treatments, however, there was no significant difference when com-

paring the intercropping of each type to the control (no intercropping). Torque C2 ranged from 0.41 Nm 

to 0.45 Nm, the highest being a mixture of Butterfly with incarnate clove and the lowest being a mixture 

of Butterfly with spring pea (0.41 Nm). 

Starch characteristics were significantly different in growing seed combination of winter wheat 

namely Butterfly with different types of legumes (except Torque C4). Torque C3 measures starch 

gelatinization indicated the mixtures reached highest by Butterfly intercropping with incarnate clover 

(1.69 Nm) and was significantly different compared to Butterfly, followed by Butterfly with field bean 

and winter pea stood at 1.57 Nm, 1.54 Nm, respectively. Butterfly and spring pea (1.48 Nm) were less 

than sown single Butterfly (1.55 Nm). Torque C5 under sowing seed Butterfly variety mixtures incar-

nate clover (1.75 Nm) was higher than other treatments, which ranged from 1.50 to 1.57 Nm. Torque 

C4, the number of measures of hot gel stability between 0.74 and 1.02 Nm, there was no difference. 

There was no effect under mixtures of winter wheat with legumes on slope alfa, which ranged from -

0.08 to -0.07, and slope gamma from -0.13 to -0.07. On the other hand, the difference in wheat flour 

starch gelatinization speed was significant for factors of winter wheat varieties and legumes mixtures. 

The highest number of slope beta of the curve between C2 and C3 was Butterfly and incarnate clover 

(0.54), similar to Butterfly and winter pea, the number was higher than control (Butterfly variety only). 

Tab. 1 shows that almost rheological characteristics analyzed by Mixolab were higher under mixtures 

of Butterfly and incarnate clover compared to other mixtures or grown single Butterfly variety. Howe-

ver, comparison to Lacko-Bartošová et al., (2021) research reported torque C2, C3, C4, and C5 values 

of 0.51, 1.91, 1.94, and 3.82 Nm, respectively, which was higher than rheological quality characteris-

tics of winter wheat flour in our site. 

 

CONCLUSIONS 
The current research aims to give an understanding of the effects of changing cultivation practices on 

grain production, wheat quality, and rheological quality features analyzed by Mixolab evaluation in or-

ganic farming. Four percent of average grain yield under mixtures of winter wheat and legumes was 

higher than the single winter wheat variety. Winter wheat variety and legume cultivar mixtures impacted 

grain wheat quality. The highest protein content was under Butterfly and field bean mixtures, while there 

was no difference between Butterfly and other combinations. The highest wet gluten under intercropping 

with field beans, spring pea, and winter pea was higher than sowing a single Butterfly variety. The 

rheological properties evaluation of grain wheat in Mixolab yielded the same findings. The mixtures of 

winter wheat and legumes were a potential method for better winter wheat quality. Therefore, improving 

the grain dough and baking properties under combinations of winter wheat and legumes should be ad-

ditional research for adaptation to low input cultivations conditions.  
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Abstract 

The world is making great progress in technological field, and this is exactly what create new opportu-

nities to reduce costs. One of the ways is to design an appropriate cooling of the distillation column, 

which ultimately contributes to positive economical results in distillery operating. The aim of the article 

is to propose the most efficient cooling method in distillation. The cooling sources described in the 

methodology were selected on the basis of cooling water flow measurement, implementation costs and 

annual operating costs. This data was evaluated by using the FDMM method. We found out by a more 

detailed comparison that at a flow of 400 m3 per year it is most worthwhile to cool with public water 

system until the fourth year of operation. From the fourth year of operation, cooling costs are lower at 

a given flow rate if we use a pumped groundwater with a frequency converter or pressure tank. 

 

Key words: distillation, cooling, distillation column, cooler. 

 

INTRODUCTION 

Distillation equipment are used in the food industry as well as in the chemical industry in ethanol distil-

lation process from prepared fermented mash (Vogelpohl, 2015). For these processes various distillation 

methods are used as well as different related distillation technologies. In the case of the use of distillation 

equipment in the food industry, the primary focus is on the processing of mash prepared from fruit and 

agricultural crops. Ethanol from agricultural crops can be divided into consumable and bioethanol as an 

ecological fuel additive (Turner, 2006).In the food industry, two basic types of distillation equipment 

are used, namely a double distillation boiler and a distillation column (Holota, 2019). 

Quality and effective distillery equipment provide a prerequisite for ensuring proper production tech-

niques and the opportunity to consume quality spirits for the wide public. These processes are greatly 

influenced by the correct choice of distillation equipment (Holota, et al., 2021). The technological equip-

ment of distilleries must be also adapted to the requirements of growers, who process fruit and agricul-

tural crops (McHarry, 2012). The input costs represent a costly item for each organization at the estab-

lishment of the distillery. The current requirement for quality products in the best price range, encour-

ages distillery owners to find the most efficient ways to operate them. One of the ways is selected method 

of cooling during distillation. The profitability of the process and time-acceptable return on input costs 

can only be achieved by using the device effectively. One such way to reduce costs is to apply the most 

efficient cooling in distillation equipment while maintaining the quality of the final distillates. 

The purpose of cooling is to remove heat from materials or liquid substance, which are either cooled to 

a temperature lower than the surroundings, or their state changes, or reaction heat is removed (Clark, 

2008).The vapors from the distillation pot pass through the vapor pipe and enter the cooler. The task of 

the cooler is to condense these vapors and cool down to a temperature of 10°C to 20°C. The temperature 

of the distillate flowing out of the cooler should be the same or just a little higher than the cooling water 

temperature (Opáth, 2007). Cooling is a very important element that affects the result of the distillation 

process in a fundamental way. It is important not only to choose the right volume of the cooler, which 

depends on the distillation pot volume but also the type of distillation equipment (Fekete, et al., 2007). 
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In the presented paper, we emphasized the reduction of energy consumption of the production of fruit 

distillates and therefore the main aim of the study was to propose the most efficient cooling method in 

distillation.

 

MATERIALS AND METHODS 

The research is focused on various types of cooling medium in the coolers of distillation column with a 

nominal volume of 300 l. The measurements were carried out on 3 identical distillation equipment with 

the same amounts per distillation batch (i.e. 300 l of fruit mash) at the same time. 

One distillation process of 300 liters of mash takes 3 hours, using a coolant with an inlet temperature of 

12°C and a coolant volume of 205 liters per production batch of 300 liters of mash. It is possible to 

process up to 2400 liters of mash in 8 batches within 24 hours. 

 

 
 

Fig. 1 Schematic diagram of distillation column with tube cooler 

 

A tube exchanger/cooler is installed on the distillation equipment (see Figure 1). The cooler has 4 holes, 

where 2 serve for the inlet and outlet of the coolant and other 2 serve as the inlet of distilled vapors and 

the outlet of condensed distillate. Tube heat exchangers are the most common type used in industry. The 

tube diameters vary from 0.625” to 1.5” (~16 mm to 38 mm) in conventional heat exchangers. These 

heat exchangers have very low surface area to volume ratio. Since this type of heat exchanger can handle 

more severe conditions and higher pressures and temperatures, it can be used in differently systems if 

there is no space limitation (Chordia, et al., 2017). The tube cooler is one of the most effective coolers 

as regards consumed amount of cooling medium required for the condensation of vapors produced dur-

ing distillation and at the same time contributes to a higher quality of the final distillate (Pischl, 1997). 

Three basic sources of cooling medium were involved in the research. In the case of using underground 

water sources, we compared two methods of obtaining water, namely by using a pump with pressure 

vessel and by using a pump with a frequency converter. Based on selected cooling sources, we created 

the following research elements (Tab. 1). The temperature of coolant supplied to the cooler was the 

same for all cooling sources, namely 12°C. We ensured the same inlet temperature due to the relevant 

results of comparing the volume of consumed coolant from various sources during distillation. The tem-

perature of 12°C was ensured with the mixing valve at the entrance to the cooler. It is an automatic valve 

for coolant control with return flow to the dephlegmator. The mixing valve can be adjusted in the range 

of 10°C to 80°C. 
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Tab. 1 Characteristics of research elements 

Research elements 

V1 V2 V3 V4 

Water from public 

water supply 

Groundwater with us-

ing a pump and fre-

quency converter  

Groundwater with using 

a pump and a pressure 

vessel 

Coolant with using 

a cooling tower 

Water connection  

water meter shaft 

20 m well bore 

water meter shaft 

20 m well bore  

water meter shaft 

cooling tower PMS 

9/85 K12 ATT BIF 

10 micron filter submersible pump 

Pedrollo 4SR 4/14 

submersible pump Ped-

rollo 4SR 4/14 

Pump 0,55 kW 

siliphos filter 

  

frequency converter 

GD10  

pressure sensor 

tank ZILMET 24 liter 

10 micron filter 6x 

siliphos filter 

stainless particulate 

filter 

plastic plate particulate 

filter 

stainless steel tank 500l 

Aquatrading AISI 

304/500 

10 micron filter 6x 

siliphos filter 

stainless particulate fil-

ter 

plastic plate particulate 

filter 

Electroinstalation, 

pipe connection  

Water chemical 

treatment 

 

 

When comparing cooling sources, we applied the multi-criteria FDMM method (Forced Decision Ma-

trix Method) with the following procedure (Holota, et al., 2021): 

1. Determine the compared properties (criteria) of cooling sources and write them in the table. 

2. Carry out a pairwise comparison of the criteria in a matrix plotted in tabular form. When comparing, 

rate the more significant criterion as "1" and rate the less significant criterion as "0". 

3. Based on the criteria comparison, determine the appropriate weights for the criteria. 

𝑤𝑒𝑖𝑔ℎ𝑡𝑛 =
∑ 𝐻𝑛

𝑛
𝑛=1

∑ ∑ 𝐻𝑛
𝑛
𝑛=1

𝑘
𝑘=1

, −        (1) 

kde: Hn - evaluation of the criterion,-; 

   n - number and ordinal number of the criteria; 

   k - ordinal number of the evaluation of the criterion. 

4. Create a decision matrix for separate assessment of materials and individual criteria. 

5. Compare variants with regard to a specific criterion. We rate a more suitable variant as "1" and 

worse as "0". 

6. Define the respective ratings using the equation based on the comparison of the variants: 

𝐻𝑣 =
∑ 𝐻𝑣𝑖

𝑖
𝑖=1

∑ ∑ 𝐻𝑣𝑖
𝑖
𝑖=1

𝑗
𝑗=1

, −        (2) 

kde: Hvi - evaluation of the variant,-; 

   i - number and ordinal number of the variant; 

   j - ordinal number of the evaluation of the variant. 

7. Create a decision table from the received weights and evaluations of the variants. 

8. Define the weighted sum (Sv) using the equation: 

𝑆𝑣 = ∑ 𝑤𝑒𝑖𝑔ℎ𝑡𝑛
𝑛
𝑛=1 ×  𝐻𝑣 , −       (3) 

kde: weightn - weight value,-; 

   Hv - variant value,-; 

   n - number and ordinal number of the criteria. 

9. Determine the order of the variants based on the calculated weighted sum. 
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RESULTS AND DISCUSSION  
Cooling as the final process in the distillation of fruit distillates is carried out in tube coolers, by using 

4 various cooling sources. In the first phase, we focused on the economic effectiveness of individual 

cooling sources, what can be seen in Figure 2, where cumulative price increase for procurement and 

operation in years is displayed while keeping the prices in 2021 and an average coolant flow rate of 400 

m3/year. In the first year of operating costs, the input prices for the construction of individual cooling 

sources are also included according to the equipment price survey and the average price per 1 m3 of 

water in the year 2021. The lowest price of construction and the first annual operation, i.e., €1,640.56 

can be seen in the case of using public water supply (potable water) and the highest €7,484.55 in the 

case of using a cooling tower. A very important moment occurs in the 4th year, when so far, the cheapest 

variant using public water supply is priced higher than the well source of cooling even with using both 

a tank and a frequency converter. 

 

 
  

Fig. 2 Economy effectiveness of cooling sources 

 

In the second phase, we focused on applying the multi-criteria method FDMM (Forced Decision Matrix 

Method) according to the procedure described in Materials and Methods. We decided on the FDMM 

method based on the requirement to eliminate subjective interventions into the process of choosing the 

most effective and efficient cooling source. At first, we proceeded to determine the weights using a 

pairwise comparison of criteria (establishment – K1, operating costs – K2, eco-friendly – K3, effective-

ness – K4) in Table 2. 

 

Tab. 2 Pairwise comparison of criteria 

Criteria K1  K2  K3  K4  Sum wise 

K1 – establishment - 0 1 1 2 0,333 

K2 – operating costs 1 - 1 1 3 0,500 

K3 – eco-friendly 0 0 - 1 1 0,167 

K4 – effectiveness 0 0 0 - 0 0,000 

 

We applied a similar evaluation procedure in variants evaluation of cooling source for each selected 

criterion separately. We evaluated the compared variants of cooling sources "1" if it suited better the 

selected criterion, if it suited worse, we rated it "0". Pairwise comparisons of the variants were recorded 

in tables 3-6. We recorded pairwise comparisons of variants (V1 - Water from public water supply, V2 

- Groundwater using a pump and a pressure vessel, V3 - Groundwater using a pump and frequency 

converter, V4 - Coolant using a cooling tower) in Tables 3-6. 

 

1 640,56 €

10 996,60 €

3 090,73 €

6 637,90 €

3 765,91 €

6 450,70 €

7 484,55 €

11 845,50 €
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10 000 €
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Water from public water supply Groundwater with using a pump and frequency converter Groundwater with using a pump and a pressure vessel Coolant with using a cooling tower
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Tab. 3 Pairwise comparison of variants according to criterion K1 

Variant V1 V2 V3 V4 súčet váha 

V1 - 1 1 1 3 0,500 

V2 0 - 1 1 2 0,333 

V3 0 0 - 1 1 0,167 

V4 0 0 0 - 0 0,000 

 

 Tab. 4 Pairwise comparison of variants according to criterion K2 

Variant V1 V2 V3 V4 súčet váha 

V1 - 0 0 0 0 0,000 

V2 1 - 1 1 3 0,500 

V3 1 0 - 1 2 0,333 

V4 1 0 0 - 1 0,167 

 

Tab. 5 Pairwise comparison of variants according to criterion K3 

Variant V1 V2 V3 V4 súčet váha 

V1 - 0 0 0 0 0,000 

V2 1 - 1 0 2 0,333 

V3 1 0 - 0 1 0,167 

V4 1 1 1 - 3 0,500 

 

Tab. 6 Pairwise comparison of variants according to criterion K4 

Variant V1 V2 V3 V4 súčet váha 

V1 - 1 1 1 3 0,500 

V2 0 - 0 0 0 0,000 

V3 0 1 - 0 1 0,167 

V4 0 1 1 - 2 0,333 

 

Tab. 7 Decision table of the FDMM method 

Criteria Weight 
Evaluated variants of the material 

V1 V2 V3 V4 

K1 – establishment 0,333 0,500 0,333 0,167 0,000 

K2 - operating costs 0,500 0,000 0,500 0,333 0,167 

K3 – eco-friendly 0,167 0,000 0,333 0,167 0,500 

K4 – effectiveness 0,000 0,500 0,000 0,167 0,333 

Weighted sum 0,167 0,417 0,250 0,167 

Rank 3. 1. 2. 3. 

 

As we can see from table 7, after taking into account the weights and values of individual variants using 

the weighted sum, we get a clear determination of the order of individual variants of cooling sources. 

Cooling using a pump and frequency converter is in the first place in the rating. Both cooling with water 

from public water supply and cooling with a closed cooling tower system are in the third place, their 

position was significantly affected by higher operating costs in the case of potable water and higher 

procurement costs in the case of a cooling tower. Based on the results of the FDMM method we decided 

that the most effective source of cooling in a still with a nominal volume of 300 liters is cooling provided 

by groundwater using a pump and frequency converter, which will ensure the fluidity and stability of 

the flow of coolant to the cooler. In the case of the FDMM method, we are talking about a modified 

decision matrix (FDMM - Forced Decision Matrix Method). The decision matrix provides an effective 

way to prioritize a particular item among many competing items. It's a process where we compare items 
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on an individual base, on every other item with preference given to one over the other. Prioritization is 

defined according to weights (Bhushan & Kanwal, 2004). 

CONCLUSIONS

Distilleries currently have high-level technological equipment. Just like any business, distillery also tries 

to manage its finances as the most effective as possible. In this step, it is important to determine how 

and where the economic costs can be minimized and thus ultimately make the work of the distillery 

more efficient. Currently, companies are trying to achieve a greater degree of sustainability and thus, in 

addition to the economic side, they must also focus on greater eco-friendly production and workplace 

processes in the company. The aim of the study was to propose the most efficient method of cooling 

during the distillation of fruit distillates in distilleries with a nominal capacity of the raw material boiler 

of 300 liters. In the first step, we visualized the economic side of individual cooling sources from their 

establishment to operation with a 10-year development prediction. The lowest initial costs together with 

operating costs in the first year were in the case of using public water supply and potable water, on the 

other side, the highest input costs together with operating costs were with the cooling tower. When we 

analyzed the ecological aspect of individual cooling sources, we can conclude that the use of potable 

water for cooling is the worst option from an ecological point of view. 

When choosing the most appropriate cooling, we set criteria important for the right selection and applied 

the multi-criteria statistical method FDMM. The method showed that the most effective cooling of the 

distillation column at the determined flow rate is using groundwater transported by a pump with a fre-

quency converter. This cooling method is also the most economically effective from the 4th year of 

operation, and until in the 9th year changes its position with groundwater transported by a pump with a 

pressure vessel.

 

ACKNOWLEDGMENT 

This study was supported by project VEGA 1/0470/21: Economic aspects of the development of fruit 

distillate production due to climate change and socio-economic impacts of legalization of private distil-

late production in Slovakia. 

 

REFERENCES 

 

1. Bhushan, N. & Kanwal R. (2004). Strategic 

decision making: Applying the Analytic Hier-

archy Process. London: Springer-Verlag. 

2. Chordia, L., Portnoff, M. A., & Green, E. 

(2017). High Temperature Heat Exchanger 

Design and Fabrication for Systems with 

Large Pressure Differentials. Pittsburgh: Thar 

Energy LLC. 

3. CLARK, S. (2008). Elements of Fractional 

Distillation. United Kingdom: Read Books. 

4. Fekete, R., Peciar, M. & Gužela, Š. (2007). 

Procesné strojníctvo. Bratislava: STU v Brati-

slave. 

5. HOLOTA, T. (2019). Destilačné technológie 

a ich výhody a nevýhody. Sady a vinice, 

14(2), 32-33. 

6. Holota, T., Holotová, M. & Csillag, J. (2021). 

Klasifikácia a hodnotenie technológií na 

výrobu destilátov na Slovensku Ostrava: Key 

Publishing. 

7. McHarry, S. (2012). The Practical Distiller. 

United Kingdom: Start Publishing LLC. 

8. Opáth, R. (2007). Výroba ovocných desti-

látov. Topoľčany: Prima Print. 

9. Pischl, J. (1997). Vyrábíme ušlechtilé desti-

láty. Semily: Ivo Železný.  

10. Turner, W., C. (2006). Energy management 

handbook. London: Taylor and Francis Ltd. 

11. Vogelpohl, A. (2015). Distillation. Germany: 

CPI books GmbH

  

Corresponding author: 

Ing. Mária Holotová, PhD., Department of Marketing and Trade, Faculty of Economics and Manage-

ment, Slovak University of Agriculture in Nitra, Tr. A. Hlinku 2, Nitra, 949 76, Slovakia, phone: 

+421 907 560 780 

 

171



 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 

DESIGN OF A LABORATORY TEST EQUIPMENT FOR MEASURMING AND 

TESTING MOBILE ENERGY MEANS WITH SIMULATION OF OPERATING 

CONDITIONS 
 

Ľubomír HUJO1, Jozef NOSIAN1, Sylwestwer BOROWSKI2, Marietta MARKIEWICZ-PATA-

LON2, Milan TOMIČ3, Peter KOŽUCH1 

 
1Department of Transport and Handling, Faculty of Engineering, SUA in Nitra, 949 76 Nitra, Slovakia  
2Department of Machinery, Faculty of Mechanical Engineering, Politechnika Bydgoska, 85 795 Bydgo-

szcz, Poland  
3Department of Agricultural Engineering, Faculty of Agriculture, University of Novi Sad, 21 102 Novi 

Sad, Serbia 

 

Abstract 

The designed laboratory equipment is used for measuring and testing hydrostatic transducers and pro-

perties of hydraulic fluids. A verification measurement of the flow of the hydrostatic transducer was 

performed on the proposed laboratory equipment. The output of the measurements is a confirmation of 

the functionality of the designed equipment. The results of the verification measurement were compared 

with the data obtained during the simulations in the computer program FluidSIM 5. The flow data ob-

tained by the simulation show higher values than in the verification measurement. Specifically, at 250 

rpm it was an increase of 3.21%, at 500 rpm by 0.39%, and at 750 rpm by 3.14%. 
 

Key words: laboratory test equipment, flow, hydrostatic transducers, simulation. 

 

INTRODUCTION 

The use of hydraulic equipment is increasing across all industries, which is mainly due to the advantages 

and large range of their use. In agricultural machinery, hydrostatic transducers are widely used as part 

of the hydraulic circuit. These transducers have the main function of supplying the hydraulic circuit with 

hydraulic fluid as well as generating pressure energy in the hydraulic circuit. It is therefore necessary to 

maintain the exact mechanical production of the individual elements of the entire hydraulic circuit, by 

monitoring the accuracy of CNC machine tools (Košinár, et al. 2011; Kuric, et al. 2016). Due to the 

high demands, especially on hydrostatic transducers used in the agricultural industry, there is a need to 

test them. It is for these reasons that the design of a laboratory equipment is created, which allows testing 

the parameters of hydrostatic transducers and hydraulic fluids. Operating fluid is also an important part 

of hydraulic mechanisms. The author Kučera et al. (2016) claims that based on the analysis of the ope-

rating fluid, we can determine the technical condition of hydraulic elements located in hydraulic sys-

tems. At the same time, it is important to monitor the contamination of the working fluid. According to 

author Zastempowski et al. (2013), the physico-chemical properties of hydraulic fluids are also affected 

by pollution, which results in degradation processes. Oil contamination is the most common and serious 

source of machine failure (Kučera et, al. 2016). The article also performs a simulation of the verification 

measurement in the simulation program, which was compared with the values obtained during the veri-

fication measurement at the laboratory equipment. The aim of the study was to design laboratory test 

equipment for measuring parameters of hydrostatic transducers and energy carriers with subsequent 

verification measurement and comparison of results with simulation. 

 

MATERIALS AND METHODS 

According to the author Simikič et al. (2014) machines which are used in agriculture and forestry are 

characterized by demanding operational hours and often work in dusty and humid environments. This 

has negative consequences on the proper functioning of hydraulic systems. Agricultural engineering 

requires continuous improvement of the service life and reliability of machinery (Tóth et al. 2019). 

Laboratory testing device allows to simulate the variable testing conditions of the real conditions under 

which the hydraulic system of agricultural wheel tractor operates (Hujo, et al. 2019). The proposed 

device consists of two hydraulic circuits. One circuit of the measuring chain is primary while the other 

circuit is secondary, due to the possibility of continuously testing two hydrostatic transducers or two 
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types of hydraulic fluids concurrently under the same or different conditions. Using verification me-

asurements and their results, we demonstrated the suitability of the proposed laboratory test equipment 

for measuring the parameters of hydrostatic transducers.. The importance of monitoring the operating 

parameters of hydraulic pumps is also confirmed by the authors Majdan et al. (2016, 2017) who consider 

the values of flow and flow efficiency as important indicators of the assessment of hydraulic transducers. 

Flow and flow efficiency values are used to create dynamic flow models in hydrostatic transducers using 

numerical simulation to protect the environment Puškár et al. (2015). We'll perform flow measurements 

from which we'll determine three critical values, which will be compare and evaluate. Subsequently, 

we'll simulate the same conditions as when measuring on a laboratory equipment in the program Flu-

idSim 5. We compare the values obtained during the measurements. Mathematical relations necessary 

for dimensioning of individual elements of the proposed laboratory equipment: 

Hydrostatic transducer flow:  𝑄 =
𝑉𝑔.𝑛

1,000
. 𝜂𝑝𝑟, dm3.rpm,      (1) 

Power of hydrostatic transducer: 𝑃 =
𝑉𝑔.𝑛.𝑝

60.1,000.𝜂𝑐
,W,      (2) 

Cooling power: 𝑃0 = 𝑃01. 1.1, 𝑊. °𝐶−1                      (3) 

Inner diameter of the pipe: 𝑑 = √
4.𝑄

𝜋.𝑤
, mm,       (4)       

where: 𝑉𝑔 − volume of hydrostatic transducer, dm3; 𝑛 − speed of rotation hydrostatic transducer, rpm; 

𝜂𝑝𝑟 − flow efficiency of the hydrostatic transducer; 𝑝 − pressure, MPa; 𝜂𝑐 − overall effectiveness; 

𝑤 − resistance to flow rate, m.s-1 (Hujo, et al. 2017). 

Prior to the actual measurements on the designed laboratory equipment, it is necessary to heat the 

working fluid in the measuring chain to a temperature of 50° C based on the SAE J745 standard (Hyd-

raulic Power Pump Test Procedure). The SAE J745 standard deals with test procedures for hydrostatic 

transducers. PARAMO HM 46 oil will be used as the hydraulic charge when measuring the flow of the 

hydrostatic transducer at the designed laboratory equipment, its parameters are in Table 1. According to 

authors Halenár et al. (2017) and Kumbár et al. (2013), the results of measurements affect the physico-

chemical properties, pollution and temperature of the working fluid.  

 

Tab. 1 Basic characteristics of PARAMO HM 46 oil 

Parameter Unit PARAMO HM 46 

Point of fluidity ° C  -27 

Flash point ° C Over 190 

Vapor pressure at 20 ° C Pa <10 

Relative density at 15 ° C kg.m-3 865 

Kinematic viscosity at 40 ° C mm2.s-1 41.4-50.6 

 

We'll monitor gear hydrostatic transducer UD-25R, which technical parameters are given in table 2. 

 

Tab. 2 Technical parameters of hydrostatic transducer UD–25 R 

Parameter Unit Value 

Rated/Maximum/Minimum rotation rpm 1 500/3 200/450 

Nominal outlet pressure/ Maximum outlet pressure MPa 20/23 

Geometric volume dm3 0.02546 

Maximum oil viscosity/ Minimum oil viscosity mm2.s-1 1 200/10 

Maximum oil temperature/ Minimum oil temperature ° C 80/ -20 

 

Part of hydraulic circuit are associated sensors, through which we can measure pressure, temperature 

and flow. In the proposed laboratory equipment, a associated EVS 3 100 sensor is used to measure 

physical quantities. Authors Kopiláková et al. (2017) and Csillag et al. (2019) in their work state, that 

the operating parameters, especially temperature and pressure, have an impact on the measuremets, as 

well as the thermophysical properties of the used fluid. We use the HYDAC HMG 3010 unit to record 

and display quantities from sensors, the maximum inaccuracy of which is ± 1 %. 
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RESULTS AND DISCUSSION  

Design of laboratory test equipment 

Figure 1 shows the scheme of the designed laboratory equipment. The measurement of the characteris-

tics of hydraulic elements in laboratory conditions also dealt with the author Kopiláková et al. (2019). 

 

 
 
Fig. 1 Laboratory equipment for measuring the parameters of hydrostatic transducers 
Legend: A-primary hydraulic circuit, B-secondary hydraulic circuit, EM-electromotor, HP1-regulatory hydrostatic 

transducer, PV1, PV2-pressure valve, HM-regulatory hydraulic motor, HP2-tested hydrostatic transducer, C1, C2-

cooler, t-temperature sensor for tanks,T1, T2-tanks, F1, F2-filters, p-pressure gauge, RV-reducing valve, TV-three-

way valve, PV-proportional reducing valve, MC-mechanical coupling, n-rpm sensor, t1, t2-temperature sensors, 

Q1, Q2- flow rate sensors, p1, p2-pressure sensors, HMG 3010-recording unit.   

 

The equipment consists of two circuits (labeled A and B) due to parallel the simultaneous testing of two 

hydrostatic transducers or two energy carriers under the same or different operating conditions. The 

primary circuit is located next to a three-phase asynchronous electric motor EM. In front of the electric 

motor there is a frequency converter, which is used to set the speed on the electric motor EM. The 

electric motor supplies mechanical energy to the hydrostatic transducer HP1. Furthermore, there is a 

pressure valve PV1 in the primary circuit, which performs a safety function. When the set pressure is 

exceeded, the pressure valve releases the fluid back into the tank, thus protecting the hydraulic circuit 

from a dangerous condition. The pressure valve is also located in the PV2 secondary circuit. In both 

circuits of the designed device there are also filters F1 and F2. According to Kaszkowiak et al. (2015) 

filters and filtration system affect the operation and technical condition of the machines and equipment 

of which they are a part. T1, T2 serve as reservoirs of hydraulic fluid located in both hydraulic circuits. 

Thanks to two tanks, we can test two types of hydraulic fluids simultaneously under the same or different 

conditions. In the primary circuit there is a hydraulic motor HM, which is used to convert pressure to 

mechanical energy. The HM hydraulic motor is connected to the HP2 hydrostatic transducer through a 

mechanical coupling. HP2 is a hydrostatic transducer UD-25R. We will monitor the change in flow 

depending on the rotation speed on the mentioned transducer. In the secondary hydraulic circuit there is 

a three-way valve TV. The three-way valve has two positions, in the first position the liquid flows into 

the reducing valve RV, while in the second position the liquid flows through the proportional valve PV. 

The reducing valve is used to load the elements of the hydraulic circuit and to heat the working fluid. 

When measuring on the designed device, it is possible to derive a load (pressure) by means of a propor-

tional PV valve, which we use to simulate operating conditions. The proportional valve is located in the 

secondary circuit and by loading the secondary circuit, we also load the primary circuit, as the given 

hydraulic circuits are mechanically connected. The proportional valve can be able connected to a com-

puter and a set of pressures obtained in the operating conditions can be loaded into it, and used to creation 

the required load.  Another part of the proposed laboratory equipment is the Hydac HMG 3010 recording 

unit, in which they are connected to sensors (Q,p,t).  
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Measurement of hydrostatic transducer flow on the designed laboratory test equipment 

During the verification measurement, we will monitor the flow of the hydrostatic transducer UD-25 R. 

Measurment procedure for measuring the flow of hydrostatic transducer UD-25R: We set the required 

rotation speed on the electric motor through the frequency converter. We need to heat the working fluit 

to working temperature, which is 50° C. When measuring the hydrogenerator flow, we set the following 

rotation speed values: 250, 500 and 750 rpm. At each of the set rotation speeds, the HYDAC HMG 3010 

records the measured values from the sensors. During measurement, it is necessary to ensure a stable 

temperature value at 50° C. The author Kopiláková et al. (2019) also stated in her work that it is im-

portant to monitor the temperature of the working fluid, due to its influence on the resulting values of 

measurements. We will process and evaluate the obtained data.  

 

 
Fig. 2 Hydrostatic transducer flow and flow efficiency values recorded during the measurements  
It is the oil flow that is important for the life of the hydraulic system (Kosiba, et al., 2016).  

 

Hydrostatic transducer flow measurement – simulation 

The flow measurement of the UD-25R hydrostatic transducer was performed in the FluidSIM5 computer 

simulation program. During the simulations, we tried to approach the conditions and technical parame-

ters of individual hydraulic elements, which contains the proposed laboratory equipment.  

 

 
 

Fig. 4 Scheme of secondary hydraulic circuit of laboratory test equipment   
Legend: HP2-hydrostatic transducer UD-25R, p-pressure gauge, p1, p2, p3-flow rate sensors, PV2-pressure valve, 

F2-filtes, C2-cooler, RV-reducing valve, TV-three-way valve, PV-proportional reducing valve. 

Tab. 4 Recorded values of the hydrostatic transducer flow during the simulation  
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Rotation speed, n, rpm Arithmetic mean flow rate, Q, dm3.rpm Flow efficiency, η, – 

250 5.877 0.9233 

500 12.334 0.9688 

750 18.806 0.9848 

 

The values recorded during the simulation show (Table 4) higher flow as a values recorded during the 

verification measurement, where the increase of the flow value is by 3.21% at the converter speed n1 = 

250 rpm, by 0.39% at the speed n2 = 500 rpm and by 3.14% at the speed n3 = 750 rpm. Differences can 

be caused, for example, by leaks, seepage or changes in the viscosity of the liquid during measurements 

on laboratory equipment. 

 

DISCUSSION 

The proposed laboratory equipment in article is used to measure and test mobile energy means with 

simulation of operating conditions. We declared the suitability of the design by verification measure-

ments on the proposed equipment. Laboratory equipment allows repeatability of measurements in labo-

ratory conditions by simulating operating conditions. Author Tkáč et al. (2008) focused on the design 

of laboratory equipment for measuring the parameters of mobile energy means. In his work, he stated 

that there is an increased interest in testing methods in laboratory conditions. Based on the designed 

laboratory test equipment, it is possible to shorten the testing time of hydrostatic transducers, hydraulic 

fluids and hydraulic elements. Thanks to the results obtained in the measurement of the hydrostatic 

transducer, it is possible to make changes in the design of the subject equipment before their introduction 

into the production process. It is also possible to test environmentally degradable fluids in the proposed 

equipment, which according to the author Tkáč et al. (2017) must meet the requirements for the opera-

tion of hydraulic equipment in terms of low impact on the wear of hydraulic components. Author Hujo 

et al. (2021) states in its work that testing under laboratory conditions is appropriate mainly for reasons 

of repeatability of tests and also because of shortening of testing time. 

 

CONCLUSIONS 
The need to test energy carriers and transducers used in hydraulic mechanisms is increasing due to en-

vironmental requirements. The analysis of hydraulic fluids in operating conditions and its influence on 

the operating parameters of individual elements of the hydraulic system has already been dealt with in 

the work of the authors Čorňák (2018) and Kučera et al. (2013). At the same time, it is important to 

perform a comprehensive analysis of the effect of fluids and their mixtures, which was dealt with in his 

work by the author Puškár et al. (2019). Thanks to its modularity, the designed laboratory equipment 

also enables testing of other types of hydrostatic transducers used in hydraulic mechanisms. In the pre-

sented article, a verification measurement and simulation of hydrostatic transducer flow measurements 

with data comparison is performed.Minimal deviations were recorded in hydrostatic transducer flow 

measurements's comparation between the data obtained on the proposed device and the data obtained 

during the simulation in program, we recorded minimal deviations.  
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Abstract 

The article focuses on the properties of ecological energy carriers, which are used in agricultural and 

forestry technology. The aim of the article is to describe the degradation of the working fluid from the 

point of view of the atomic emission spectrometer, which is used for the purpose of monitoring contam-

inants and additive elements. The working fluid examined was Shell Naturelle HF-E 46, a universal 

ecological transmission-hydraulic fluid, which was tested on laboratory test equipment. The laboratory 

measurement was performed for 200 hours, during which the gear hydraulic pump with external gearing 

was cyclically loaded, according to the Vickers standard. The analysis of the transmission-hydraulic 

fluid was performed after every 50 working hours, where the analysis of the working fluid showed, that 

there were no significant changes in the properties of the working fluid and fluid is suitable for work in 

agricultural and forestry machines operating in environmentally sensitive environments. 

 

Key words: ecological transmission-hydraulic fluid, atomic emission spectrometry, laboratory test 

equipment. 

 

INTRODUCTION

Environmental pollution is not a new phenomenon and a problem of the present, but its roots go back to 

the first human communities (Janoško et al., 2016). Therefore, working fluids used in agricultural and 

forestry machinery are currently subject to increased requirements in terms of reducing environmental 

pollution. For this reason, the research deals with the use of such liquids, which will not have a negative 

impact on the environment, the cultivation of healthy food, water pollution, but will also meet the de-

manding requirements of use in energy devices. The research of degradation of working fluids and their 

effects on changes of machine parts was dealt with by author Tkáč, et. al (2014), Hujo (2021) and Nosian 

(2021). In our work we focus on the research of the properties of ecological energy carriers, which are 

used in transmission-hydraulic systems of agricultural and forestry machines, where the impact of work-

ing fluids on the environment in the event of a machine failure is significant. At present, it is not un-

common for modern types of tractors to be equipped with a three-point hitch control (Turza, Kopiláková, 

2011). It is important to notice, that tractors use various types of lubricating oils, which can be contam-

inated by different ways. That depends on how, and where the whole system’s works (Majdan et al., 

2019). Ecological transmission-hydraulic fluids do not always achieve the properties required for safe 

and reliable operation of a given mobile handling equipment at higher outputs and higher operating 

temperatures. The aim of the study was research of changes in the individual properties of transmission-

hydraulic fluids, as well as to monitor their impact on individual elements of the hydraulic circuit. 

 

MATERIALS AND METHODS 

The measurement was performed on a laboratory test equipment, designed to test the service life of 

hydrostatic transducers and to test various types of hydraulic fluids. The scheme of hydraulic circuit of 

laboratory test equipment is shown in Fig. 1 (Hujo et al., 2017). The methodology for measuring the 

working fluid by loading the gear hydraulic pump was implemented according to the Vickers standard 

at 200 operating hours and corresponded to a dynamic load of 480,000 cycles during which the GHD1-

17R-S2D1-SG05G04-N hydraulic pump was loaded with pressure of 22.5 MPa for 0.5 second, with 

pressure of 18.5 MPa for 0.5 second and with pressure of 0 MPa also for 0.5 second. The system itself 

was thus cyclically loaded. A similar approach was used in the work of the author Majdan et al. (2018). 
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After 50 working hours, corresponding to 120,000 cycles, a sample of the working fluid was taken. The 

temperature of the working fluid during the measurement reached a value of 90-95 °C and the speed 

was set at 1,600 rpm. Liquid sampling was performed based on the methodology specified in the stand-

ard STN 65 6207. 

Fig. 1 Scheme of hydraulic circuit for testing a hydrostatic transducers and hydraulic fluid 

(Hujo et al., 2017) 

 

Atomic emission spectrometry was performed on a Spectroil Q100 device. The standard configuration is 

equipped and calibrated for 32 abrasive metals, contaminants, and additives. Additional elements can 

be added at any time, even directly at the place of use. Its great advantage is that it can analyse all 

elements simultaneously and the analysis process itself takes only about 30 seconds. Fig. 2 shows Spec-

troil Q100 devices in laboratory. 

 

 
 

Fig. 2 Spectroil Q100 

 

A – hydraulic circuit; B – control and evalua-

tion circuit; 1 – hydraulic pump; 

2 – electric motor; 3 – frequency converter; 4, 

9, 24, 5 – pressure sensors; 

6 – measuring point of evaluation of the fluid 

indicator; 7, 13 – three-way valves; 8 – ball 

valve; 10 – flow sensor; 11, 22, 25 – tempera-

ture sensors; 12, 16 – quick couplers; 

14 – hydraulic switchboard; 15 – computer; 17 

– electro-hydraulically operated proportional 

pressure valve; 18 – accumulator; 19 – throttle 

valve with stabilization; 20 – cooler; 21, 23 – 

filters; 26 – pressure valve 

Dimensions (HxDxL) – 706x384x66 mm 

Weight – 70 kg 

Methodology – ASTM D6595, D6728 

Optic system – Pashen-Runge polychromator 

Spectral range – 203 – 810 mm 

Temperature control – temperature stabiliza-

tion, 40 °C ± 1 °C 

Detectors – CCD detectors 

Relative humidity – 0 – 90 % 

Temperature requirements – 0 – 40 °C 

Sample volume – 1 ml 

Data storage – external PC 

Software - Windows 
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As mentioned at the beginning, tested working fluid was Shell Naturelle HF-E 46, the properties of 

which is given in Tab. 1. 

 

Tab. 1 Basic properties of the tested transmission-hydraulic fluid Shell Naturelle HF-E 46 

Parameter Unit Value 

Density at 15 C kg.m-3 921 

Viscosity at 40 C mm2.s-1 47,2 

Viscosity at 100 C mPa.s 9,41 

Viscosity index - 188 

Flash point °C 322 

Pour point °C -42 

Biodegradability according to OECD 301 B % >60 

Biodegradability according to CEC L-33-A 93 % 90 

Water hazard class WGK  - 0 
 

RESULTS AND DISCUSSION  
Based on the obtained results of atomic emission spectrography of the tested transmission-hydraulic 

fluid after 200 working hours, there is an increase in chemical elements: lead, potassium, iron. The 

mentioned chemical elements in the working fluid are evaluated as contaminants, however, despite the 

loading of the working fluid with a temperature in the range of 90 to 95 °C, the limit values set by the 

ASTM D6595 standard were not exceeded. 

 

 
Fig. 3 Graph of atomic emission spectrometry after 200 h from the point of view of contaminants 

 

Tab. 2 Atomic emission spectrometry from the point of view of contaminants 

Contrentation of chemi-

cal elements 

mg.kg-1 

Barium Copper Iron Potassium Lead Tin 

Ba Cu Fe K Pb Sn 

0 h 0.27 0.46 0 0.15 0 5.58 

50 h 0.06 0.14 0.98 0.29 1.89 0 

100 h 0 0.24 1.25 0.45 2.71 0 

150 h 0 0.20 1.03 0.29 2.33 0 

200 h 0 0.25 1.43 0.56 2.74 0 

0

1

2

3

4

5

6

0 h 50 h 100 h 150 h 200 h

C
o
n

tr
en

ta
ti

o
n

 o
f 

ch
em

ic
a
l 

el
em

en
ts

 

m
g
.k

g
-1

Working hours t, h

Ba Cu Fe K Pb Sn

182



 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 

Gradually, after 50 to 200 working hours, individual chemical elements are involved as additives in the 

working fluid, where there was an increase in the values of boron, calcium, zinc, silicon, while the value 

of phosphorus increased within 50 hours and then the values starting to decrease. Nevertheless, the value 

of phosphorus increased by 15.04 mg.kg-1 in total, in 200 working hours. The analysis shows that the 

individual additive elements of the working fluid were gradually activated and increased depending on 

the number of hours worked. Activation of the additive elements was carried out gradually, without 

increasing the pressure and temperature determined by the Vickers method.  

 

 
 

Fig. 4 Graph of atomic emission spectrometry after 200 h from the point of view of additives 

 

Tab. 3 Atomic emission spectrometry from the point of view of additives 

Concentration of 

chemical elements 

mg.kg-1 

Boron Calcium Silicon Zinc Phosphorus 

B Ca Si Zn P 

0 h 0 3.22 0 5.07 138.35 

50 h 0.52 2.87 1.01 6.92 185.79 

100 h 0.52 3.72 1.08 6.49 165.54 

150 h 0.58 4.53 0.96 7.27 160.02 

200 h 0.77 5.49 1.02 7.23 153.39 

 

Comparing obtained results given in Tab. 2 and Tab. 3, with the measurements performed by the author 

Pochi et al. (2020) it can be stated that ecological transmission hydraulic fluid is suitable for use in 

hydraulic systems of machines and equipment operating in an environmentally sensitive environment. 

On the other hand, author Kučera et al. (2016) states, that for a more accurate evaluation of the results, 

it would be appropriate to perform an experiment that would include both approaches, i.e., chemical-

physical analysis, as well as determining the technical condition of the machine based on component 

analysis in universal tractor transmission oil.  

 

CONCLUSIONS

Laboratory measurements of hydraulic fluid transmissions show that the content of contaminants in-

creased at lead 2.74 mg.kg-1 and potassium 0.41 mg.kg-1. Barium, which can be considered as an additive 

or as a contaminant, appeared immediately at the beginning of the measurement, but only with a low 

concentration of 0.27 mg.kg-1 and after 50 hours one value decreased to 0 mg.kg-1. Based on the per-

formed analysis, it can be stated that the new working fluid has probably been contaminated, which is 
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stated in the work of the author Kosiba et al., (2017), and during the work in the hydraulic circuit it was 

gradually filtered out.  The same situation occurred with the chemical element tin, where its value at the 

beginning of the measurement was 5.58 mg.kg-1 and at the next measurement was already 0 mg.kg-1. 
The observation did not show that the limit values for chemical elements given in ASTM D6595 were 

exceeded. During the measurement, there was also a decrease, but also an increase of individual chem-

ical elements, which can be attributed to a measurement error or an inhomogeneous sample during test-

ing. It should be noted that some additive elements may also act as contaminants, which can be observed 

on the element boron, whose value at the beginning of the measurement was 0 mg.kg-1 and gradually 

began to increase to 0.77 mg.kg- 1. Also, for the element silicon, which can also act as a contaminant, 

where at the beginning of the measurement the value was 0 mg.kg-1 and at the end of the measurement 

it was 1.02 mg.kg-1. Silicon is used as an antifoam additive, but from the point of view of the contaminant 

it is a dust particle or seal. The gradual increase in the value of the additives can be attributed to the 

activation, after which the value stabilizes and gradually begins to decrease. In the case of phosphorus, 

an increase in concentration can be seen within 50 hours worked, and after exceeding it, the value began 

to slowly decrease. For zinc, the value increased until interval 175 hours worked, and then the value 

began to decrease. Calcium concentration fluctuated during the measurement, but at the end of the meas-

urement the value was higher by 2.27 mg.kg-1 compared to the value at the beginning of the measure-

ment. According to author Deustra et al. (2021) environmentally friendly hydraulic fluids offer great 

potential due to their thermal properties in terms of temperature dependence of viscosity (viscosity in-

dex). Author Kosiba et al. (2017) and Halenár et al. (2018) states that ecological hydraulic fluids are 

biodegraded by microorganisms in the presence of oxygen, phosphorus, nitrogen as well as trace 

amounts of minerals. Tested working fluid is suitable for use in agricultural and forestry machines op-

erating in an environmentally sensitive environment.  
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Abstract 

The soil tensile test was performed to analyze the cohesive soil model. The results were obtained exper-

imentally and from the simulation using the discrete element method with the new bond model suggested 

by the Rocky DEM software. The simulated tensile test results showed good agreement with the experi-

mental results done in the laboratory. Thereafter, the effect of Young’s modulus, normal stiffness, nor-

mal stress limit, tangential stiffness, and tangential stress limit was analyzed to generate maximal force, 

power, and stiffness during the simulation. As well as, multivariate equations were suggested to describe 

the influence of previously mentioned properties. 

 

Key words: soil; discrete element method; mechanical properties; cohesion. 

 

INTRODUCTION 

Tillage or non-tillage operations are carried out using mechanical energy, commonly using a tractor-

drawn tool to achieve cutting, inversion, pulverization, and other types of soil movement. The energy 

required for soil processes accounts for a significant proportion of total energy used in crop production. 

With high fuel prices and increasing pressure on emissions, minimizing the energy used in crop produc-

tion is essential. In soil processing, decreasing the draught forces and optimizing vertical forces are 

desired to reduce energy consumption. However, the experimental procedures involved have a high cost, 

and the extrapolation of the results to all conditions is uncertain (Mattetti, Varani, Molari, & Morelli, 

2017). With the rapid development in computer technology, researchers have employed numerical meth-

ods to model the soil-tool interaction.  

Numerical methods (Mouazen & Neményi, 1999), including the finite element method (FEM) and dis-

crete element method (DEM), were also used to simulate the interaction between cohesionless soil and 

tillage tools (Asaf, Rubinstein, & Shmulevich, 2007). These methods could calculate tool forces and 

simulate soil loosening (Mouazen & Neményi, 1999). In DEM simulation, mixing and cracking propa-

gation can be simulated. It is well-known that cohesive forces exist between soil particles, which are 

attributed to liquid bridges and living organisms with very complex behaviors (Cundall & Hart, 1992). 

Although these forces must be accounted in the DEM simulations, a few reports about this point can be 

found in the literature on soil–tool interaction, where is presented chisel motion in the soil (Du et al., 

2022; Katinas, Chotěborský, Linda, & Jankauskas, 2019; Kešner et al., 2021; Mak, Chen, & Sadek, 

2012; Tamás, Jóri, & Mouazen, 2013; Ucgul, Saunders, & Fielke, 2018). 

Tsuji’s report (Tsuji et al., 2012) included several models for cohesion are classified into non-physical, 

microscopic, and macroscopic models. The latter describes models that are not derived from a micro-

mechanical origin of cohesion, but their formulation is oriented on the macroscopic effect of cohesion. 

The studies mentioned above about capillary cohesion are examples of the microscopic approach. It is 

suggested (Obermayr, Vrettos, Eberhard, & Däuwel, 2014; Tsuji et al., 2012), to use models derived 

from macroscopic considerations for practical engineering problems, while the microscopic models may 

serve for calibration purposes. 

Currently, the DEM method is widely used in the study of rocks (Liu et al., 2022), soils (Ding, Song, & 

Yue, 2022; Dun, Yue, Huang, & Zhang, 2022; Foldager et al., 2022; Gao, Yu, Wang, Li, & Shi, 2022; 

P. Wang & Yin, 2022; J. Wu, Shen, Yang, & Feng, 2022), powders, grains (Guo, Zheng, Zang, & Chen, 

2022; M. Wu & Wang, 2022) or agriculture (Guo et al., 2022) because it can adequately describe discrete 

behaviors of these materials. 

The present paper investigates cohesion soil model by Discrete Element Method, considering the pre-

stress and the cohesive forces formed by bond bridges among neighboring soil grains. The aim is to 
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explore the evolution of the behavior of soil grains and their relationship with the mechanical properties 

of cohesive soil. 

 

MATERIALS AND METHODS 

Discrete element model for cohesive soil 

This contribution is focused on the model for cohesive soil. The adhesive force is added to the adhe-

sionless material interaction. For the discrete element model shown here, only forces laws for the con-

tacts between adjacent particles are given. Used software RockyDEM provides all other necessary steps 

in the simulation, like contact detection, overlaps, and time integration of the particle dynamics and 

takes care of input and output operations. The description of these steps is omitted here for brevity. 

Normal force model 

The normal force model is described as a hysteretic linear spring model. This model, proposed by Wal-

ton & Braun (Walton & Braun, 1986), was referred to as the linear hysteresis model. This elastic-plastic 

(repulsive and dissipative) normal contact model allows simulation of the plastic energy dissipation on 

contact without introducing the overhead of long simulation time. In addition, since no viscous damping 

term is used, the energy dissipation is not dependent on the relative velocities of neighboring particles, 

making the energy dissipation insensitive to other contacts. An additional advantage of this model is 

that compressible materials can be accurately modeled because the contact forces can be almost zero 

even at residual overlaps. 

𝐹𝑛
𝑡 = {

𝑚𝑖𝑛(𝐾𝑛𝑙𝑠𝑛
𝑡 , 𝐹𝑛

𝑡−∆𝑡 + 𝐾𝑛𝑢∆𝑠𝑛)         𝑖𝑓 Δ𝑠𝑛 ≥ 0

𝑚𝑎𝑥( 𝐹𝑛
𝑡−∆𝑡 + 𝐾𝑛𝑢∆𝑠𝑛, 𝜆𝐾𝑛𝑙𝑠𝑛

𝑡 )    𝑖𝑓 Δ𝑠𝑛 < 0
      (1) 

∆𝑠𝑛 = 𝑠𝑛
𝑡 − 𝑠𝑛

𝑡−∆𝑡          (2) 

where 𝐹𝑛
𝑡 and 𝐹𝑛

𝑡−∆𝑡 are normal elastic-plastic contact forces at the current time t and at previous time 

𝑡 − ∆𝑡, respectively, where ∆𝑡 is the time step, ∆𝑠𝑛 is the change in the normal contact overlap during 

the current time. It is assumed positive as particles approach each other and negative when they separate. 

𝑠𝑛
𝑡  and 𝑠𝑛

𝑡−∆𝑡 are normal overlap values at the current and previous time, respectively. 𝐾𝑛𝑙 and 𝐾𝑛𝑢 are 

the values of loading and unloading contact stiffness, respectively. A typical cycle of loading/unloading 

is placed in Fig. 1. 

 

 
 

Fig. 1 Walton & Braun normal contact model. 
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The loading and unloading stiffnesses are defined by the particle size, the bulk Young’s modulus, and 

the restitution coefficient of contacting materials. The last two are the user inputs into RockyDEM. The 

coefficient of restitution  in Rocky is a measure of energy dissipation for the contacting pair of materi-

als. For the contact of two particles or a particle with a boundary, the loading and unloading equivalent 

stiffnesses are defined, respectively, as 

1

𝐾𝑛𝑙
= {

1

𝐾𝑛𝑙,𝑝1
+

1

𝐾𝑛𝑙,𝑝2
    𝑓𝑜𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒– 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑡𝑎𝑐𝑡

1

𝐾𝑛𝑙,𝑝
+

1

𝐾𝑛𝑙,𝑏
   𝑓𝑜𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒– 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑐𝑜𝑛𝑡𝑎𝑐𝑡

     (3) 

𝐾𝑛𝑢 =
𝐾𝑛𝑙

𝜀2            (4) 

The individual stiffnesses corresponding to a particle and a boundary are computed, respectively, as 

𝐾𝑛𝑙,𝑝 = 𝐸𝑝𝐿           (5) 

𝐾𝑛𝑙,𝑏 = 𝐸𝑏𝐿           (6) 

where 𝐸𝑝 is bulk Young’s or elastic modulus of the particle material, 𝐸𝑏 is Young’s modulus of bound-

ary material, 𝐿 is the particle size. In long-term contacts, for instance, among particles in a stockpile, the 

hysteretic linear spring model can give rise to oscillations of very small amplitudes on the normal force 

and the overlap. 

 

Tangential force model 

The tangential force model is the linear spring coulomb limit model. In this model, tangential force is 

elastic-frictional force. If the tangential force were considered purely elastic, the value at time t would 

be: 

𝐹𝑡,𝑒
𝑡 = 𝐹𝑡

𝑡−∆𝑡 + 𝐾𝑡∆𝑆𝑡          (7) 

Where 𝐹𝑡
𝑡−∆𝑡 is the value of the tangential force at a previous time, ∆𝑆𝑡 is the tangential relative dis-

placement of the particles during the timestep, 𝐾𝑡 is tangential stiffness (calculated as loading stiffness 

times tangential stiffness ratio) – this calculation included Young’s modulus of particles and their diam-

eter (Yeom et al., 2019). 

Adhesive (cohesion) force model 

In the macroscopic scale, cohesive materials are characterized by having shear strength even at minimal 

confining pressure. It is described by a cohesive intercept c of the shear strength envelope. 

 

The bond model implemented similar models described in the papers of Gimenez and Potyondy 

(Potyondy & Cundall, 2004; Sangrós Giménez, Finke, Nowak, Schilde, & Kwade, 2018). In this model, 

a bond is a massless entity of cylindrical shape attached to a pair of neighbor particles that exerts elastic 

and viscous forces and moments on them as a reaction to deformations caused by their relative motion. 

If the external load acting on a bond exceeds its specified strength, it will break, and its bonding action 

over the particles will be the case. The two particles are located at a distance h lower than the activation 

distance given by eq (8) 

ℎ𝑎𝑐 = 𝑓𝑎𝑐(𝑟𝑖 + 𝑟𝑗)          (8) 

 
Fig. 2 Geometry of the bond model between two spherical particles of different sizes 
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where ri (m) and rj (m) are the radii of the bonded particles, as shown in Fig. 2, while fac (-) is an input 

parameter as “distance factor”. The activation of bonds happens only once at a specific time during a 

simulation. The radius of the bond between two particles depends only on the radii of those particles  

𝑟𝑏 =
𝑟𝑖𝑟𝑗

𝑟𝑖+𝑟𝑗
           (9) 

The bond model implemented in this module also includes the possibility of adding particle-boundary 

bonds to the simulation. Those bonds share all characteristics described earlier for particle-particle 

bonds, except the activation distance, in this case, is given simply by 

ℎ𝑎𝑐 = 2𝑓𝑎𝑐𝑟𝑝           (10) 

where fac is the corresponding “distance factor” and rp is the radius of the bonded particle. Similarly, the 

radius of the corresponding bond will be directly rb=rp in that case.  

At the time of its activation, a bond is undeformed. From that time on, any relative motion of the bonded 

particles will cause deformation on the bond, to which it will react exerting forces and moments oppos-

ing to that relative motion. The bond deformation can be linear or angular, the former caused by both 

the translational and rotational motion of the bonded particles. At the same time, the latter is only a 

consequence of their rotational motion. In the module, both types of deformation are calculated incre-

mentally, starting from the time of bond activation, tac. Thus, the linear deformation of a bond at any 

given time t is provided by 

𝑠𝑏 = ∑ 𝑣𝑐
𝑟𝑒𝑙∆𝑡𝑡

𝑡𝑎𝑐
          (11) 

where 𝑣𝑐
𝑟𝑒𝑙 is the instantaneous relative velocity at the center point of the bond c, while dt is the simu-

lation timestep. The relative velocity 𝑣𝑐
𝑟𝑒𝑙 is calculated as 

𝑣𝑐
𝑟𝑒𝑙 = 𝑣𝑖 − 𝑣𝑗 + 𝜔𝑖 × ∆𝑟𝑖−𝑐 − 𝜔𝑗 × ∆𝑟𝑗−𝑐       (12) 

where vi and vj are the translational velocities of the bonded particles, i and j are the rotational veloc-

ities of the bonded particles, ri-c is the vector that joints the centroid of the particle i to the bond’s center 

point c. The definition is equivalent to the vector rj-c. The bond in the considered model will oppose 

the linear deformation sb by exerting an elastic force on both bonded particles. The normal and tangential 

components of this force will be given, respectively, by: 

𝐹𝑛
𝑏 = −𝐾𝑛

“ 𝐴𝑏𝑠𝑛
𝑏          (13) 

𝐹𝜏
𝑏 = −𝐾𝜏

“𝐴𝑏𝑠𝜏
𝑏           (14) 

where 𝐾𝑛
“  and 𝐾𝜏

“ are the normal and tangential stiffnesses per unit area, respectively. Ab is the cross-

sectional area of the bond, 𝑠𝑛
𝑏 and 𝑠𝜏

𝑏 are the normal and tangential components of the bond’s linear 

deformation sb. The decomposition of the vector 𝑠𝑏 is carried out by using the following simple expres-

sions 

𝑠𝑛
𝑏 = 𝑠𝑏 ∙ �̂�           (15) 

𝑠𝜏
𝑏 = 𝑠𝑏 − 𝑠𝑛

𝑏 ∙ �̂�          (16) 

in which �̂� is the normal unit vector parallel to the bonds axis. 

The breakage criterion is based on the maximum values of the tensile and shear stresses acting on the 

periphery of the bond. Those values are given, respectively, by 

𝜎𝑚𝑎𝑥 = −
𝐹𝑛

𝑏

𝐴𝑏
           (17) 

𝜏𝑚𝑎𝑥 =
|𝐹𝜏

𝑏|

𝐴𝑏
           (18) 

During a simulation, the maximum tensile and shear stresses values are constantly monitored for all 

active bonds. When the tensile strength limit exceeds 𝜎𝑚𝑎𝑥 or the shear strength limit exceeds 𝜏𝑚𝑎𝑥, 

the bond breaks and, consequently, is deactivated immediately. After such a breakage, a bond cannot be 

reactivated again during the simulation. 

 

Tested soil 

The soil tests were conducted in Prague-Suchdol, Czech Republic (50°12’78.51″N, 14°37’58.01″ E). 

The soil of the experimental field was classified as Haplic Chernozem, including clay (6.52%), sand 

(29.32%), and silt loam soil (64.16%) (Kodešová et al., 2016). The average moisture content was 14.3 

wt. %. 
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Model calibration 

The Rocky DEM software (version 2022R1, ESSS company, Florianopolis, Brazil) was used for the 

simulation. The NVIDIA Quadro GV100 graphic card was used to operate Rocky DEM software. The 

DEM analysis and post-processing were performed with an Intel Xeon Gold 6244 (3.6 GHz) computer, 

128 GB RAM, and 2x1TB PCIe SSD. 

 

Tab. 1 Variables setup for cohesive discrete element model 

Material interac-

tion 

Normal stiff-

ness (NS) 

Normal stress 

limit (NSL) 

Tangential 

stiffness (TS) 
Tangential stress 

limit (TSL) 

Bulk young 

modulus 

(YM) 

N·m-3 kPa N·m-3 kPa MPa 

Particle-particle  1·1010 1000 1·1010 1000 20 

 1·109 500 1·109 500 40 

 1·108 100 1·108 100 60 

Totally 256 tasks Static friction 0.7    

 Dynamic friction 0.6    

Particle-boundary Static friction 0.4    

 Dynamic friction 0.3    

 

A DEM calibration was performed based on a tensile test of the soil (Fig. 3). The tensile test was con-

ducted in the laboratory. Afterward, the value of the soil strength was used in the evaluation model for 

the DEM tensile test model. The values from the model were compared with those from the experiment. 

Iterations were compiled for the subsequent model until the course of the curves showed deviations. The 

setting of the iterations was performed using a DoE approach, and the effects of the DEM parameter’s 

dependency on the cohesive soil properties were determined. The parameters were obtained by optimi-

zation of the model results and validated based on the experimental results. 

 

 

  
a) b) 
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c) 

 

 

Fig. 3 Tensile test of simulated (a and b) and measured (c) samples. Adhesive force distribution in soil 

sample before rupture (a) and after that (b) with fracture line. 

 

RESULTS AND DISCUSSION  
The simulated maximal forces and stiffness agreed with experimental data in all cases. A typical com-

parison is presented in Fig. 4. Simulated maximal forces of the tensile test were within the limits of 

experimental test values. Power, calculated like area under the tensile curve, seems to show different 

values, and relationships between simulated and experimental data are too difficult. Because the power 

is calculated with deformation, the size of discrete elements can probably play a role in the model’s 

accuracy.   

 
Fig. 4 Simulated (black) and measured (grey) data from the tensile test, mean and standard deviations 

are represented by limits. 
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Good practice models need relative accuracy variables for a simulation setup. The results of the ANOVA 

multi-criteria analysis of the simulations (Fig. 5) were carried out using the DoE approach. This ap-

proach creates a relevant response sensitivity to changes in input variables. In other words, how can the 

model’s input data affect the observed result? The effects analysis shows that the most significant influ-

ence on the results of the strength model (maximum strength) has the variable “normal stress limit” and 

“normal stiffness” and their interaction (Fig. 5a). The model is less influenced by the tangential input 

parameters. In the case of stiffness, however, the model’s sensitivity is also affected by Young’s modu-

lus and, after that, by the “tangential stress limit” (Fig. 5c). The energy (Fig. 5b) output cannot be ade-

quately interpreted due to the high error rate compared to the experiments. Still, it seems that it will 

correlate with the force model and its sensitivity. 

 

 

  
a) b) 

 

 

c)  

 

Fig. 5 Effect of variables (Young’s modulus, normal stiffness, normal stress limit, tangential stiffness, 

tangential stress limit) on responses, (a) – maximal forces, (b) – power, (c) stiffness. 
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Data from 256 models can be generalized in multivariate linear equations. The results of these statistical 

models are presented below. The determination index shows a close dependence between the phenom-

enological model and the simulation results, i.e., the experimentally measured values. 

 

𝐹𝑚𝑎𝑥 = 16.3 − 7 ∙ 10−5𝑁𝑆 + 7.6 ∙ 10−5𝑇𝑆 − 4 ∙ 10−9𝑁𝑆𝐿 + 9.5 ∙ 10−7𝑌𝑀 ∙ 𝑁𝑆 − 1.2 ∙ 10−6𝑌𝑀 ∙ 𝑇𝑆
+ 1.6 ∙ 10−14𝑁𝑆 ∙ 𝑁𝑆𝐿 

𝑅2 = 0.93 
 

 

𝑃𝑜𝑤𝑒𝑟 = 9.5 ∙ 10−1 − 2.7 ∙ 10−5𝑁𝑆 + 2.6 ∙ 10−5𝑇𝑆 − 6 ∙ 10−10𝑁𝑆𝐿 + 4.2 ∙ 10−7𝑌𝑀 ∙ 𝑁𝑆 − 4.4
∙ 10−7𝑌𝑀 ∙ 𝑇𝑆 + 2.4 ∙ 10−15𝑁𝑆 ∙ 𝑁𝑆𝐿 

 

𝑅2 = 0.94 
 

 

𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 = 16 + 6.2 ∙ 10−1𝑌𝑀 − 5.7 ∙ 10−3𝑌𝑀2 + 2.4 ∙ 10−9𝑁𝑆𝐴 − 2.9 ∙ 10−20𝑁𝑆𝐴2 + 5
∙ 10−9𝑇𝑆𝐴 − 2.2 ∙ 10−20𝑇𝑆𝐴2 

𝑅2 = 0.99 
The literature does not often describe the cohesive soil model for simulations of agricultural tasks. Most 

researchers (Tsuji et al., 2012; X. Wang, Zhang, Huang, & Ji, 2022; Zhang, Zhai, Chen, Zhang, & 

Huang, 2022)use cohesionless models or models involving the adhesive properties of discrete elements. 

Probably one of the reasons is the high sensitivity of the cohesion model to the results of the solution 

and, therefore, the high demands on the accuracy of the obtained values of the mechanical properties 

necessary for setting the model. Another disadvantage can be the computational complexity of a model 

with cohesive properties; compared to a model without cohesion, the computational complexity in-

creases so that the computational time increases up to 10 times. Nevertheless, the cohesive model is 

more reliable for the soil model within DEM calculations, especially for analyzing the processing of soil 

and plant residues, than the adhesive or non-cohesive model. 

 

CONCLUSIONS 
The simulations and measurement results show the suitability of using a cohesive soil model for DEM. 

However, by appropriately setting of cohesion model, it is possible to obtain very accurate output values 

of the model, which is more suitable for agricultural tasks than the cohesion-less or adhesion models. 
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Abstract 

In agriculture, disease and pest infestation are normal phenomenon, but they reduce the quality of the 

crop. Likewise, wrong irrigation or fertilization may damage the yield or lead to inefficient use of re-

sources. Lack of adequate decision support tools and user-friendly interaction with advanced technol-

ogies are the most critical barriers that prevent the adaption of Precision Agriculture by farmers. In 

this article, we review the state-of-the art of digital technology in agriculture and present requirements 

for an ecosystem that goes even further than Precision Agriculture and reaches up to Digital Agricul-

ture. Given the wide coverage of the agricultural sectors, the authors focus on grapevine in this article. 

 

Key words: digital agriculture; IoT sensors; sensor system; digital twin, grapevine. 

 

INTRODUCTION 

Modern agricultural production is not possible without reliable and up-to-date information about farm 

operations (Verdouw et al., 2021). IoT sensors are increasingly used to collect information about farm 

operations and the situation in the fields. The collection of data from sensors creates new opportunities 

for innovation in the field of prediction systems in the vineyard (European Commission, 2017). Using 

IoT sensors leads to large-scale big data that provides valuable information (Muangprathub et al., 2019). 

Big data-driven agriculture offers opportunities to transform traditional decision-making into data-based 

decision-making (Sarker et al., 2020). Traditional agriculture with manual labour and low productivity 

is being transformed into sustainable, intelligent, efficient, and eco-friendly agriculture by using tech-

nologies (Mitra et al., 2022). Thanks to modern analysis systems and deep learning techniques, for 

example, it is possible to identify the changes of a plant being infected and thus notify the farmer in 

advance (Udutalapally et al., 2021). In addition, controlled usage of pesticides and fertilizers helps to 

increase the crop quality as well as minimizing farming costs (Nabi et al., 2022).  

The modernization of agriculture is reflected in the application of digital technologies and the develop-

ment of new agricultural concepts such as Precision Agriculture, Smart Farming and Digital Agriculture. 

Although these concepts may seem to be similar, there are significant differences between them.  

Precision Agriculture is a modern farming management concept using digital technologies to monitor 

and optimize agricultural production processes (Schrijver et al., 2016).   

Smart Farming is the use of information and communication technologies for optimization of complex 

farming/agriculture systems (Udutalapally et al., 2021). Smart Farming goes beyond the concept of 

Precision Agriculture by basing management tasks not only on location but also on data, enhanced by 

context and simulation awareness, triggered by real-time events (Sundmaeker et al., 2016).   

In the agricultural sector, digitization is considered as a function of four components, including: Smart 

Agriculture, Smart Technology, Smart Design and Smart Business (Elijah et al., 2018). As a holistic 

approach, Digital Agriculture uses the knowledge of information science, environmental science, com-

puter and software engineering, system science, GIS (Geographical Information System), GPS (Global 

Position System), remote sensing technology, and virtual satellite imaging for better integration of soil, 

climate and environment information with agriculture (Sarker et al., 2020).  

With proper resource management, technology may be sound, feasible, relevant and quite useful to 

measure factors like climatic changes, undefined rainfall and high temperature and humidity, therefore 

helping the farmers to save the cost and time spent upon dangerous fungicide sprays (Nabi et al., 2022).   
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This article aims to identify the needs of winegrowers in particular and reviews the state-of-the-art for 

addressing these needs through the use of a combination of digital tools and technologies, which includes 

the identification of technological capabilities. In conclusion, we offer a – work-in-progress – concept 

for an extensible Digital Agriculture ecosystem for farm monitoring using a Digital Twin and Mixed 

Reality for data representation and interaction with a simulation model to test different farm manage-

ment scenarios.  
 

MATERIALS AND METHODS 

During the Living Labs of the Erasmus+ project “Engaged and Entrepreneurial European University as 

Driver for European Smart and Sustainable Regions (E3UDRES2)” in Spring 2021, a group of research-

ers focused on developing a Digital Agriculture solution for winegrowers. The idea of the Living Labs 

was to bring researchers from the six universities of E3UDRES2 initiative together with regional stake-

holders. During the Living Labs a research group called “Human Contribution to Artificial Intelligence” 

was formed, comprising researchers with background in simulation modelling, IoT, machine learning, 

statistics and big data management. From the challenges and needs submitted by stakeholders it became 

clear that in each of the six countries (Austria, Belgium, Hungary, Latvia, Portugal, and Romania) grape-

vine is one of the agricultural sectors and all countries are facing similar problems (e.g., lack of tools 

and methods to deal with pests and diseases).   

In order to examine in detail what has previously been done in the field of applying of digital technology 

in grapevine, the Scopus and Web of Science databases, and the World Wide Web were used to search 

for articles containing keywords, such as, Precision Agriculture, Smart Farming, Digital Farming, IoT 

sensors, sensor system, grapevine, Digital Twin.   

Furthermore, in order to specify the requirements of the winegrowers from the perspective of the user, 

in-depth interviews and workshops were held. The questions were focusing on problems, challenges and 

needs regarding the cultivation processes that can be addressed by technological solutions. During a 

structured interview the following work processes were reviewed: canopy, soil, water, nutrient manage-

ment; weed, disease, pest, insect, fungus and wild life management; weather forecast and frost protec-

tion; grapevine management, crop estimation and harvesting. Besides challenges and needs questions 

were also included to clarify what traditional, Precision Agriculture, Smart Farming and Digital Farming 

tools have already been used, what are the experiences of the utilization, what is not working and needs 

to be improved. The survey was carried out through highly different regions of Europe, we got answers 

from Austria, Hungary, Latvia and Portugal. For instance, in Portugal two interviews were conducted 

with representatives and members of Association of Wine Growers of the Municipality of Palmela 

(AVIPE), in Austria with the Federal Office of Viticulture and Pomology (Wein und Obst Klosterneu-

burg RTD).

 

RESULTS AND DISCUSSION  
Results are divided into subsections where the authors conclude what is discovered from the literature 

review, what is discovered from in-depth interviews with winegrowers and what kind of Digital Agri-

culture ecosystem is proposed to make it easier for winegrowers to work using big data-driven disease 

detection and optimal resource-utilization tool.  

  
Literature review  

When considering Digital Agriculture, farmers' needs as well as their attitudes or perceptions towards 

these technologies play a crucial role. This can be done by drawing on published surveys and/or asking 

individual farmers.  

In a survey by Kernecker et al. (2020), 287 farmers (from the arable, orchard, vegetable and vineyard 

sectors) from 7 EU countries and 22 experts from the agricultural knowledge and innovation system 

were asked about smart farming technologies (SFT). Winegrowers indicated that among the listed smart 

farming technologies (recording and mapping technologies, GPS based steering tools, apps and farm 

management information system (FMIS), and autonomous machines) apps and FMIS are most useful 

for their farm (Kernecker et al., 2020).   

Also interesting are the findings that there is a large discrepancy between the daily work requirements 

and the ability of new technologies and their users to meet these requirements (Kernecker et al., 2020).   
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Users of SFT are frequently confronted with the challenge to interpret data and to assure devices' con-

nectivity and preciseness. Farmers tend to support a positive assessment of SFT in general, but looking 

at impacts on economic profitability as well as on environmental performance of SFT, the level of con-

viction is clearly moderate (Kernecker et al., 2020).  

Kaňovská (2021) conducted a survey of 22 small and medium winegrowers from the Czech Republic 

regarding the benefits and barriers of using of sensors and weather stations. Unfortunately, the needs of 

the winegrowers were not directly inquired there. The obstacles of using sensors were that it is not 

necessary to measure so much data or that the usefulness of this information is not clear (Kaňovská, 

2021).  

Methods made available to winegrowers should predict as far in advance as possible, must be as simple 

as possible, and work with as little data as possible, preferably with data that farmers can access quickly, 

easy, and cheaply and, if possible, without the need for intensive training. The best approach must con-

sider the availability and/or possibility to have required inputs (required data is sometimes not available), 

the adequate spatial resolution (field level or regional level), the necessary granularity (information re-

garding the spatial variability in each area) and required precision (e.g., a simple smartphone camera, 

despite the loss in quality, can be in many cases a cost-effective alternative to hyper and multispectral 

cameras, LiDAR, ultrasonic and radar sensors) (Barriguinha et al., 2021).   
Recently, several studies have looked at the problems of managing and effectively using large numbers 

of heterogenous devices, and have found a solution in the use of social networking principles and tech-

nologies. The guiding motivation is that a social-oriented approach is intended to aid in the discovery, 

collection, and composition of resources and knowledge offered by distributed objects and networks 

(Delnevo et al., 2021).  

  

In-depth interviews  

To understand what are the most urgent needs of the farmers, we conducted several informal in-depth 

interviews: with a technical adviser of AVIPE, with farmers associated to AVIPE, with a researcher for 

viticulture and orcharding of Wein und Obst Klosterneuburg RTD, and with a horticultural engineer of 

MATE Hungarian University of Agriculture and Life Sciences.  

From the interviews was learned that the used technologies are well-known, well-adapted, but they are 

highly labour-demanding and require expertise. The main problem is the shortage of financial resources 

(high personnel costs) and manpower (unwillingness to work in the agriculture), which causes a critical 

overload of the present employees. Under these circumstances there is often no capacity for finding, 

learning and trying out the new technologies, even though it is highly needed and this need is identified. 

The knowledge base and expertise (and intention) are given even for research, development and inno-

vation, but there is no free capacity for it. To summarize, new technologies are needed to reduce wine-

growers’ dependency on traditional labour-demanding agriculture management methods, but informa-

tive and financial support should be appropriate to implement them.  

From the consumer’s perspective, the required Digital Agriculture ecosystem:  

 brings together different systems making them available to winegrowers, 

 is user-friendly and easy to adapt, 

 gives information on the management practices, 

 suggests appropriate decisions or prevention measures to be taken, 

 informs about when and where operations should be performed, 

 conveys information on time, 

 creates awareness among winegrowers so that only necessary plant protection is carried out, 

 measures correctly so that it could give accurate information about, e.g., level of infection or 

possible emergence of a disease.  

 is capable of identifying the situation in each row, individually for each plant, 

 supports reliable means of communication with the farmer, 

 allows networking (sharing experience and sensor data with other winegrowers), 

 is cost effective, and 

 reflects independently host, pathogen, and environmental interaction, etc.  
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A Digital Agriculture ecosystem  

In view of the variety of crops, the group of researchers chose to create a Digital Agriculture ecosystem 

specifically for winegrowing purposes, with a potential to extending its use in future to other plant spe-

cies that are grown in lines between which a self-driving drone can drive through. The principle of an 

on-surface-driving drone, to the contrary to a flying drone, was chosen (1) to allow it to move autono-

mously in closed areas, thereby (2) removing the need for a licensed drone pilot, while (3) complying 

with existing legislative requirements allowing the use of self-driving drones, such as lawn mowers and 

vacuum cleaners, in most countries. 

To meet the demands arising from our literature review and in-depth interviews, the group of researchers 

propose a Digital Agriculture ecosystem using a Digital Twin concept and Mixed Reality applied to the 

grapevine field. A Digital Twin is a dynamic representation of a real-life object that mirrors its states 

and behaviours across its lifecycle and that can be used to monitor, analyse and simulate current and 

future states of and interventions on these objects, using data integration, artificial intelligence and ma-

chine learning (Verdouw et al., 2021). Basically, a Digital Twin architecture is composed of a physical 

object in real space, a digital representation of this object in the virtual space and the connection between 

the virtual and real space for transferring data and information (Grieves & Vickers, 2017; Redelinghuys 

et al., 2019; Verdouw et al., 2021). The Digital Twin would allow observing, and ultimately simulation 

of the various internal and external influence factors with a focus on pest and disease detection (and 

ultimately prediction). Another ambition is to contribute to optimal resource-utilization, e.g., irrigation, 

fertilization. These solutions lead not only to reducing the costs and necessary resources such as water 

and chemical pesticides, but also to minimizing pressure on the environment (Sarker et al., 2020). Soil 

health is yet another application of the planned monitoring and prediction capabilities.  

 

 
 

Fig. 1. Proposed Digital Agriculture ecosystem overview and extensibility 

 

Figure 1 shows a high-level representation of the proposed Digital Agriculture ecosystem. It includes 

the following key solutions based on preliminary concepts (Ojha et al., 2015), which should be easily 

replaceable and extendable due to the modular nature of the proposed ecosystem:  

 Wide range of sensors and other input data;  

 Wide range of analytics tools and visualization outputs.  
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Given that not all farmers have applied SFT to manage their fields, it is intended to establish a three-

level engagement where each subsequent one requires greater involvement of the farmer, while provid-

ing more detailed feedback:  

 Smartphone mode. A user-friendly toll-free mobile app and only external data are used. The 

user receives rather general alerts and management recommendations from the data analysis ser-

vice.  

 Stationary sensor mode. A mobile or web app, external data and IoT sensor measurements from 

the field are used. More detailed data enables the data analysis service, thus providing the user with 

more detailed, tailor-made intervention proposals.  

 Virtual twin mode. A mobile or web app, external data, IoT sensor measurements and a mobile 

sensor system are used. The mobile sensor system provides the possibility to generate a Digital 

Twin, thus the user can interact with the simulation service, test different management scenarios 

and consider strategic intervention proposals.  

Various levels of the Digital Agriculture ecosystem are necessary at the first stage to enable productivity 

to be improved and environmental impacts to be reduced without financial contribution. After gaining 

trust in the system, acquiring additional IoT sensors enables productivity to be further improved and 

environmental impacts to be made even more neutral. 

One impact of using the proposed system would be larger yields, since it will be possible to deal with 

pests and diseases in early stage, which leads to less pesticides and fungicides, which leads to clean and 

healthy food. It would also help to make more efficient use of resources such as water and fertilizer, 

thereby reducing the costs of winegrowers.  

 

CONCLUSIONS 
Literature review and in-depth interviews shows that the team of researchers is on the right track and 

that the job started on the Digital Agriculture ecosystem during the Living Labs is the right way to go. 

Considering the development of IoT sensors, data mining, machine learning etc., technological capabil-

ities are available to establish an extensible ecosystem which helps winegrowers to deal with agricultural 

issues.  

Farmers do not need general management advices, but a notification system that would warn of potential 

problems on their farm, explicitly providing their location and advising a possible solution.  

A Digital Agriculture ecosystem consisting of sensitive and specific sensor devices allowing an auto-

mated non-stop monitoring of vineyards would (1) allow a temporally and spatially precise application 

of plant protection products and, in consequence, (2) allow a reduction of pesticides and thus their im-

pact on the environment, as well as (3) reduce the winegrower’s risk of economic losses due to plant 

diseases and pests, (4) it would also help to make more efficient use of resources such as water and 

fertilizers, thereby reducing the costs of winegrowers.  

Next steps in further research are (1) to identify existing databases worldwide that collect information 

to be included in the Digital Agriculture ecosystem (e.g., meteorological data, disease and pest distribu-

tion, multispectral data, land surface data etc.), (2) to identify sensor capabilities to create a mobile 

sensor system for local information acquisition, (3) to adapt the Digital Twin approach to bog ecosystem 

management (Cirulis et al., 2022) for agricultural use, (4) to run first case studies to test the prototype 

and get feedback from winegrowers.  
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Abstract 

Globally, around 7 million people die annually due to air pollution. The aim of this review was to define 

the impact of motorized vehicles on humans due to air pollution. Using 1995 as a baseline, the increase 

in death and disability due to air pollution was discussed over a five-year period. The review showed 

that of global death and disability, on average, around 13% and 5% were registered due to air 

pollution. In total air pollution deaths, motorized vehicles contribute around 7% annually. It shows that 

air pollution caused by motor vehicles accounts for less than 1% of global deaths. Unprocessed biomass 

fuel, diesel, and older motorized vehicles are still widely used in developing countries. These contribute 

to more than half of the air pollution in developing countries. As a result, stakeholders must deal with 

motorized vehicle air pollution. 

Keywords: air pollution; developing country; diesel effects; motorized vehicle; old vehicle 

 

INTRODUCTION 

Toxic substances emitted from indoor or outdoor sources are a factor in causing environmental 

degradation. A particulate pollutant is a mixture of microscopic liquid droplets and solid particles found 

in the air that are generated by vehicle emissions, smoke particles, dust particles, and ash from industries 

(World Health Organization, 2020; toppr, 2020). Approximately; half of the world population and up 

to 90% of rural households in developing countries still rely on unprocessed biomass fuels (World 

Resources Institute (WRI), 1998). In 2020, around 7 million people died due to air pollution; of this, 

around 0.5 million were caused by motorized vehicles (World Health Organization, 2020). This shows 

1 out of 14 air pollution deaths occur due to motorized vehicles. In low-income countries, 6% of all 

deaths are the result of indoor air pollution (Hannah and Max, 2019). Motorized vehicles are one of the 

outdoor air pollutants that emit toxic gases into the environment (Ostro, 2004). Emissions and the toxic 

nature of the gas can vary based on the type and nature of power consumed (Union of Concerned 

Scientists, 2014). The aim of this review is to define the effect of motorized vehicles on air pollution 

and its severity level on humans. For further consideration and analysis, the review was presented as 

follows: 

EFFECTS OF ENVIRONMENTAL AIR POLLUTION 

Climate change is one of the most serious health threats of the twenty-first century. That was caused by 

air pollution, which is the single largest environmental health risk (World Health Organization, 2016). 

Of the total world population, around 90% of the population breathes polluted air (World Health 

Organization, 2018). Actually, the air quality inside a home can be worse than the air quality 

outside (Robert, 2016; Budget Home Services, 2020). 

The levels of indoor air pollutants are often 2 to 5 times higher than outdoor (Medical Associates of 

Northwest Arkansas, 2020; Victoria, 2019). The most common indoor pollutants and sources are 

asbestos, biological pollutants, carbon monoxide (CO), pressed wood products, nitrogen dioxide (NO2), 

indoor particulate matter, etc. (United State Environmental Protection Agency, 2020). However, the 

most common sources of outdoor air pollution are emissions caused by combustion processes from 

motor vehicles, solid fuel burning, and industry (Department of Pediatrics, 2019). 

Air pollution can cause human deaths; long-term health effects include heart disease, lung cancer, 

respiratory disease, birth defects, and damage to other organs (Texas A & M University, 2019; Lili et 
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al., 2019). Air pollution is linked to 9% of global deaths (Hannah and Max, 2019). Death rates from air 

pollution are highest in low-to-middle income countries (Jos et al., 2018; Dr. Susanne, 2018).  

Tab.1 Global number of Death and Disability  

Year 1995 2000 2005 2010 2015 2020 Avg. 

Total Population Death (million) 51.34 52.98 54.02 54.5 56.33 59.3 54.75 

Disability (billion.) 2.55 2.55 2.51 2.47 2.43 2.62 2.52 

Air Pollution Death (million) 7.38  7.32 7.23 7.02 6.9 6.7 7.09 

Disability (million) 130.3 124.4 119.4 116.6 107.6 98.8 116.2 

Source: (United Nations (UN), 2019; Global Burden of Disease Collaborative Network., 2018) 

As shown in Tab.1, globally on average, around 55 million and 2.5 billion people die and become 

disabled annually. Air pollution contributes to 7 million (13%) and 116 million (5%) of global deaths 

and disabilities annually. It also shows the total number of deaths and disabilities gradually increases 

and decreases. 

 

Fig. 1 Annual Growth Rate of Death and Disability  

According to Fig. 1, the maximum death and disability growth rates were observed in 2020, using 1995 

as a base year within a five-year interval. Relatively, due to air pollution, the maximum reduction in 

death and disability growth rate was also observed in 2020. 

EFFECTS OF MOTORIZED VEHICLE AIR POLLUTION 

Motor vehicles emit toxic and carcinogenic compounds (American Cancer Society, 2020). 

Hydrocarbons and nitrogen oxides contribute to smog, which damages the lungs and aggravates 

respiratory disease (Dasom et al., 2018). In 2018, diesel vehicles were responsible for nearly half of the 

health impacts of air pollution from vehicles worldwide, and two-thirds of the impact in India, France, 

Germany, and Italy (Joshu, 2019). It was estimated that over 80% of people living in urban areas were 

exposed to motorized air pollution that exceeded the WHO limit. In 2016, over 95% of the world's 

population was breathing unhealthy air. From this, transportation emissions contributed 32% (Susan et 

al., 2019). Recent evidence indicates that the health problems caused by air pollution may be greater at 

high concentrations than previously estimated; this would likely happen due to vehicle exhaust 

emissions increasing (Joshu, 2019). 

The principal emissions from motor vehicles are greenhouse gases. In vehicles, the principal greenhouse 

gas is carbon dioxide (CO2), but vehicles also produce other greenhouse gases such as nitrous oxide 

and methane. For example, diesel vehicles have a higher emission limit for nitrogen oxides than petrol 

vehicles have a higher emission limit for carbon monoxide (İbrahim et al., 2014; An Australian 

Government Initiative, 2021). Once greenhouse gases are released, they can stay in the atmosphere for 

more than 100 years (National Academies of Sciences, 2021). It acts like a blanket around the Earth, 

trapping energy in the atmosphere and causing it to warm. In 2019, the total CO2 emissions from 

aviation and motor gasoline combustion were about 22% of the total US energy related CO2 emissions. 

This resulted in 9% of greenhouse gas emissions from the tailpipe (U.S. Energy Information 

Administration, 2020). 
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Vehicle age, type, power consumption, tonnage, speed, etc. play a critical role in defining the amount 

of gas emitted to the environment. Transportation contributed more than half of the carbon monoxide 

and nitrogen oxides emitted into the atmosphere in 2013, as well as nearly a quarter of the hydrocarbons 

(Union of Concerned Scientists, 2014). The valuation of health effects associated with diesel vehicles 

is at least 5 times greater than those associated with petrol vehicles, and around 20 times greater than 

battery electric vehicles (Dr. Christinian, 2018). Close to half of all deaths by transport air pollution are 

caused by diesel road vehicles (BreatheLife Campaign, 2019). By removing cars from cities, it’s 

difficult to reduce emissions (Audrey, 2018). 

Tab.2 Death due to Total Air Pollution and Motorized Vehicle air pollution  

Year 1995 2000 2005 2010 2015 2020 Avg. 

Total Air Pollution Death (million) 7.38 7.32 7.23 7.02 6.9 6.7 7.09 

Motorized Vehicle Air Pollution Death (million) 0.51 0.7 0.4 0.2 0.4 0.5 0.45 

Source: (Clean Air Coaliation (CCAC) secretariat, 2020; Global Burden of Disease Collaborative 

Network, 2017; ScienceX Network, 2019)  

As shown in Tab.2, the number of deaths caused by air pollution gradually decreases, but the number 

of deaths due to motorized vehicle air pollution oscillates up and down. Motorized vehicles contribute 

approximately 6.5% of all air pollution deaths on an annual basis. It shows a reduction in deaths. It 

needs special care by the stakeholders. 

 

Fig. 2 Death Annual Growth Rate due to Air Pollution  

As shown in fig. 2, referencing 1995 as the base year, over a five-year interval the maximum total 

motorized vehicle air pollution growth rate in deaths was observed in 2015. In consideration of global 

death, motorized vehicle air pollution contributes around 1% on average annually. This shows that out 

of 100 people killed, 1 person died due to air pollution resulting from motorized vehicles. 

EFFECT OF MOTORIZED VEHICLE AIR POLLUTION IN DEVELOPING NATION  

The benefits of motorized vehicles are countless, but the disadvantages are more pollution and energy 

use (Daniel, 2004). The number of motorized vehicles in the world is expected to reach about 1.3 billion 

by 2020 (Andrew, 2018). Between 1990 and 2020, emission reductions from road transport have been 

lower than originally anticipated over the last two decades due to transport having grown more than 

expected (Susan and Timothy, 2007; European Environment Agency, 2019). 

China and the USA are the leading polluters in the world in terms of motor vehicles. America generates 

more than 25% of global warming emissions that come from the transportation sector (United States 

Environmental Protection Agency, 2018). The U.S. has 30% of the world's automobiles, yet contributes 

to about half of the world's car emissions (Howstuffworks, 2020). Air pollution accounts for about 6% 

of deaths in Austria, France, and Switzerland annually (World Health Organization Regional Office for 

Europe, 2015). European citizens still breathe harmful air, mostly due to weak legislation and poor 

policy implementation (European Court of Auditors, 2018). 

 

Atmospheric pollution has emerged as one of the primary environmental issues in developing countries. 

China has become the world's largest vehicle market. Vehicle emissions have become a significant 
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source of air pollution and are ranked 109th out of 180 countries (Wu et al., 2016; Liu et al., 2017). 

Globally, the top ten countries with the highest mean exposure to outdoor air pollution include Nepal, 

India, Niger, Cameroon, Nigeria, and Chad; and Qatar, Saudi Arabia, Egypt, and Bahrain in the Middle 

East (Florina and Wendy, 2019). This shows most developing countries are more responsible for 

environmental air pollution. 

In India, 12.5% of deaths were attributable to air pollution (India State-Level Disease Burden Initiative 

Air Pollution Collaborators, 2020). India has 18.1% of the global population but contributes 26.2% of 

the global air pollution (Sahana, 2019). In Delhi, diesel vehicles were responsible for 62.5% of the total 

particulate load coming from all vehicle emissions (Yewande et al., 2015). 

Most African countries import a large number of used vehicles that account for around 40% of the world 

(United Nation Environmental Program, 2020). The poor quality of used vehicles was not only a cause 

of environmental pollution; it was also a cause of road traffic accidents (Peter, 2020). Developing 

countries are exporting air pollution by importing used vehicles (Sophie Edwards, 2017). Even if the 

number of vehicles were small in developing countries, those tend to have worse air pollution than 

developed nations. Lack of technology and resources aggravates air pollution (Nationwide Air Filter 

Company, 2017). Vehicles with an age of 5 and above pollute the environment more (Peter, 2020; 

Cathryn et al., 2014). The age of the vehicle is a concern and defines the amount of gas emitted to the 

environment in connection with its power traction type. 

 

CONCLUSION  

Air pollution has killed or disabled millions of people worldwide. Motorized vehicle emissions are an 

outdoor (ambient) air pollutant that causes a large number of deaths and disabilities. Referring to 1995 

as a base with an interval of 5 years, the maximum growth rate of global death and disability was 

registered in 2020. This review indicated that of global death and disability, air pollution contributes 

around 13% and 5% of death and disability, respectively. From the total global deaths caused by air 

pollution, vehicle emissions on average contribute to around 0.5 million (7%) deaths on an annual 

average. Even if the global death rate gradually increases, deaths due to air pollution and disability 

slightly decrease, and the number of deaths due to motorized vehicle air pollution oscillates up and 

down. Even so, the number of deaths caused by motorized vehicle air pollution accounted for around 

1% of global deaths. 

Approximately half of the world's population, as well as up to 90% of rural households in developing 

countries, are still subjected to air pollution caused by unprocessed biomass fuels. Even though 

developed nations use more motorized vehicles, the damage caused by vehicle emissions is much worse 

in developing nations. The reason behind it was that more than half of used vehicles with an age of 5 

years and above are dumped in developing nations and most of them consume diesel. As a result, 

motorized vehicle emissions account for more than half of all air pollution in developing countries. 

Therefore, in order to overcome these problems, stakeholders must focus on the age of imported 

vehicles and the type of power consumption they consume in developing countries.  
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Abstract 

Intervals between subsequent oil changes in combustion engines are usually specified in operating hours 

and for most units an oil change is carried out after this period. The possibility of a controlled extension 

of the oil service life until the next oil change on the one hand reduces engine operating costs, but on 

the other hand may have a negative effect on engine lifetime. 

It is also important to reduce the environmental impact resulting from the reduced consumption of en-

gine oil. Checking the quality of oil may allow you to safely extend oil service life without the risk of 

reducing an engine lifetime. The article presents the results of a study of selected oil parameters at 

excessive usage times. It was found that for the engines powered by biogas it is possible to extend the 

oil change interval by 200 hours. 

 

Key words: engine oil, biogas, durability. 

 

INTRODUCTION 

Spark-ignition internal combustion engines powered by biogas are not only used in electricity produc-

tion systems. Despite the use of such solutions, e.g. in buses, this is still the predominant use of internal 

combustion engines in biogas. Biogas can be produced from biological material. These can include both 

crops grown specifically for biogas production, organic waste from agricultural production and waste 

from storage facilities. In addition, sewage, municipal waste and, increasingly, marine algae are used to 

produce biogas (Kaszkowiak et al., 2017; Czekała,  et al., 2016).  Biogas is produced from renewable 

sources, which reduces the balance of CO2 emissions. Due to the diversified raw materials from which 

biogas is produced, its composition varies (Bilcan, Le Corre & Delebarre,  2003; Kosiba et al., 2016). 

The approximate composition of biogas depending on the substrate from which it is produced is pre-

sented in Table 1.  

 

Tab. 1 Selected components of biogas depending on the substrate from which it is produced (Kwaśny, 

Banach & Kowalski, 2012) 

Component/substrate 
units 

 

Waste from 

households 

Sludge from 

sewage treat-

ment plant 

Waste from 

agricultural  

production 

Wastes 

from the 

agro-food 

industry 

Methane CH4  [%] 50-60  60-75 60-75 68 

Carbon dioxide CO2  [%] 34-38 19-33 19-33 26 

Nitrogen N2  [%] 0-5 0-1 0-1 - 

Hydrogen sulphide H2S  [ppm] 100-900 1000-4000 3000-10000 100 

Oxygen  [%] 0,1-2,0 0,5-1,0 0,5-1,5 1,-1,5 

 

Particularly high differentiation in the composition of biogas can be seen for hydrogen sulphide and 

methane content. At the present time, the production of biogas as a fuel is becoming particularly profit-

able, because in addition to waste utilization (as is the case with the use of sewage, municipal waste and 

waste from the agro-food industry as a substrate), a fuel can be obtained at a relatively low cost. More-

over, the fuel is treated as generated from renewable sources. Furthermore, the fuel is treated as origi-

nating from renewable sources. This consequently affects the profitability of using biogas as fuel. It 
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should be mentioned that biogas used as a fuel is exposed to continuous monitoring of the methane 

content and volume of impurities.  

Specially developed engine oils are most often used to lubricate engines powered by biogas. Biogas as 

a fuel is characterised by a higher auto-ignition temperature and usually a longer combustion time. This 

results in more intense heating of the engine oil (Górniak  et al., 2014). As previous studies have shown, 

the composition of the biogas feeding the engine also has a significant influence on the condition of the 

engine oil (Kaszkowiak  et al., 2017).   

 

MATERIALS AND METHODS 

Three spark ignition, supercharged, 380 kW each, type MAN E2842LF322 internal combustion engines 

were used in the tests.  They powered the power generators.   The engines were of identical design, 

powered by biogas.  They powered electric generators with a capacity of 340 kW, loaded with an average 

power of 300 kW. Their load varied only slightly (±5%). They operated at a speed of 1500 rpm [157 

rad/s].  The engines were in very good technical condition. The engines had had their engine oil changed 

before the commencement of the tests. The biogas used to power the engines was purified. The biogas’s 

parameters were monitored systematically with the use of the biogas analyzer BIOTEX MultiPoint.  The 

changes in the content of individual components were slight (less than 1%). The composition of biogas 

is presented in table 2. 

 

Tab. 2 Composition of biogas powering engines 

Component 
 Content 

  

Methane [%]  65 

Hydrogen sulphide [ppm]  17 

Carbon dioxide [%]  34,5 

Ammonia [ppm] 

 
 

0 

 

The engine was lubricated with Shell - Mysella S5 S 40, a low ash oil with extended durability, dedicated 

for engines fuelled with gaseous fuels.   Its basic nominal properties are presented in table 3. 

 

Tab. 3 Selected properties of the new Shell – Mysella S5 S 40 oil 

Properties                                     Unit 
  Value 

  

Kinematic viscosity 1000C            [mm2/s]  13,5 

Density (150C)                               [kg/m3]  890 

Flash point                                     [0C]  230 

Ash content                                    [%wt]  0,48 

 Alkaline number TBN                   [mg KOH/g]     4,5 

 Acid number TAN                         [mg KOH/g]     4,0 

 

The oil change frequency recommended by the manufacturer for the tested engines is 500 operating 

hours. However, it is suggested that oil parameters should be continuously monitored and, should they 

deteriorate, an earlier oil change should be carried out. Such a period between oil changes affects the 

maintenance of the good condition of the engine, but it should be noted that the condition of the oil also 

affects fuel consumption (Macian et al., 2015). The oil condition was monitored in the tests after every 

100 hours of operation. Oil change criteria were as follows: silicon increase above 70 ppm, iron increase 

above 10ppm, potassium increase above 4 ppm, TBN above 5.50 and TAN below 5.00 or viscosity 

increase above 14.5 or decrease below 13 mm2/s. Exceeding the permissible value of one of the moni-

tored components is considered as a necessity to change the oil. The tested oil parameters were statisti-

cally analysed using the Tukey test at the significance level of 0.05. These values are recommended by 

the oil producer. The average values of the obtained results are presented in table 4.  

209

https://yadda.icm.edu.pl/baztech/contributor/1b72f143cc1838ef554d99687d013082


 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 

Tab. 4 The average values of the selected oil parameters in relation to the operating time 

Operating 

time [h] 

100 200 300 400 500 600 700 

       

Si content 

[ppm] 

  55a 64b 64b 65b 64b   67c 70d 

Fe content 

[ppm] 
5a 7b 7b 9bc 9bc 10c 13d 

K content  

[ppm] 

0a 0a 1b 1b 1b 2c 2c 

TBN 

[mgKOH/g] 

4,5a 4,7b 4,7b 4,6ab 5,0c 5,4d 5,7e 

TAN 

[mgKOH/g] 

2,08b 2,01ab 2,03b 2,4c 1,85a 2,12b 2,38c 

Viscosity 

[cSt] 

13,9a 13,8a 13,9a 14,1b 14,0ab 14,2b 14,5c 

 

RESULTS AND DISCUSSION  
The content of silicon, iron and potassium in the oil showed an initial slight increase (silicon after 100h, 

iron after 200h and potassium after 300h of operation) and then remained at a slightly varying level until 

500 hours of operation. From 600 hours onwards, a statistically significant increase in both silicon, iron 

and potassium contents was observed. However, only the iron content exceeded the limit values at 700 

hours of work. The course of the changes in the content of the above-mentioned elements is presented 

in figure 1. 

 

 
 

Fig. 1 Changes in silicon, iron and potassium content of oil as a function of operating time. 

 

The changes in the acid and base numbers followed a similar pattern and remained stable after an initial 

increase up to 500 hours of operation. The acid value did not reach the limit value over the entire test 

range. The alkaline number only exceeded the limit value after 700 hours of operation. Similar results 

were obtained by (Knopik et al., 2016).The changes in the acid and alkaline values are shown in figure 

2.  
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Fig. 2 The course of the changes in the acid and alkaline values as a function of operating time.     

The viscosity value measured at 100 oC up to a running time of 500 h did not change in a statistically 

significant manner. At an operating time of 600 hours, a statistically significant increase in viscosity 

occurred, and at an operating time of 700 hours, the viscosity reached a limit of 14.5 cSt.  

 

 
 

Fig. 3 The course of the changes in the viscosity at 100OC depending on oil operating time. 

 

CONCLUSIONS 
On the basis of the conducted tests it can be stated that extending the interval between engine oil changes 

in biogas-fuelled units is possible. In the cases studied, the factors deciding about the necessity of oil 

replacement were: alkaline number, iron content and viscosity. On the basis of previous tests, it should 

be noted that the composition of biogas has a significant impact. At the same time, according to the 

recommendations of the oil manufacturer, it is necessary to control the condition of the engine oil.  
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Abstract 

Different areas of the field may support different numbers of winter wheat plants. It depends on the 

properties of the soil. The use of proximal sensor data for site-specific seeding can make better usage 

of the soil potential to increase yields and their quality parameters for greater cost-effectiveness. The 

aim of this work was to determine the influence of different soil granulometric composition based on 

electrical conductivity measurements on winter wheat yield by applying a variable seeding rate (VRS) 

in different soil management zones, derived from apparent electrical conductivity (ECa) maps. The re-

sults of the study showed that VRS resulted in average a 3.27% higher yield and a 3.95% higher relative 

profit than the control with a fixed seeding rate (FRS).  

 

Key words: variable rate seeding, soil management zones, winter wheat yield, soil electrical conductiv-

ity, grain protein, economic efficiency. 

 

INTRODUCTION 

In order to optimize seed consumption and adapt to field variability, soil type, soil structure differences 

and to maintain the profitability of crop production, precision seeding or variable rate seeding (VRS) 

technologies are already being introduced in modern agriculture. Seed germination, crop development 

and yield potential can vary from field to field. Precision seeding is a way to link seed quantities to a 

specific site to increase plant yield and production efficiency (Fulton, 2019; Šarauskis et al., 2022). 

The variability of the precision seeding rate is usually determined by the apparent electrical conductivity 

(ECa) of the soil measurements, which are closely related to changes in soil moisture and the granulo-

metric composition of the soil (Grisso et al., 2009; Griffin et al., 2013).  

Winter wheat is most popular cereal crop grown in Lithuania (Statistics Lithuania, 2022), therefore the 

application of precision seeding technology to this crop in Lithuanian farms is very important. The aim 

of this work was to determine the influence of different soil granulometric composition based on ECa 

measurements on winter wheat yield by applying a VRS in different soil management zones. 

 

MATERIALS AND METHODS 

The research was carried out in 2020–2021 Panevėžys district, Naujamiestis on a commercial farm. The 

research field coordinates are 55.674734, 24.145607, the field area is 22.37 ha. At the beginning of the 

study on precision seeding technology, on 11th August 2020 the determination of the ECa of the soil was 

performed in the study field. The ECa of the soil was determined using an EM38-MK device by pulling 

it on the surface every 24 m between parallel neighboring tram lines. The soil ECa was scanned at a 

depth from 0 to 1.5 m. After measurement the ECa of the soil and determination the values of it, the 

whole study field was divided into 5 different soil management zones (MZ) from the highest to lowest 

accordingly the ECa (MZ1 – 28.6; MZ2 – 27.3; MZ3 – 25.7; MZ4 – 24.2; MZ5 – 22.6 mS∙m-1).  

On 16th September 2020 winter wheat was seeded in two variants: fixed seeding rate (control – FRS) 

and variable seeding rate (VRS) according to the seeding recommendation map in four repetitions. The 

width of one repetition was 36 m. Winter wheat (variety Skagen) was seeded, whose weight of 1000 

grain was 44.8 g and a germination rate was 95%. In the control FRS technology, the seeding rate was 

180 kg∙ha-1. In the VRS, the seeding rate varied from 146 to 214 kg∙ha-1 (MZ1 – 146; MZ2 – 153; MZ3 
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– 180; MZ4 – 197; MZ5 – 214 kg∙ha-1). In both treatments the same 6 m working width direct seeding 

using a drill Horsch Avatar 6.16SD (Germany) with coulter spacing of 16.7 cm and a seeding depth of 

3 cm were used. 

On 27th July 2021 plant samples were taken to determine yield. The samples were taken by cutting 

winter wheat plants with a knife from a 1.0 m long row. A total of 60 samples were taken, representing 

5 replicates of each variant, depending on the EC zones of the soil. From the collected samples the mass 

of 1000 grains and the grain yield of wheat per hectare were determined. 

The economic evaluation of the VRS technology was performed by determining the relative profit dif-

ference of this technology and it was compared to the control variant. The relative profit on seeding 

technology, excluding other costs, was calculated as follows: relative profit = income – (seed price + 

fertilization costs + plant protection products). The income of winter wheat yield was 240 EUR∙t-1. The 

price of winter wheat seed used for the research was 370 EUR∙t-1. Fertilizers and plant protection prod-

ucts were used at the same rates in both seeding treatment. Costs on fertilizers amounted to about 233 

EUR∙ha-1 and on plant protection products – 65 EUR∙ha-1. These calculations did not take into account 

farming equipment fuel consumption, operating costs, operator costs, etc.  

Data from the experimental study were processed using the one-way ANOVA. Data were calculated 

using the smallest significance difference (p <0.05) using the T-test. In Figures 2 and 3 the columns 

marked with the same letter do not differ significantly.  

 

RESULTS AND DISCUSSION  
After scanning the ECa of the soil map of the electrical conductivity of the soil was created and a map 

of the precision seeding of winter wheat with a variable seeding rate was prepared Fig. 1. 

 

 
 

Fig. 1 Maps: a – soil electrical conductivity; b – variable rate seeding 

 

The map of soil ECa distinguishes 5 different soil MZs,, which reflect 5 different seeding rates on the 

seeding map. The highest ECa of the soil indicates the maximum amount of clay particles corresponding 

to heavy soils, and these soils are able to retain moisture better (Grisso et al., 2009). In such soils, it is 

possible that the plants will have more tillers, which allow for a smaller amount of seeds to be sown, 

e.g. MZ1 – 146 kg∙ha-1. In the areas of the lowest ECa of the soil, low tillering of the plants and lower 

amount of developed ears are expected. Therefore, the highest seeding rate of 214 kg∙ha-1 has been 

chosen in MZ5. In the control FRS treatment with a  an average FRS of 180 kg∙ha-1 was seeded.

The weight of 1000 grains of winter wheat was calculated and the obtained results are presented in Fig 

2. Comparative calculations showed that a significant difference was found in the FRS of zone MZ5 

compared to all other zones. The maximum weight of 1000 grains (37.44 g) was found in the VRS 

treatment in MZ4 zone and there was a significant difference in comparison with all other zones. Zones 

MZ1 and MZ2 of the VRS have significant differences with zones MZ3, MZ4 and MZ5. The VRS 

technology avoided significant areas of separation and the average weight of 1000 grains was about 35.1 

g, while the average weight of 1000 grains in the FRS variant was about 34.0 g. The difference between 

the seeding variants was about 3.1%.  
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Fig. 2 Mass of 1000 grains (g) in different soil management zones: MZ1–MZ5 – soil management 

zones; FRS – fixed rate seeding; VRS – variable rate seeding  

 

The biological yield of winter wheat was determined by laboratory tests. The obtained results are pre-

sented in Fig 3. 

 
Fig. 3 Grain yield in different soil management zones: MZ1–MZ5 – soil management zones; FRS – 

fixed rate seeding; VRS – variable rate seeding 

 

In the control treatment the significant differences of the yield were determined between zones MZ1 

and MZ5 and these zones were compared to other zones. The lowest yield (5623 kg∙ha-1) was obtained 

in the MZ5 zone of the FRS variant. Although the seeding rate was the same (180 kg∙ha-1), lower grain 

yields were achieved in poorer sandy soils under the VRS. The VRS variant in the MZ5 zone had sig-

nificantly lower yields in comparison to the other zones. Significantly the highest grain yields were 

achieved in MZ2 and MZ4 zones, where seeding rates were 153 and 197 kg∙ha-1. The yield of the VRS 

and the FRS variant in the MZ3 zone was very similar, because in this zone the seeding rate was the 

same – 180 kg∙ha-1. The average grain yield of the VRS, regardless of MZ, was 7782 kg∙ha-1, while in 

the FRS variant it was 7536 kg∙ha-1 (246 kg∙ha-1 less). Precision VRS technology resulted in average 

3.27% increase in winter wheat yield. This study showed that many of the yield quality parameters were 

more homogeneous with VRS compared to FRS. 
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The economic indicators of traditional fixed rate and precision seeding technologies are presented in 

Tab. 1. 

 

Tab. 1 Economic evaluation of different seeding technologies (FRS – fixed rate seeding; VRS – variable 

rate seeding) 

Replications 
Relative profit, FRS 

(Eur∙ha-1) 

Relative profit, VRS 

(Eur∙ha-1) 

Relative profit differ-

ence VRS to FRS % 

1 1336.33 1382.05 3.42% 

2 1303.76 1297.03 -0.52% 

3 1604.43 1669.33 4.05% 

4 1533.84 1658.12 8.10% 

Average 1444.59 1501.63 3.95% 

 

An economic evaluation of the traditional fixed rate and precision seeding technologies showed that the 

precision seeding technology resulted 3.95% higher relative profit per hectare in comparison to the tra-

ditional fixed rate technology. Economic profit can be a key for farmers interested in VRS (Šarauskis 

et al., 2022). 

 

CONCLUSIONS 
1. The weight of 1000 grains seeding winter wheat at a variable rate was 3.1% higher than seeding at a 

fixed rate. 

2. The precision seeding technology has resulted in 3.27% increase in winter wheat yields over conven-

tional seeding. 

3. The precision seeding technology with a variable seeding rate has in average a 3.95% higher relative 

profit in comparison to traditional seeding technology at a fixed seeding rate. 
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Abstract 

The article focuses on the method and on the rate of digestate application with respect to the environ-

ment at impact, especially to the air pollution. Two methods of applying digestate were selected that 

were performed after harvesting rye as the pre-crop, and before sowing maize. Digestate is a waste 

product of biogas plants and contains a large amount of nutrients, therefore it is very often used as 

fertilizer in agriculture. It is not only when it is applied that greenhouse gases are released into the 

atmosphere, so it is necessary to find an ideal application method that minimizes the release of gases 

while providing sufficient nutrition for the crop. In this paper, the emissions from two methods of diges-

tate application were compared. For each application technology, emissions at different application 

rates were assessed. The emissions of ammonia and carbon dioxide increased with higher rates of di-

gestate. This finding was not confirmed for methane emissions though.  

 

Key words: disc slurry injector; strip-till slurry injector; ammonia; methane; carbon dioxide. 

 

INTRODUCTION 

Climate change and global warming are increasing the pressure on all fossil fuel industries (Jacob et al., 

2018). This issue has been addressed by the European Commission when it set a mandatory share of 

energy from renewable sources. Biogas produced in agriculture can help to meet these targets (Mamica 

et al., 2022). Because intensive farming is now the predominant way of managing agricultural land, 

mankind grows enough food and feed on a smaller area than before. Higher yields would not be possible 

without major advances in plant breeding (Frei, 2000). Appropriate fertilization management also con-

tributes substantially. Chemical plant protection is another important aspect, without which intensive 

farming would not succeed (Birkhofer et al., 2008). On the remaining area of agricultural land, crops 

including energy crops suitable as the main feedstock for biogas plants (Voltr et al., 2021) can be grown. 

Furthermore, biological waste from crop and livestock production in agriculture is most commonly used 

as feedstock (Priekulis et al., 2016). Anaerobic digestion is the controlled microbial conversion of or-

ganic matter without access to air to produce biogas and digestate (Pain & Hepherd, 1985). After re-

moval from the digester, the biogas is free of undesirable elements and compounds, and its final quality 

is specified by a standard. The biogas is then burned in a cogeneration unit which produces electricity 

by means of a generator. Part of the waste heat is used to heat the fermenter. A large amount of digestate 

is produced during the production of the gas and is considered a waste product. It is most often used in 

agriculture as a liquid organic fertilizer, because it contains a large amount of nutrients (Szymańska et 

al., 2022). But there is a reduction of carbonaceous matter. Consequently, digestate contains mainly less 

decomposable organic matter, so it can sometimes be referred to more as a mineral fertilizer (Möller & 

Müller, 2012). Digestate is continuously discharged from the digester into storage tanks, from which it 

is then taken to the field according to agronomic deadlines. The digestate contains large amounts of 

nitrogen, mainly in the form of ammonia. Not only ammonium nitrogen but other elements contained in 

the fertilizer are lost to the air. The gases monitored in this experiment are among the gases that increase 

the greenhouse effect of the atmosphere (Lamolinara et al., 2022). The most important greenhouse gas 

monitored is carbon dioxide, whose concentration is steadily increasing in the atmosphere. The burning 

of fossil fuels contributes in a major way to this increase (Lamb et al., 2021). Methods for measuring 

greenhouse gas emissions in livestock production are well established, but methods for measurement in 
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field after application are not uniform. In livestock production, concentrations are higher and easier to 

measure because of the steady production of emission gases, and a stable environment that is not affected 

by weathering. The concentration of the monitored gases above the surface of the land where the appli-

cation took place decreases with time (Dietrich et al., 2020). For these reasons, it is advisable to carry 

out measurements as soon as possible after fertilizer application. In the search for the optimal method 

and rate at which the least release of greenhouse gases into the atmosphere occurs, the sufficient supply 

of the necessary nutrients to the plants must not be forgotten. The aim of the experiment was to compare 

the amount of emissions released after application of different doses by two application methods.  

 

MATERIALS AND METHODS 

The measurement field was located near the village of Čechtice in the Central Bohemia Region, Czech 

Republic (49.6049206 N, 15.0815178 E), with an average altitude of 550 m above sea level. According 

to the USDA, the soil texture of the field was sandy loam. Digestate application was carried out using 

two different implements, i.e. disk injector and strip-till injector. The application of digestate took place 

on 25 May 2021, approximately one week after the harvest of rye for silage. Maize was then seeded four 

days after application. In the first part of the experimental plot, the digestate was applied using a self-

propelled tanker equipped with a disc injector with a soil cover of approximately 12 cm. In the second 

part of the plot, the same self-propelled machinery was used but equipped with an injector that applied 

digestate and processed the soil in a strip-till only manner. The depth of tillage was approximately 16 

cm in the latter case. The application at both parts of the plot differing by the injector used was carried 

out on four variants with different digestate rates. The rates chosen were 10, 20, 30 and 40 m3.ha-1. On 

the fifth variant considered as the control, only tillage was carried out without any digestate application. 

Each variant for the disk-applied technology was 24 m wide and 100 m long; for the strip-applied tech-

nology, the width was 12 m, and the length 200 m. Measurements of emissions and physical properties 

of the soil were carried out after application. The monitored emission gases were CO2, CH4, NH3. 

INNOVA 1412 (LumaSense Technologies A/S, Denmark) was used for the measurement of gas con-

centrations, linked to the replicator INNOVA 1309 (LumaSense Technologies A/S, Denmark) that ena-

bled to measure all the variants simultaneously. A wind tunnel (CZU Prague, Czech Rep.) was placed 

on each variant, from which special air tubes led to the measuring equipment. The wind tunnel was a 

plastic hollow block that did not have a wall at the bottom, the dimensions of which were 50 x 35 cm. 

There were ventilation openings on the two sides facing each other. One opening was fitted with a fan 

to provide the required airflow velocity for the wind tunnel, which was around 0.8 m.s-1. The second 

opening carried air into the wind tunnel and was fitted with an anemometer. A thermometer was placed 

inside to record the temperature during the measurement. The wind tunnels were moved to a different 

location within a variant after one hour, for a total of three repetitions. All data were recorded with 

simultaneous transfer to a PC. Furthermore, the concentration of each gas in the ambient air was sub-

tracted from the measured concentrations for each variant. These adjusted concentrations were con-

verted from the area covered by the wind tunnel to an area of one square meter. Finally, the recalculated 

concentrations were converted to theoretical emissions released during one day. Statistical analysis of 

the data was performed using Statistica 12 software. ANOVA test was used to evaluate the gas emission 

differences  

 

RESULTS AND DISCUSSION  
The highest rate of 40 m3.ha-1 was chosen because it contained the maximum recommended nitrogen 

dose for a single application. The measured methane values for both injectors used were very similar. 

Concerning digestate rates, statistical difference can be seen (Fig. 1) between the variant without ferti-

lizer dose (control) and all the variants with any digestate dose applied, i.e. with the doses of 10, 20, 30 

and 40 m3.ha-1. Otherwise, the measured emissions did not differ significantly among the variants. When 

compared at the same time interval after the application, the measured emissions of the variants with 

applied fertilizer were higher than those found by Czubaszek & Wysocka-Czubaszek (2018). Further-

more, it is noticeable that there are no significant differences between the application methods. Similar 

values were obtained by Koga et al. (2022) after application of liquid fertilizer to the experimental post-

emergence crop. Methane emissions were higher than measured by Šařec et al. (2021), which may be 

partially attributed to a different composition of the digestate. 
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Fig. 1 Methane emission for different digestate doses and injectors used 

 

According to Fig. 2, the measured carbon dioxide emissions increased also with increasing fertilizer 

rate. No significant differences were found concerning injectors used. Statistically significant differ-

ences were obtained when having compared the control variant and the lowest dose of 10 m3.ha-1 to the 

doses of 30 and of 40 m3.ha-1. The measured values for all the variants were higher than those of Rosace 

et al. (2020). This difference may be affected by a different measurement method, although the time 

development of the emission release is similar. 
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Fig. 2 Carbon dioxide emission for different digestate doses and injectors used 

 

The Fig. 3 shows some differences between the injectors used, but these were not statistically significant. 

Concerning digestate rates, statistical difference can be seen (Fig. 3) only between the variant without 

fertilizer dose (control) and the variant with the maximum dose of 40 m3.ha-1. Otherwise, the measured 

emissions did not differ significantly among the variants. The measured NH3 concentration is signifi-

cantly lower than that by Wolf et al. (2014), where digestate was incorporated in a slightly different way. 
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Fig. 3 Ammonia emission for different digestate doses and injectors used  

 

CONCLUSIONS 
Measurements showed that the digestate dose applied had an effect on the amount of gases released into 

the air. This was confirmed particularly for carbon dioxide and ammonia emissions. In the case of me-

thane, the measurements suggested that the application of digestate led to the methane released into the 

air, but the amount of it did not depend on the amount of digestate. Concerning disk and strip-till injec-

tors, no statistically significant differences in emissions were recognized for either of the three measured 

gasses. Probably the key aspect was that both methods incorporated the digestate into soil. 
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Abstract 

Canola is important and widely grown agricultural crop. When growing canola, a losses caused by pod 

shattering are a problem. These losses can be reduced by applying pod sealant. Two methods of pod 

sealant application, aerial and ground, were compared in 2021 growing season. A pilot experiment was 

set up for this purpose. The results showed that in the conditions of the Czech Republic, the use of pod 

sealing technology is advantageous when using both ground and aerial applications. However, the use 

of an aerial application is more advantageous than a ground application, because it does not cause 

losses due to damage to the vegetation by the crossing of agricultural machinery. 

 

Key words: aerial spraying; ground spraying; effectiveness of spraying; canola losses; economic eval-

uation.  

 

INTRODUCTION 

Canola, or rapeseed (Brassica napus) is an important and widely grown agricultural crop. Current world 

production is around 70 million tons out of around 35 million hectares, with canola being grown on 

around 5.3 million hectares in the European Union, producing approximately 17 million tons (USDA, 

2022). For example, in the Czech Republic, in the period between 2016 and 2020, canola was grown on 

an average of 368,000 hectares of arable land per year and its average annual production was 1.26 mil-

lion tons (Czech Statistical Office, 2021). 

Losses caused by pod shattering are problem in canola growing and harvesting (Child et al., 2003; 

Gulden, Shirtlie & Thomas, 2003; Zhu et al., 2012). In order to reduce these losses, canola crops are 

now commonly treated with pod sealants with different results (Kosteckas et al., 2009; Nunes et al., 

2015; Bauša et al., 2018; Steponavičius et al., 2019). According to Bauša et al. (2018), the application 

of acrylic- and trisiloxane-based pod sealant is the most promising method of pod shattering control. 

The essence of the function of these substances lies in the physical prevention of valve separation by 

gluing them together and in altering the pod moisture regime (sealant allows moisture to leave the pod 

but prevents getting into it). 

A common way of treating canola crops by pod sealant is to apply it by spraying (Bauša et al., 2018; 

Steponavičius et al., 2019). There are various methods of spraying. Probably the most common and 

widely researched method of spraying is ground application using a tractor operated or self-propelled 

sprayer (e.g. Anthonis, Audenaert & Ramon, 2005; Wrest Park History Contributors, 2009; Faiçal et 

al., 2017; Penney et al., 2021; and many others). Another possibility is aerial application, both when 

using a pilot-controlled aircraft (e.g. Viret et al., 2003; Hevitt, 2008; Jiao et al., 2021; Penney et al., 

2021; etc.) or an unmanned aerial vehicle (e.g. Qin et al., 2016; Faiçal et al., 2017; Gibbs, Peters & 

Heck, 2021; Zhan et al., 2022; and others). All spraying methods have its advantages and disadvantages. 

Terrestrial spraying is based on ground vehicles. Paths are needed within the crop field. Therefore, this 

method is usually slow and has contact with the culture, which decreases the production area and can 

damage healthy plants. On the other hand, small distance of spraying system and treated crop reduces 

the drift of chemicals to neighboring areas - terrestrial application is able to reach relatively high accu-

racy of spraying (Faiçal et al., 2017). In contrast, according to Nádasi and Szabó (2011), the aerial 

spraying is faster without the need for paths. However, the larger distance between the spraying system 

and the cultivated area increases protective substance drift to neighboring areas. 
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Nevertheless, the advantages and disadvantages of pod sealant aerial and ground applications have not 

been compared in the past. That is why the main aim of this contribution is to compare ground and aerial 

way of pod sealant application on the basis of a field experiment carried out on a common agricultural 

holding in the Czech Republic in the growing season 2021. 

 

MATERIALS AND METHODS 

A pilot experiment was set up in order to compare different technologies of canola crops treatment 

against spontaneous pods shattering. The experiment was established on the land block 3901 "K 

Bříšťanům" of the Agricultural Joint Stock Company Mžany. Track lines for application technology 

with a working width of 30 m were used. Five test plots 60 m wide and approximately 740 m long were 

created on the land block. The first plot was a control and was not treated. The second plot was treated 

with a tractor set with a trailed sprayer, the third with a self-propelled sprayer, the fourth by aerial ap-

plication using an atomizer and the last fifth by conventional aerial spraying. Arrest Plus® protective 

substance was used in all cases at a rate of 1 l per hectare. The application was carried out in the interest 

of the greatest possible objectivity of the measurement within one day, June 29, 2021. Detailed infor-

mation on application technology and application is given in Tab. 1. 

 

Tab. 1 Used application technique and amount of applied spray mixture on individual plots. 

Plot No. Method of treatment Machinery used Applied dose of spray mix-

ture 

1 Control - - 

2 Trailed tractor sprayer 
Case 160 CVX +Agrio 

Mamut Topline (30 m) 
200 l/ha 

3 Self-propelled sprayer Tecnoma (30 m) 200 l/ha 

4 
Aerial application us-

ing atomizer 

Agricultural aircraft Čmelák 

Z 37 T equipped by atomizer 

2 x 5 l/ha (2 x flight over 

the plot, there and back) 

5 
Conventional aerial 

spraying 

Agricultural aircraft Čmelák 

Z 37 A equipped by sprayer 
110 l/ha 

 

On June 29, 2021, the day of the protective substance application, the first experiments were performed 

for the purpose of visual evaluation of the test plots. The pictures of the test plots were taken with the 

eBee X unmanned system (fixed wing) equipped with an RGB camera S.O.D.A. working in the visible 

part of the spectrum (senseFly SA, Cheseaux-Lausanne, Switzerland). The unmanned vehicle mission 

was carried out after the treatment of the canola crop with all compared application technologies. 

Further measurements were focused on the effectiveness of the application of the protective substance 

in order to reduce pre-harvest and harvest losses of rape. Land block with pilot experiment was harvested 

on 30-31 July 2021 by Claas Lexion 580 combine harvester using an adapter V 900 with 9 m width. The 

machine was equipped with a yield mapping device. A yield map of the entire soil block with test plots 

was subsequently created in SW ArcGIS Pro and QGIS using the Kriging method. The individual rec-

orded relative yield values were recalculated so that the average yield on the land block corresponded 

to the actually determined yield. Subsequently, individual test plots were delimited in the QGIS soft-

ware. Its average yield was calculated on each of the plots. The average yields from individual plots 

were then compared with the average yield of the entire land block. 

On July 20, 2021, 15 samples of whole plants were taken to determine the yield in the footsteps of 

agricultural machinery in the track lines. Three samples with an area of 3 m2 were taken on each of the 

test plots. Samples were taken from an area 1 m wide across the track line and 3 m long in the direction 

of the track line at a distance of about 100 m from the headland. The track width of agricultural machin-

ery was 0.5 m. During storage in the laboratory, the samples were naturally dried evenly to the same 

moisture of 7.2%. In order to calculate the effect of the change in yield in the track lines using different 

application technologies, the effect of the change in yield in the track lines on the total yield from 1 ha 

was compared. It was calculated with a measured average track width of 0.5 m and an area of 1 ha 

(100 x 100 m). To treat this area by ground application at a width of 30 m, 3.3 rides are required, i.e. 6.7 

feet of agricultural machinery with a length of 100 m. In this area, there may have been a change in yield 

due to crossings of agricultural machinery and the total canola yield from 1 ha of area could be affected. 
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On August 20, 2021, the germinated canola plants from the losses were also counted. The germinated 

plants were counted not behind the combine's straw walkers, but only in the area behind the cutting bar. 

Quarter meters were used to determine the number of germinated plants. On each plot, this number was 

counted at 4 different locations. The average of these 4 measurements was calculated and then recalcu-

lated to the average germination from 1 m2 area. The germinated canola plants can be considered as 

losses, so they were converted to 1 ha. To calculate the loss estimate, it was assumed that about 90% of 

rapeseed would germinate. 

 

RESULTS AND DISCUSSION  
From the visual comparison, at first glance, the damage to the canola crop in the wheel tracks in the 

track lines after the passage of agricultural machinery and partly also in the space between the wheels 

was obvious. The vegetation collapsed here, especially in the case of the passage of a trailed sprayer, 

due to the low ground clearance of the tractor chassis. After the passage of the self-propelled sprayer, 

the situation was significantly better, especially between the wheels, compared to the set with a trailed 

tractor sprayer. In both of these monitored variants, however, the traces of the passage of agricultural 

machinery were quite obvious in comparison with the control plot. On the headlands, this fact became 

even more significant. When visually comparing the plots treated by aerial spraying with the control 

plot, no change in the track lines was observed. 

Already during the visual evaluation of the yield map obtained, it was observed that the lowest yield 

was achieved on control plot which were not treated by pod sealants. Everything is clear from Tab. 2, 

where the yields on the individual test plots are compared. 

 

Tab. 2 Measured canola yield on the soil block and yields calculated from the measured yield map on 

the test plots. 

Plot 

No. 

Method of treatment Yield on soil block 

(t/ha) 

Yield on individual plots 

(t/ha) 

1 Control 

3,67 

3,19 

2 Trailed tractor sprayer 3,46 

3 Self-propelled sprayer 3,8 

4 Aerial application using atomizer 4,06 

5 Conventional aerial spraying 3,8 

 

When comparing the yield on individual test plots, Tab. 2 shows that the worst average yield from the 

treated plots was achieved on plot 2 treated with a trailed tractor sprayer. Plots 3 and 5 treated with a 

self-propelled sprayer and a conventional aerial spraying showed the same yield. The aerial application 

with an atomizer on plot 4 came out as the best. 

 

Tab. 3 Table of the number of germinated plants from canola losses and canola losses derived from 

emerged seeds. 

Plot 

No. 

Method of 

treatment 

Number of emerged 

canola seeds per ¼ m2 
Aver-

age on 

¼ m2 

Number 

of 

emerged 

canola 

seeds per 

m2 

% of 

losses 

reduc-

tion 

*Losses. 

(kg/ha) 
A B C D 

1 Control 156 262 412 480 328 1310 100 69,5 

2 
Trailed tractor 

sprayer 
344 308 203 182 259 1037 79 55,0 

3 
Self-propelled 

sprayer 
208 108 252 128 174 696 53 36,9 

4 
Aerial application 

using atomizer 
108 124 182 148 141 562 43 29,8 

5 
Conventional aer-

ial spraying 
102 96 143 98 110 439 34 23,3 
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*Losses were calculated on the base of the weight of a thousand canola seeds, which was 4.82 g. The 

calculation assumed that about 90% of all lost seeds germinated. 

Tab. 3 shows the values of germinated canola seeds after harvest. Based on these values, losses on 

individual plots were estimated. 

The largest amount of germinated plants (and therefore also losses) was found on the control plot, which 

was not treated. This is a clear argument in favor of treatment with pod sealants in order to reduce pre-

harvest and harvest canola losses. It was also found that the effectiveness of aerial application of the 

preservative is quite comparable, if not better than the effectiveness of ground application. According 

to the results of our measurements, the conventional aerial application came out best, when the amount 

of losses compared to the control decreased to 34% (from 100% losses on untreated plots). Ground 

applications also had a positive effect on the amount of losses found, but not as significant as in the case 

of aerial applications. The values measured for the trailed tractor sprayer were the worst (decrease to 

79% of losses only), which corresponds to the increased damage to the vegetation in the track lines, 

found both in the visual evaluation and in the evaluation of losses in track lines (see below). 

The values of the total measured and calculated rapeseed yield and the yield measured in traces of agri-

cultural machinery on all monitored plots are given in Tab. 4. 

 

Tab. 4 Measured yield in track lines of agricultural machinery. Calculated reduced yield on trial plots 

due to lower yield in track lines. 

Plot 

No. 

Method of 

treatment 

*Measured aver-

age yield from 

3 m2 (g) 

*Measured av-

erage yield 

(t/ha) 

Reduced yield 

(t/ha) 

Difference in 

yield (kg/ha) 

1 Control 1069,5 3,57 3,67 0 

2 
Trailed tractor 

sprayer 
580,4 1,93 3,61 60 

3 
Self-propelled 

sprayer 
769,3 2,56 3,63 40 

4 

Aerial applica-

tion using at-

omizer 

880,6 2,94 3,65 20 

5 
Conventional 

aerial spraying 
884,4 2,95 3,65 20 

*Yield measured in track lines after the crossing of agricultural machinery. 

 

For each of the variants, the difference in yield compared to the average hectare yield of the entire land 

block was calculated. The average yield on this land block was 3.67 t/ha. The difference in yield was 

calculated on the basis of a comparison of the size of the track lines area to the area of 1 ha. Based on 

the data described in the methodology, the track lines area represents 3.3% of 1 ha area. Therefore, a 

weighted average was used to calculate the reduction in yield per hectare due to the reduction in yields 

in the tramlines. The average plot yield of 3.67 t/ha on the area of 9,667 m2 was calculated and on the 

rest up to 1 ha (333 m2) it was calculated with the average yield measured in the track lines given in 

Tab. 4. 

Although the visual comparison showed exactly the same condition of the track lines in comparison 

with the control plot, in the case of both air-treated test plots a slightly lower yield was measured in the 

track lines. In our opinion, there is no objective reason for this reduction in yield. This situation could 

be due to the small number of yield measurements repetitions or due to different yields at yield sampling 

points (we could not consider the differences in yield; the yield map was not available at the time of 

yield sampling). Nevertheless, in the case of the control plot, the reduction in yields due to lower yields 

in the track lines was negligible, in the case of aerial treatment, in both cases (atomizer and conven-

tional), the yield decreased by 20 kg/ha. 

However, the reduction of yields due to the crossing of the sprayers during ground application was even 

more significant. In the case of a self -propelled sprayer, based on our measurements, we have deter-

mined a reduction in yields by an average of 40 kg/ha and in the case of tractor trailed sprayer, this 
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reduction on average was 60 kg/ha. This measured result is fully in agreement with the visual evaluation 

of the status of canola crop after aerial and ground application. 

In 2021, in the Czech Republic, the cost of self-propelled sprayers working in services was in the range 

of CZK 250-270 per hectare, plus approximately 2 l/ha of consumed diesel (additional CZK 50), which 

in total is approximately 320 CZK/ha. The price of the aviation application was between 311 and 339 

CZK/ha. The price for the treatment of one ha of canola crop was in both cases (ground x air application) 

approximately the same (about 320 CZK/ha). Service work (water, filling) is also approximately com-

parable for both applications. The price for the chemical preservative Arrest Plus® is approx. 500 

CZK/ha (1 liter of the product). In the summer of 2021, the price of rapeseed was about 11,500 CZK/t. 

It is clear from Tab. 2 that the average yield on untreated control plots 1 was 3.19 t/ha, while the average 

yield on treated plots 2-5 was 3.78 t/ha. This means a difference in yield of 0.59 t/ha. Due to treatment 

of the canola crop by pod sealants, the revenue from one hectare was approx. CZK 6,800 more than in 

comparison with untreated crop. Based on the results of our measurements, it can be stated that the 

savings by reducing losses far exceed the price of treatment per hectare, which will be up to 1,000 

CZK/ha, even with services works. The treatment of the canola crop by pod sealants it is therefore 

clearly advantageous and can be recommended. Similar results were obtained by the authors Nunes et 

al. (2015), who recommended the use of pod sealant as effective in the case of later than ideal time 

harvesting of canola crops by various methods. Bauša et al. (2018) reported beneficial effect in reducing 

canola seed yield losses using pod sealant. Also, Steponavičius et al. (2019) reported 20-70% canola 

seeds losses reduction using pod sealant. 

Based on our results, it can also be stated that the air application of pod sealant is more advantageous 

than the ground application. The crop undamaged by agricultural machinery showed a higher yield of 

another 40-60 kg/ha, which means revenue higher by another 460-690 CZK/ha. Nádasi and Szabó 

(2011) also pointed out this advantage of the aerial application. Antuniassi (2015) then pointed out the 

development of aerial applications in Brazil. 

 

CONCLUSIONS 
Based on the results of our pilot experiment, it has been shown that the use of pod sealing technology 

to reduce rapeseed harvest losses is recommended and it is also financially beneficial for farmers. It has 

also been shown that pod sealant aerial application is more advantageous than ground application be-

cause it does not cause any damage to the vegetation. 
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Abstract 

Recently, the use of granular fertilizers in agriculture has been expanding rapidly due to their favorable 

properties in improving the environment and increasing operational efficiency. Therefore, a qualitative 

and economic evaluation of the precise application of granular and non-granular organic fertilizers has 

been performed in this work. The evaluation of the uneven application of organic fertilizers was per-

formed by spreading cattle manure, manure granules, and lime in the spreading spreader “Rollforce” 

5517. The economic evaluation was performed for mechanized technological operations of loading, 

transportation, and distribution of organic fertilizers, estimating the price of used aggregates and con-

sumed fuel, the cost of individual technological operations, and other indirect costs. Studies have shown 

that manure is easier to spread over a wider area than pellets and lime, as manure particles are much 

larger and heavier. The lowest costs (180 Eur ha-1) for the purchase of organic fertilizers are incurred 

using manure, but in the evaluation of mechanized technological operations, the lowest costs (2.32 Eur 

ha-1 and 6.65 Eur ha-1) are obtained for fertilization with meat and bone meal pellets, and manure pel-

lets. 

 

Key words: cattle manure; granulated fertilizers; lime fertilizers; costs; spreading. 

 

INTRODUCTION 

To obtain an optimal yield, it is very important to provide growing plants with the necessary nutrients 

(Schmitt & Vries, 2020; Sikora et al., 2020). Stewart et al. (2005) states that crop fertilization increases 

crop production by 30-50%. The scientific literature states that there are many crops and plants with 

different growing habits as well as different nutrient needs. Fertilizers containing measured nutrient 

mixtures, which give plants access to potential nutrients, accelerate growth and provide higher yields 

than usual, help to meet these needs (Hazra, 2016). The main means of building up good quality humus 

are fertilization with organic fertilizers such as manure, compost, peat, straw (Čiuberkis, 2005; Prancki-

etienė & Dromantienė, 2017; Jonikaitė, 2018). Organic fertilizers are also defined as those derived ex-

clusively from the remains of decayed or decaying plants or animals (Khandaker et al., 2017). The use 

of organic fertilizers not only saves on mineral fertilizers but also contributes to the preservation of the 

environment (Jonikaitė, 2018). 

Manure has been used around the world for centuries as the optimal fertilizer for farming (Chew et al., 

2019). Recently, the production of granular organic fertilizers manufacturing popularity, the main pur-

pose of which is to convert organic substances with a high moisture content (manure, manure mixtures, 

meat, bone waste, or other organic substances) into convenient pellets. The granules are usually made 

in such a way that they can be spread with mineral fertilizer spreaders, preferably 4 or 6 mm (Staugaitis 

et al., 2016). This technology can be applied to manure processing to facilitate the export of manure 

nutrients to the market (Sharara et al., 2018). The main advantage of granular organic fertilizers is that 

they contain 50-75% organic matter. It is a very good tool for restoring the amount of humus in the soil 

(Staugaitis et al., 2016). 

The efficiency of fertilizers is determined by many factors, but the focus is on fertilization rates and 

forms of fertilizer and the timing of fertilizer application, considering into account the stages of plant 

development. However, another important factor is the quality of the fertilizer application. Poor quality 

spreading of even the best fertilizers can have a negative impact on economic performance, increase 

environmental pollution and reduce plant quality (Zinkevičius, 2004; Ştefan et al., 2019; Sikora et al., 
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2020). Equal the application of organic fertilizers is a complex process, as the consistency and size, and 

shape of fragments are not homogeneous, so the movement of fertilizers on the surface of the spreading 

(metal) and in the air is uneven (Ştefan et al., 2019). The dynamics of the spread of fertilizer particles 

are influenced by the fixed and changing technical specifications of the spreader. The point of descent 

of a particle on the soil depends on the trajectory of the particle itself, which is ejected by the rotating 

disk (Pocius et al., 2014). 

To find the best technological solution for the application of various organic fertilizers, it is very im-

portant to carry out experimental studies of the properties of fertilizers and their application under real 

conditions in the field. It is equally important to carry out an economic assessment that would justify 

the cost-effectiveness of the use of different organic fertilizers. The aim is to perform a qualitative and 

economic assessment of the precise application of granular and non-granular organic fertilizers. 

 

MATERIALS AND METHODS 

Experimental research methods and parameters for the application of granular organic fertilizers to soil 

were selected and determined according to the relevant standards ISO 5690 and ASAE S314.2. The 

assessment of the uneven the transverse application of organic fertilizers was performed by spreading 

cattle manure, manure pellets, and lime in the spreading spreader “Rollforce” 5517. The unevenness of 

the fertilizer application is assessed by the coefficient of variation of the distribution of the fertilizer 

mass determined by collecting the spreading fertilizer over the entire working width of the fertilizer 

machine. For this purpose, in a line perpendicular to the direction of movement of the fertilizer imple-

ment, special boxes with dimensions of 500x400x10 mm are placed on the field surface over the entire 

working width of the fertilizer (Fig. 1). For spreading lime and granular fertilizer, cardboard partitions 

are placed in the trays so that the fertilizer does not bounce off the bottom of the tray and is evenly 

collected in the box. 

 

   
a) b) 

Fig. 1 Experimental research boxes, used to determine the irregularities in the transverse application of 

the fertilizer: (a) general top view; (b) box scheme from the side 

 

For one measurement, special boxes for collecting fertilizers are arranged in one row with a gap of at 

least one meter between them. The row of boxes is arranged so that the direction of movement of the 

machine coincides with the prevailing wind direction. 3 replicates were performed for each experiment. 

An example of the arrangement of the boxes is given in Fig. 2. 

 

  
 

Fig. 2 Arrangement of boxes to determine the evenness of organic fertilizers 
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Fertilizers were spread while driving at a speed of 12 km h-1. All fertilizers were spread with the same 

fertilization rate, 200 kg ha-1. 

The economic evaluation was performed for mechanized technological operations of loading, transpor-

tation, and spreading of organic fertilizers, estimating the price of used aggregates and consumed fuel, 

the cost of individual technological operations, and other indirect costs. Expenses affecting the change 

of economic costs in technological operations, calculated according to the rates of mechanized work 

services prepared by the Lithuanian Institute of Agrarian Economics (LIAE, 2018). Nitrogen N, phos-

phorus P2O5 and potassium K2O fertilizer prices were selected according to the literature (Kazlauskas et 

al., 2021), accordingly N – 0,90 Eur kg-1, P2O5 – 0,8 Eur kg-1 ir K2O – 0,5 Eur kg-1. 

Arithmetic means of the data, their standard deviations and confidence intervals at the probability level 

of 0.95 were determined. 

 

RESULTS AND DISCUSSION  
Experimental studies have shown that the lowest amount of lime fertilizer entered the boxes furthest 

from the spreading discs of the fertilizer machine. Box 6, meanwhile, has a maximum amount of ferti-

lizer. It should be noted that this box was placed in the center between the tractor and the fertilizer 

wheels during the studies (Fig. 3a.). Studies on the uniformity of manure spreading with a manure 

spreader showed that the amount of manure in the test boxes ranged from 491 g to 982 g (Fig. 3a). The 

results of the study were evaluated by calculating a Gaussian coefficient that is less than 0, suggesting 

that the uniformity of distribution is greater than that of lime. This is because the manure particles are 

much larger and heavier, making it easier to spread them over a wider area during spreading.

 

 

 
Fig. 3 Quality of organic fertilizer spreading: a – cattle manure and lime fertilizer; b – cattle manure 

pellet 
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As can be seen in Fig. 3b., the amount of organic granular fertilizer in the test boxes varied from 7.52 g 

to 16.55 g. The box in the center, which was in the middle of the fertilizer, had the highest amount of 

granular fertilizer falling between the tractor and the manure spreader wheels, reaching 16.55 g. The 

spreading of granular fertilizers was not uniform. In order to improve the spreading uniformity, it is 

necessary to increase the number of cross conveyor belts and the corps must not be fully no unloaded in 

order to ensure a smooth and even supply of pellets. 

Analyzing the value of one tonne of organic fertilizer by individual elements, it was found that manure 

pellets and meat and bone meal pellets have significantly higher NPK levels than manure, so the rate of 

manure pellets or meat and bone meal pellets can be many times less that to provide similar economic 

benefits to the soil. However, in assessing the cost of organic fertilizers, it has been found that the che-

apest organic fertilizer is manure (Tab. 1), as it is used for livestock production, and manure pellets or 

meat and bone meal pellets still have to go through a certain technological process before they become 

pellets form. As a result, their price per tonne is several times higher. 

 

Tab. 1 Costs of organic fertilizers spreading 

Organic fertilizers quantity 
Costs on organic 

fertilizers, Eur ha-1 

Loading, 

Eur ha-1 

Transportation, 

Eur ha-1 
Spreading, 

Eur ha-1 

All costs,   

Eur ha-1 

Manure (16 t ha-1) 180 4.64 22.24 26.3 233.18 

Manure pellet (2 t ha-1) 400 0.58 2.78 3.29 406.65 

Meat and bone meal pellet 

(0.7 t ha-1) 

273 0.20 0.97 1.15 275.32 

 

An analysis of the costs of loading, transporting, and spreading different types of organic fertilizers has 

shown that the highest costs per hectare are incurred when manure is applied, 53.18 Eur ha-1 is spent. 

This is because is not enough for manure one spreader to in the spreading of one hectare. Depending on 

the capacity of the manure spread, you may need to drive several times. Distance also has a significant 

effect. In our case, the distance to the field was 7.5 km. The further away the field is fertilized from the 

livestock complex, the higher the transport costs. Fertilization with manure pellets with one load of 

spreader can fertilize several hectares and fertilization with meat and bone meal pellets - a dozen hec-

tares. And this, of course, significantly reduces costs.  

Organic fertilizer pellets have several other advantages over manure that are not always easy to evaluate 

money. Dry organic fertilizer pellets are much easier, cleaner, and safer to transport than wet manure 

(Jotautienė et al., 2021). The high temperature of pellet production allows the removal of all harmful 

pathogens or microorganisms, so safe and nutritious fertilizers reach the soil and plants. The granulation 

process also reduces unpleasant odors, which is very important during the transport and fertilization of 

fields (Klyosov & Orekhovskaya, 2021). Other authors state that the yield of spring wheat is significantly 

higher when using organic granular fertilizers compared to non-granular fertilizers (Apaeva et al., 2021). 

 

CONCLUSIONS 
The spreading of the pellets was influenced by the pulsating supply of pellets by the conveyor towards 

the spreading discs. To improve the uniformity of the spreading of the pellet’s fertilizer by the spreader, 

it is necessary to increase the number of cross conveyor belts and to always have a not fully discharged 

corps to ensure a smooth and even supply of pellets. The effect on the uniformity of manure spreading 

is that the manure particles are much larger and heavier, which makes it easier to spread over a wider 

area during spreading, which is the opposite compared to lime fertilizers. 

Fertilization costs for loading, transport, and spreading are several to dozen times higher than for manure 

pellets (8 times) and meat and bone pellets (23 times). Assessing the total costs, including the price of 

fertilizers, fertilization with manure results in only 42.14 Eur ha-1 lower costs compared to fertilization 

with meat and bone meal pellets, but significantly lower (173.47 Eur ha-1) compared to fertilization with 

manure pellets. However, granular fertilizers are more easily compatible with modern agricultural ma-

chinery used for precision farming. 
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Abstract 

The aim of this study was to determine the concentrations of harmful gases and microclimate parameters 

of the indoor air in two different building and construction types of dairy housing in the summer season 

with an emphasis on evaluating the effect of structural innovation, air chemistry and animal thermal 

load indices, as well as parameters of the quality of the employees' environment. The results consisting 

of measurements of microclimatic parameters, measurements of pollutant concentrations and 

calculation of the heat load indexes THI and ETIC, showed a partial reflection of various building and 

construction solutions for the quality of the breeding environment. During hot summer days, no 

significant differences in heat load indices were detected between the low-volume object (where 

VA=34.3 m3 per animal) with 5 basket sliding fans (total output 82500m3.h-1) compared to the index 

values in the large-volume object with natural ventilation (where VB =82.5 m3 per animal). The 

concentrations of CO2, NH3, CH4 and H2S were significantly lower in the large-volume object (P<0.01), 

which, including the design conditions, predicts more effective conditions for ensuring the required 

environmental hygiene. 

 

Key words: cattle housing, gas concentrations, temperature-humidity index, equivalent temperature 

index.  

 

INTRODUCTION 

Agriculture and animal husbandry are important sources of greenhouse gas (GHG) emission and 

contribute to climate change (Li et al., 2021). Emissions of ammonia (NH3) and greenhouse gases, e.g. 

methane (CH4), carbon dioxide (CO2) and nitrous oxide (N2O), from livestock production systems are 

of great concern to livestock producers, environmentalists, and governments due to their negative impact 

on surrounding environment and global climate (Kavanagh, 2019). Their high concentration in 

production buildings has a negative effect on both livestock and livestock breeders. Poor ventilation can 

increase the relative humidity and the concentration of harmful gases such as carbon dioxide and 

ammonia. The concentration of carbon dioxide depends to a large extent on the type of building, the 

ventilation system and the density of the animals. Many factors influence the concentrations of harmful 

gases, in especially high temperature, emitting area and emission source, etc. Due to climate change, 

even in temperate climates, the issue of high air temperatures and increased heat load is increasingly 

becoming more common and affects high producing dairy cows the most (Herbut, 2021). One option to 

reduce heat load in dairy cows is by using flow cooling through natural and forced ventilation. Natural 

ventilation is dependent on weather and structural design and is often not adequate in summer. Then it 

is required to provide cooling by forced ventilation or by a combination of several methods - evaporative 

cooling, shading, spraying of animals, etc. (Fournel, 2017; Doležal, 2010). To assess the quality of the 

environment, in scientific practice, combined methods are used - part of practical measurements and 

part of theoretical calculations, or the detection of production or health indicators. The worst 

combination is when extremes in both high concentration of pollutants and high heat load of animals 

occur. The article is devoted to the comparison of the state of air chemistry and the level of heat load in 

two structurally different types of housing buildings.

 

MATERIALS AND METHODS 

The study was performed during the summer season in two types of dairy cattle barns with different 

process and technical systems, in the old (A) and new building (B) in the same farm. The barns differed 

in herd size, housing system, and manure management. The older three-row building A (Fig. 1) was 

11.5 m wide and 70 m long, with a side (longitudinal) wall height of 4.3 m and a total height of 9.7 m 
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at the ridge. The building had 3 rows of diagonally arranged cubicles for free housing of 158 dairy cows. 

One row of cubicles was oriented directly to the wall, and it was separated from the double-row cubicles 

by an internal movement corridor 2.45 m wide. An outdoor feeding area with a length of 70 m and a 

width of 3.25 m was added to the building. The ceiling parts were removed due to an increase in the 

volume of the building from the original 2,329.6 m3 to 5,154.1 m3. The ridge of the roof was opened to 

at a width of 350 mm and parts of the roof covering were illuminated by five vertical strips 1 m wide. 

Milking took place twice a day, ad libidum feeding with supplementary feeding twice a day. There were 

34.3 m3 per animal in the building, area of 4.85 m2 per animal in the interior and 6.37 m2 per animal 

including the outdoor covered feeding area. Five basket fans were installed in the longitudinal axis above 

the double-row of cubicles, each with a capacity of 16,500 m3h-1 (total 82,500 m3h-1). Cleaning of cubi-

cles and corridors was carried out twice a day, coordinated to milking time. Fresh litter up to 100 mm 

thick was spread daily during morning milking.  

The new eight-row building B (Fig. 2) for 444 dairy cows (Czech spotted cattle) had two internal feeding 

corridors, the length of the building was 85.4 m with the height of the 3-sector counter roof in the ridge 

of 18.2 m. The height of the wall was hs=8 m on the south side, hn=6.5 m on the north side. The front 

walls were made of Agropanels with a thickness of 40 mm, 8 gates for the entry of the mechanisms were 

made up of remote-controlled green plastic blinds. The roller shutter system was also used on the side 

walls, where a fully openable roller shutter 85 m long and 4.8 m high was made above the 2.1 m high 

fixed wall. The roof area was composed of three roof boards - the southern area made of Agropanels 

1,500 m2, the middle area made of double-cavity polycarbonate corrugated roofing 1,865 m2 at a slope 

of 15° and the northern Agropanel-roof area of 1,440 m2 at a slope of 24°. Two large vertical slits were 

made along the entire roof, which ensure the removal of air through natural ventilation. The upper con-

tinuous intermediate opening in the ridge was 3.3 m high, the second roof opening was 1.5 m high. The 

deepened cubicles were 2,700 mm long in a single-row and double-row arrangement (head-to-head) 

with a depth of 0.3 m in the filling area. This part of the bed was made of moistened and compacted 

straw and limestone, which was leveled with the height of the litter threshold. A fresh layer of chopped 

wheat straw (approximately 100 mm thick) was applied daily to this permanent foundation. This layer 

was cleaned twice a day with subsequent removal of all excrement.  

The concentrations of CH4, NH3, N2O, and CO2 were measured using a photo-acoustic multi-gas ana-

lyser 1309 (Inova, Denmark). The measurement of gas concentrations inside the breeding environments 

was located on the sampling points according to Fig.1 and Fig. 2 at a height of 1.8 m above the floor. 

The outdoor location was chosen along either side of the barn at the height of about 2 m above the 

ground. The average air temperature and relative humidity were measured every 5 min using datalogger 

Comet. Three data loggers were placed close to the gas sampling locations inside the barn, and two data 

loggers were placed outside the barn. The two types of indexes were used to evaluate the heat load of 

animals. The temperature humidity index (THI) was calculated according to Kelly & Bond, (1971). 

There are four load levels: mild heat stress 72 < THI < 79, moderate stress 80 < THI < 89 and severe 

heat stress THI > 89 (Hoffmann et al., 2020). The Equivalent Temperature Index for Dairy Cattle (ETIC 

- calculated according to Wang et al., 2018) takes into account - in addition to temperature and relative 

air humidity - air velocity and solar radiation (Hempel et al., 2019). There are also four load levels: mild 

category 18 ≤ ETIC < 20, moderate category 20 ≤ ETIC < 25, severe category 25 ≤ ETIC < 31, emer-

gency category 31 ≤ ETIC (Hempel et al., 2019). The quality of the workers' working environment was 

evaluated according to Act No. 355/2007 and Decree No. 99/2016. The aim of this study was to 

determine the concentrations of harmful gases and microclimatic properties of indoor air in two different 

building and construction types of dairy housing in the summer season with an emphasis on the 

evaluation of the effect of structural innovation on air chemistry and animal heat load indexes, as well 

as parameters of the quality of the employees' environment.                                               

Statistical analysis 

Data on climatic parameters, gas concentrations in two barns with different housing systems were 

processed statistically. Since all variables had a normal distribution, single factor ANOVA was 

performed. The significance of differences between the mean values of gas concentrations in barns was 

determined by Tukey’s test. All calculations were made using Statistica 10 for Windows (StatSoft, CZ). 
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Fig. 1 Floor plan of object A with measuring points P1 – P4 of gases and points 1 - 4 of measuring 

microclimate parameters 

 

 
 

Fig. 2 Floor plan of object B with measuring points P1 – P4 of gases and points 1 - 13 of measuring 

microclimate parameters 

           

RESULTS AND DISCUSSION

The results of the on-farm measurements and climate index calculations are shown in Figures 3 and 4. 

The optimum temperature in dairy cow housing is 8-16°C (Gálik et al., 2015). As aspected - in neither 

building was the optimal temperature ensured. In the location of Central Europe, this is almost impos-

sible during the day in summer. Moreover, the methodology of the experiment was aimed at monitoring 

situations during days with extremely high outdoor air temperatures, so that air chemistry and heat load 

were assessed for critical cases. The climatic data was recorded during the period with outdoor air tem-

perature 30°C<Text<32°C, relative humidity 47%<RHext<53% and airflow velocity 0.2 m.s-1<vext<1.2 

m.s-1. During the assessment of indoor climate parameters, no significant differences were found be-

tween objects A and B (P>0.05), however, in accordance with the methodology - fans were not installed 

in building B. The intention of the breeder was to provide the new building with a large-cubicle space 

with low-energy, quiet and low-emission operation. Mean concentrations of greenhouse gases and am-

monia differed significantly (P<0.01) between facilities. Building B (new) was characterized by lower 

(P<0.01) mean concentrations of GHGs and ammonia compared to Building A (Table 1). The detected 

amounts of all gases were lower than the recommended environmental limits for workers and animals 

during the experiment. The microclimate in the stables has both direct and indirect effects on animal 

health, as it significantly influences the emissions and concentrations of ambient gaseous gases such as 

greenhouse gases, ammonia and VOCs. The release of NH3 and CO2 from manure is determined by the 

temperature and moisture content of the straw, among other factors (Witkowska & Sowinska, 2017). The 

observed differences in GHG concentrations can be attributed to the different technological systems in 

the analysed barns. According to Dimov et al. (2019), temperature and relative humidity are related to 

CO2 levels. In the study (Dimov et al., 2019), the lowest CO2 concentrations and the smallest variations 

in CO2 levels were recorded in barns with automated and robotic cleaning systems. In our experiment, 

the average CO2 concentration in the new barn (B) was 9.8% lower than in barn A. The most significant 

improvement in chemistry was observed for NH3, which was 34.2% lower in the new facility, and CH4 
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concentrations were 41.5% lower than in the old facility. Microclimatic parameters are an important 

physical factor of the working environment that affects working conditions in workplaces. For this 

reason, in our legislation (§ 37 of Act No. 355/2007) lays down the basic obligations of employers to 

protect the health of employees against the burden of heat and cold at work, and Decree No. 99/2016 of 

the Ministry of Health of the Slovak Republic lays down details related to the protection of the health 

of employees against the burden of heat and cold at work. For working class “1b”, the optimum 

temperature is Top=22-25°C (Tmin=19°C, Tmax=27°C), permissible relative humidity RH=30-70% and 

permissible air velocity v≤0.3 m.s-1. However, the daily tasks of the staff working to provide the 

necessities of life and hygiene in the housing facilities are not continuously tied to their permanent 

performance only in those facilities during working hours. Especially in a new facility, the working time 

in the barn is reduced to the time necessary for the operation of machinery, possible repairs and 

maintenance. The longest stays are for the treatment of animals, part of which is usually carried out by 

external staff - the veterinary service. The construction of the building with a new structural design and 

innovative housing technology has increased the comfort of the housed animals and the air quality in 

terms of ammonia production, greenhouse gases as well as microclimatic parameters.   

 

Tab. 1 The minimum, maximum values and average values of all measurements of gases, temperature 

and relative humidity 

 old three-row building A new eight-row building B Limit  

values 

mg.m-3 
gas con-

centr. 

mg.m-3 

average min max st. dev. average min max st. dev. 

CO2 1422.9 852.1 2619.7 290.6 1295.3 912.5 2045.8 170.7 4582 

NH3 2.5 1.1 5.1 0.6 1.8 0.7 4.1 0.4 17.6 

CH4 22.9 6.8 60.4 9.1 16.2 7.9 76.8 5.0 666 

N2O 0.9 0.6 3.7 0.1 0.8 0.5 1.3 0.1 180 

H2S 1.5 0.7 3.3 0.2 1.3 0.4 2.7 0.3 14 

 

      
 

Fig. 3 left: results of the evaluation of the THI and ETIC heat load indexes in building A. The average 

values found by measurements and calculation from the 16 measurement locations in the old building 

were: THIA,AVG=81.93±0.87 and ETICA,AVG=26.09±0.71; right: results of the evaluation of the THI 

and ETIC heat load indexes in building B. The average values found by measurements and calculation 

from 65 measurement locations in the old building were: THIB,AVG=82.09±0.89 and 

ETICB,AVG=26.12±0.71. 

 

The productivity of labour has also increased, the cubic volume of the environment has increased from 

the original VA=34.3m3 to the new VB=82.5 m3 per cow. These results are in accordance with the state-

ment of Pogran et al. (2011) that the construction-technological design of buildings for livestock pro-

duction has a significant impact on the formation of the indoor environment, which is formed by the air 

content of the housing space, the temperature and humidity of the air, its movement and stratification, 
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the amount of solid, gaseous (CO2, NH3, H2S) and bacterial parts. Long heat waves have a strong influ-

ence on the impairment of welfare and reduced performance of dairy cows (Herbut et al., 2021). Man-

agement strategies for cows against heat stress can be summarized into the following components: phys-

ical environmental modification, genetic development of heat-tolerant breeds, and improved nutritional 

management practices (Johnson, 2018). Construction parameters are also essential in the context of 

ventilation (Drewry et al., 2018). Air quality variability also influences the quality of the animal envi-

ronment and the working environment of caregivers, as well as the quality of bedding, which secondarily 

also influences animal welfare (Némethová et al., 2020). The design of ventilation openings in buildings 

with natural ventilation is also an important element subject to beneficial innovative changes Li et al. 

(2021). In accordance with his testing, the design of the side walls of barn B of our experimental farm 

stands out, where the wall openings occupied the area, protected by a controllable roller shutter system, 

AB,w=882 m2. The vertical openings between the roof slabs with the area of the upper opening AB,1=280 

m2 and the lower vertical opening AB,2=127 m2 effectively helped the flow regime. In total, there were 

2.7 m2 of structural openings per animal in barn B.

 

CONCLUSIONS 

On the dairy farm located 287 m above sea level, during hot summer days with an indoor air temperature 

Tavg ˃ 32°C in a three-row barn with a lower cubic capacity (VAa = 34.3 m3 per animal) with motoric 

ventilation and a total capacity of 82,500 m3.h-1 (Q = 522 m3 per animal) – there were THIavg = 

81.93±0.87 and ETICavg = 26.09±0.71. According to our measurements, the installation of more 

powerful fans would be necessary, and especially the installation of fans even in the single row of 

cubicles along the wall, which is technically difficult. If an increase in air velocity by 1 m.s-1 is achieved, 

theoretically the air exchange in the building could be increased from 28.4 h-1 to 68.9 h-1, where the 

recommended value of ACH˃80 h-1. This solution would help in moisture reduction, but according to 

THI calculations, even with a 10% drop in relative humidity, this would not be able to adjust the degree 

of heat load to the required level (THI<72). The ETIC index responds more flexibly not only to relative 

humidity but also to an increase in flow velocity, but to achieve the required value of ETIC = 20, it 

would be necessary to ensure an average airflow velocity of v˃7.1 m.s-1, which is irrational. Also the 

additional cooling of the animals by evaporative cooling has limitations in this building due to the 

necessary ventilation of the additional humidity and it would be more rational to use it in an outdoor 

feeding area, where - it does not affect the interior effect, however. Moreover, even with the use of 

motorized ventilation, the NH3 and CH4 levels were more than 34.2% and 41.5% higher, respectively, 

than in the new eight-row large cubicle building without the use of fans. The investment of the new 

building was increased by the higher cubature (VBa=82,5 m3 per animal), mainly by the size of the 

openings.  These are advantageously used during the whole year with a natural ventilation system that 

works cost-free, without additional energy and noise. The large openings in the wall are covered with 

plastic roller shutters with adjustable height up to 4.8 m, which is not a costly element at the prices of 

building components. The openings in the roof are uncovered, thus at no cost. In a large cubature 

building, in addition to lower concentrations of harmful gases, we found spatial and installation 

advantages of using cyclonic fans, which, with unit capacities of 55,000 m3.h-1 to 85,000 m3.h-1 and their 

regulatability, would increase heat removal in the summer and, in the case of increased humidity, from 

the elements of evaporative cooling. To make the effect of the ventilation technique more effective, it 

would be advisable to prepare simulations of the distribution of fans using baffle shutters and subsequent 

more detailed research to assess the balance of the benefits of using forced ventilation in such a building 

design. 
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Abstract 

Testing of car seats and evaluation of their quality depends on the testing technology used. Basically we 

have two options to test the car seat in the car in a real ride or laboratory. Both methods have their 

advantages and disadvantages. Testing a car seat in a car has a great advantage in performing the test. 

You just need to sit on the driver's or passenger's seat, choose the right route for driving and the whole 

test is set, unfortunately the big disadvantage is the repeatability of such a test, e.g. there must always 

be the same the "test" person is preferably at the same time of the day and the same driver, i.e. the same 

driving style on a given route in the same weather conditions. From experience, we can say that it will 

never be possible to 100% reproduce the test. The advantage of laboratory testing is the almost perfect 

reproducibility of test conditions, but the great disadvantage is the high time required for preparation, 

e.g. measurement of test signals from real driving, reproducibility of these signals by the control system 

of the laboratory test equipment. 

 

Key words: car seat; testing; biaxial loading, measurement standards. 

 

INTRODUCTION 

Testing of car seats in laboratory conditions is performed according to the relevant standards (ASTM 

D3574-11; JASO B407-87; DIN EN ISO 3385; JASO B407-871978). Each standard specifies a test me-

thod that corresponds to a particular car seat load regime. The comfort of sitting and the level of fatigue 

after a long drive with the car depend on the interaction properties of the car seat with the human body 

at the point of contact with the seat. Reproduction of seat testing in real operation in laboratory conditi-

ons requires strict adherence to prescribed standards, i.e., simultaneous multi-axis loading in the vertical 

and two horizontal directions. Therefore, the test equipment must be increasingly sophisticated, enabling 

the implementation of load signals in multiple axes. The possibility of comparing tests from real opera-

tion and their uniform evaluation also depends on the method of realization of test signals. Of course, 

the signals must be recorded correctly in the actual driving of the car along the specified route. A number 

of studies have already been carried out in the area of loading PU foams describing its specific properties 

(Han et al., 2011; Werner & Daniel, 2014; Yang et al., 2021) and describing properties under uniaxial 

loading (Fliegel & Martonka, 2015; Martonka & Fliegel, 2016b). The aim of this paper is to compare 

influence of one- and two-axes dynamic loading of car seat. 

 

MATERIALS AND METHODS 

Testing device  
The current test facility was created as an innovation of the existing facility, which allowed the perfor-

mance of load tests of car seats in only one axis, i.e. vertical in the "z" axis. However, current normative 

legislation requires testing in two axes, i.e. in the vertical axis and in the anteroposterior axis at the same 

time. In order to meet the requirements of the standard, we have added a horizontal actuator to the 

existing equipment, which serves as an exciter in the “x” axis (Fig.1). The excitation range in the vertical 

axis is plus / minus 200mm and the anteroposterior axis is plus / minus 50mm. These ranges richly cover 

the requirements of currently valid standards as well as the ranges of measured values of excitation 

signals in real driving. A great advantage of said test device is the overall energy consumption for the 

test. Because the exciters are electric, their consumption is an order of magnitude lower than that of their 

hydrodynamic analogist. A sufficient amount of oil with the required pressure is required for the hydro-

dynamic hexapod to function properly, but this is created in the unit with the required power. This in-

creases the price of individual tests many times over. There is an expert discussion about the economy 
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and ecology of the laboratory tests performed. Optimization of energy intensity of laboratory tests de-

termines the possibilities of their practical use. The signals required by the test methodology, both meas-

ured and generated, will used as test signals. The spatial movement of the seat or the load is then com-

posed of the realized excitation signals. From the preferred fluctuations and frequencies of the excitation 

signal, we can prioritize the "force" of excitation in individual directions. 

 

 
 

Fig. 1 Original test equipment for biaxial loading 

 

Testing loading 

Fittings corresponding to the EuroSit III test dummy were used as test loads. The existing test equipment 

was used to perform the dynamic test. Loads differ in their design. The first type is very similar to the 

human body, i.e. it is shaped like a moderately static person. This manikin is used both in testing in a 

moving car as a "passenger" and in static testing of the seat, e.g. for measuring the H-point. The second 

type of load used is a European copy of a medium-sized statistical person (Fig. 2). It is mainly used for 

dynamic tests, both with free load, e.g. for determining transmission characteristics, ie dynamic load, 

and with vertically guided load for determining, for example, seat creep. In this study we used the second 

manikin.  

 

 
 

Fig. 2 Original loading 

 

243



 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 

Principles of control 

The actuator is basically an electric motor with a gearbox and a motion screw. This converts the rotary 

motion of the motor into a sliding motion. The actuator is also equipped with a position sensor which is 

used for position feedback control. An integral part of the actuator is an external control unit that pro-

vides power to the electric motor and implements the position feedback control. The actuator control 

unit is connected to the user computer in several ways. The RS 485 serial line and software supplied by 

the actuator manufacturer are used for basic parameter settings. The user application created in the Lab-

view environment is then used to control the movement of the actuator during testing. It uses logical 

lines for communication, which are used for basic commands and status signals (eg start, ready, etc.). 

The value of the desired position of the actuator is transmitted by an analog signal, so the speed is not 

limited, for example, by the transmission speed of the serial line, and position changes can be very fast.   

 

 
 

Fig. 3 Block diagram of the basic actuator connection 

 
The test device allows movement in two axes Z and X. It therefore has two actuators, which are con-

trolled simultaneously by the user application. A connection block diagram is shown in the following 

figure. 

 
 

 Fig. 4 Block diagram of the testing device actuators connection 

 
The user control application can to use an external file with time record of the excitation signal for the 

actuator control or can directly generate fundamental harmonic signals. These methods can also be com-

bined, for example the Z axis can be controled with an external file and harmonic signal can to be add 

to the X axis. This control method was also used for this testing, the Z axis was always excited by the 

same signal from the file and harmonic signals with different amplitude and frequency were gradually 

added to control the X axis. 

 

Test signals and measurement 

The resonant frequency of passive car seats is usually around 6 Hz. Therefore, an excitation signal in 

the range of 0.5 to 16 Hz is usually used for the measurement. The frequency increases continuously 

during the measurement in the specified range and the amplitude of the oscillations is usually set so that 

the acceleration value of the excitation signal remains constant. Therefore, the amplitude must decrease 

with increasing frequency of the excitation signal. Such a signal was created for the basic excitation in 

the Z axis, the value of acceleration amplitude was set to 0.1 G. Its example is shown in the following 

figure. 
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Fig. 5 Test signal for Z-axis excitation 

 

Harmonic excitations in the X-axis direction with different amplitudes and frequencies were then added 

to this basic Z-axis  excitation signal during testing. An example of such a compound excitation is shown 

in the following figure. 

 

 
 

Fig. 6 The example of the compound  Z–X axis excitation 

 

The Dewe 5000 measuring device was used for the measurement. Non-contact laser position sensors 

were used to measure table and mass movements in the Z-axis direction. Two accelerometers simulta-

neously measured the acceleration of the table and the mass again in the direction of the Z axis. The 

experiment was further captured by a camera, the image recording is synchronized with the measured 

data. The sampling frequency of the data was 500 Hz, the camera took 100 images per second. 

 

 
 

Fig. 7 Block diagram of the measurement arrangement 

 
Mathematical channels for automatic calculation of the amplitude transmission characteristic in real 

time were defined in the measuring device. In the first step, the amplitudes of the measured signals are 

detected and the transmission value is calculated as the ratio of the amplitude of the signal from the mass 

and the signal of the excitation table. Two transfer functions are calculated, one from movements and 

the other from the accelerations. The result is therefore two transmission characteristics, which should, 

however, be essentially the same. The double measurement and calculation method was chosen to refine 
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the results and eliminate possible errors. In addition, the course of the amplitude transmission characte-

ristic is synchronized with the image recording. When analyzing the results, the shape of the characte-

ristic can be assigned to the visible oscillations of the mass. 

 

RESULTS AND DISCUSSION  
The tests carried out show a significant influence of loading in the horizontal direction on the size of the 

natural frequency and the size of the transmission. The magnitude of the transmission from the accele-

ration as well as the values of the natural frequencies for excitation in the Z-axis (5 to 11Hz) and the X-

axis with frequencies of 0Hz, 2Hz, 5Hz, 8Hz and 11Hz at 0.1G are shown in Fig. 8. 

 

 
 

Fig. 8 Test results – Transmission from acceleration for Z-axis excitation 5 to 11Hz and 0.1 G 

 

It can be seen from the figure that there are two effects if we introduce excitation in the X axis. The first 

effect is that the natural frequency is reduced (from 8.2Hz to 7.8 or 7.4Hz). The second effect is that the 

transmission value is reduced. A more pronounced drop in transmission was seen at lower frequencies 

(a drop of 26.5% at 2Hz and 24.5% at 5Hz), at higher excitation frequencies the drop was smaller, 3.8% 

for 8Hz and 4.4% for 11Hz. The described effects of biaxial loading extend the knowledge gained from 

uniaxial loading described in the studies (Fliegel & Martonka, 2015; Martonka & Fliegel, 2016b) using 

device (Martonka & Fliegel, 2016a). In addition to the above, the performed tests showed the functio-

nality of the developed device (Fliegel et al., 2019), which make it possible to carry out tests according 

to the relevant standards for biaxial loading of car seats (ASTM D3574-11; JASO B407-87; DIN EN ISO 

3385; JASO B407-871978). 

 

CONCLUSIONS 
The aim of the research was to perform initial measurements on the developed device (Fliegel et al., 

2019) and to compare the influence of one- and bi-axial dynamic loading of a car seat. The results 

showed a significant effect of horizontal excitation on the transmission in the car seat, when both the 

transmission and the resonance of the car seat were reduced. In real operation, the car seat is exposed to 

multi-axial loads, for this reason a 3-axis test device was designed (Fliegel et al., 2021; Lepsik et al., 

2021), which should bring further refinement of the behavior of the car seat. The subject of further work 

will be the execution of a more extensive set of measurements at different input parameters (amplitude, 

frequency) as well as a set of seats made of different foam stiffness and foam thickness. Knowledge of 

natural frequencies must be taken into account when designing the seats so that there is no unwanted 

strain on the human body of the crew. 
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Abstract 

The study concerns on the detection of sago palm tree based on Unmanned Aerial Vehicle (UAV) im-

ages. Sago palm (Metroxylon Sagu Rottb) lives ecologically in Indonesia, particularly in Papua and 

Papua Barat. However,  our previous study  in Papua, especially in Merauke Regency convinced us that 

12  of 20 regions tend to lose the potential area of sago palm. To support the detection process from 

higher spatial data resolution of UAV, we applied a deep learning model based on Convolutional Neural 

Network (CNN). Although existing studies have implemented a deep learning model based on CNN, rare 

immersion has been delivered by using deep learning networks, such as mobile net V2 in sago palm 

detection. Therefore, this study aims to detect sago palms from UAV imagery, and to examine the per-

formance of mobile net V2 in detection tasks. As a result, the metric performance demonstrates good 

potential as a classifier and predictor.. To add this, as shown by the  independent t-test of sago trees 

(58.3±6.8%) compared to other vegetations (27.4±13,4%) (p<0.001), prompting to become more rigid 

in sago palm detection.  

 

Key words: sago; classification; UAV; mobile net V2. 

 

INTRODUCTION 

Sago palm was affiliated with palmae family known as Metroxylon Sagu Rottb., grows in swamps or 

salty areas of tropic lowlands in South East Asia, particularly in Thailand, Malaysia, Papua New Guinea, 

and about 85% of world’s sago area is in Indonesia (Hidayat et al., 2018; Lim et al., 2019) , specifically 

in Papua, and Maluku (Sidiq et al., 2021). The potential use of sago were introduced these days, 

especially the primary product of sago palm which is sago starch. Numerous earlier studies have found 

that the primary product of this palm, which is sago starch, used as a food substance in traditional cakes, 

or as a raw material for agro industry, and others aspect of sago can be refer to (Karim et al., 2008). 

Sago pith waste (SPW) or ‘Sago hampas’ can be used for Bio-ethanol production (Thangavelu et al., 

2014). Other product of Sago palm determined by study of fermentable sugars from enzymatic hydro-

lysis of sago pith residues were transformed to acetone-butanol-ethanol (Linggang et al., 2013). In Pa-

pua, sago plays an important role as a staple food and also a part of indigenous costumes (Sidiq et al., 

2021), thus, sago waste is used as livestock feed or as bio-energy alternative (Jonatan et al., 2017).  

However, our previous study found that the potential habitat of sago palm in the area of Merauke 

Regency of Papua Province of Indonesia was decreased, twelve of twenty regions of the area tend to 

lose over time. On the other hand, other sectors such as the settlement areas, and agricultural regions 

were significantly increased during 29 years of study (Letsoin et al., 2020, 2022). Therefore, our current 

study focuses on the detection of sago palm trees in the selected area. During the last decades, various 

approaches have been investigated and applied for palm detection purposes, for instance, airborne and 

ground-based multispectral data combined with spatial and spectral information. Thus, different 

algorithm classifiers such as image processing methods, machine learning and deep learning methods 

have applied. Classical image processing methods consists of, for example, template matching, image 

binarization. Furthermore, machine learning that contains of two general ways, likewise feature 
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extraction by using HOG; and classifier prediction by using Support Vector Machine (SVM), Random 

Forest (RF), Artificial Neural Network (ANN), etc. Today, several studies elaborated deep learning by 

semantic segmentation, object detection and Convolutional Neural Network (CNN). CNN architectures 

are now  extensively developed in various studies, such as AlexNet, ResNet, Inception or mobile net 

(Hidayat et al., 2018; Zheng et al., 2021). Hence, our study concerns on the detection of sago palm by 

applying mobile net V2 as a classifier, in addition, to assess the characteristic of the classifier in 

discovering sago palm area and other vegetation based on metric performance as well as analyzed sta-

tistically.   

 

MATERIALS AND METHODS 

The specific multirotor platform is accustomed as unmanned device to capture images over the sago 

fieldwork within the specification as follows; Autel Robotics version 2 (EVO II Pro 6K), equipped with 

advance camera of 12 computer vision sensors, thus, two sonar sensors, two LED landing lights. This 

drone product also consisting of ultra-HD with a 1-inch sensor, supports range of f2.8 to f11, also 

JPEG/RAW format of data types with a resolution of 5472 x 3648 pixel. The Autel drone flights flew 

over the sago field area of a double grid via 70% and 80% of forwarding overlap, 70% and 60% of side 

overlap, with 60.3 m of altitude. The drone systems have integrated with mission flight planner around 

the area of 74.600 𝑚2. 

 

 
 

Fig. 1 Mission flight planner 

 

The study area is in Merauke Regency, Papua Province of Indonesia which is positioned between Mappi 

Regency and Boven Digoel Regency at the North, the Arafuru Ocean at the South and West, and Papua 

New Guinea to the East. This regency is considered as the Easternmost city in Indonesia that consists of 

20 districts. Merauke Regency also known as the largest area of paddy field approximately 91% over 

Papua Province of Indonesia. Within the area of 46.074.63 km2/sq.km, the Regency becomes the largest 

area around Papua Province. Due to the temperature humidity and air temperature about 80.5% and 

2.40-32.06 ℃ respectively; are generally preferred for paddy field and maize, different vegetables, and 

plantation crops, for example mustard green, and coconut tree. The Regency also recognized as the three 

largest maize producers after Nabire Regency and Biak Numfor Regency (BPS, 2015). Considering the 

sago palm habitat in our field work is typically around primary dryland, secondary dryland, primary 

swamp forest, secondary swamp forest, bush/shrub, grassland, swamp shrub, and swamp area (Letsoin 

et al., 2020), as captured in this study, natural sago forest in this area is  lives together with other 

vegetation along the river and swamp area (Fig. 3). 
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Fig. 2 Study area positioned in Merauke Regency of Papua Province of Indonesia  

(137°38'52.9692"E - 141°0'13.3233"E and 6°27'50.1456"S - 9°10'1.2253"S) 

 

The proposed methods to define sago areas from the acquired spectral imagery; consists of three stages, 

I.e., (1) pre-processing, (2) dataset preparation that contains of data train and data test, and (3) deep 

learning-based CNN classification. In pre-processing stage, all the images are downloaded from UAV 

to computer data storage, then all the images are assessed geometrically by using pix4dmapper software. 

The purpose of the stage is to generate a mosaic of all acquired images to prepare them ready and 

accurately read as dataset of deep learning model. A classification based on CNN architecture model 

were designed to detect sago palm area and not sago palm area; for this purpose, mobile net v2 was 

applied. After the data pre-processing step, all data images were labelled, re sized, and augmented by 

using MATLAB software. The most common augmentation contains of rotation, cropping, zooming, 

and flipping. Further, the dataset was divided into two groups namely data train and data test that 

obtained from the previous step. To train the models, we collect 114 images of sago palm area and other 

vegetation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Sago Forest in Merauke Regency of Papua Province of Indonesia 

 

In accordance with the requirements of the Mobile Net V2 model, the size of input images is adjusted 

to 224x224. The architecture of Mobile Net V2 mainly consists of two blocks namely linear bottleneck 
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and inverted residual. Conv2d is standard convolution, then avgpool is the average pooling, c is the 

number of output channels and n is restated times. Mobile Net V2 has a total layer of 19 residual 

bottleneck layers, the middle layer used to feature extraction while the last layer is served for 

classification.  

 

Tab. 1 Network structure of Mobile Net V2 

Input Operator type T C N S 

224 x 224 x 3 Conv2d - 32 1 2 

112 x 112 x 32 Bottleneck 1 16 1 1 

112 x 112 x 16 Bottleneck 6 24 2 2 

56 x 56 x 24 Bottleneck 6 32 3 2 

28 x 28 x 32 Bottleneck 6 64 4 2 

14 x 14 x 64 Bottleneck 6 96 3 1 

14 x 14 x 96 Bottleneck 6 160 3 2 

7 x 7 x 160 Bottleneck 6 321 1 1 

7 x 7 x 320 Conv2d 1x1 - 1280 1 1 

7 x 7 x 1280 Avgpool 7x7 - - 1 - 

1 x 1 x 1280 Conv 1x1 - k - - 

 

Regenerating characteristics from N to M channels, with stride s and expansion factor t. The bottleneck 

attaches a 1x1 convolution layer in front of the depth-wise convolutional layer and applies linear 

activation after the pointwise convolutional layer, also obtains the aim of down sampling by designing 

the parameter s in the depth-wise convolutional layer (Goceri, 2021; Phan et al., 2020; Sandler et al., 

2018).  

 

Tab. 2 Bottleneck structure of Mobile Net V2 

Input Operator Output 

H x W x N 1x1 Conv2d, ReLU H x W x tN 

H x W x tN 3x3 dwise s = s, ReLU H/s x W/s x tN 

H/s x W/s x tN Linear 1x1 conv2d H/s x W/s x M 

 

to examine the performance of deep learning model, we applied metrics evaluation specifically to 

evaluate the accuracy of the model on data set. The accuracy is estimated as (Chen et al., 2021): 

 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑇𝑃+ 𝑇𝑁

𝑇𝑃+𝑇𝑁 + 𝐹𝑃+𝐹𝑁
            (1) 

 

𝐹1 𝑠𝑐𝑜𝑟𝑒 =  
2×(𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 × 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛)

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 + 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛
        (2) 

 

Whereas 𝑇𝑃, 𝑇𝑁, 𝐹𝑃, 𝐹𝑁, represents the number of true positives, true negatives, false positives and 

false negatives. The number of images predicted to be correct or positive and the number of samples 

predicted negative were both calculated. To add this, percentage of correctly identified (true positive) 

sago trees was compared to the proportion of false positive and analyzed statistically using the 

independent t-test. The p-value >0.05 was determined as a statistical significance difference between 

variables. Statistical analysis was performed using the IBM SPSS software version 26. 

   

RESULTS AND DISCUSSION  
Based on equations (1) and (2), measured data are presented in Table 3, it represents the precision of the 

model distinguishing the object. 
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Tab. 3 Metric evaluation 

Image Input Sensitivity Precision F1-Score 

Sago  0,72 0,72 0,72 

Vegetation 0,68 0,68 0,68 

 

Generally, the model was able to identify the object whether sago palm or other vegetation. However, 

considering the training accuracy of the model which is 97%, and 19 mins of time training; the metric 

performance was expected to be higher than 0.72. Nonetheless, optimized parameters,  mobile net V2 

network layer designed in this study, and training time, are needed to be considered. Mobile Net V2 has 

utilized in classification or detection matters, specifically in embedded platform or mobile devices. To 

increase the efficiency and time cost this model was enabled to be integrated with other deep learning 

method such as Faster R-CNN or Long Short-Term Memory (LSTM) (Hartanto & Wibowo, 2020; 

Srinivasu et al., 2021). Comparing the network layer designed, particularly last stage used in this study 

i, e., after bottleneck residual block and depth-wise convolution, then, global pooling average. Followed 

by fully connected layer, thus, logits SoftMax and at the final layer is classification output. Nevertheless, 

adding other deep learning model or techniques between the convolution layer and global pooling aver-

age layer could be enhanced the identification result as done by (Chen et al., 2021). The training perfor-

mance for ten epochs as follows: training accuracy, test accuracy, training loss of 98,31%, 91,07, 1,3224 

respectively. Also, both F1 score, and sensitivity was around 89%, however, as shown by table 3, the 

performance result of the mobile network V2 is about17% lower than the earlier study. In addition, the 

training validation, training loss in this study was 97.05%, 0,20% subsequently. On one hand, attaching 

a shape detector as output, for example box regressor, is helpful to identify the object properly (Hartanto 

& Wibowo, 2020). Although based on our statistical analysed, the results presented a significantly higher 

proportion of the machine correctly identifying sago trees (58.3±6.8%) compared to other vegetations 

(27.4±13,4%) (p<0.001, Independent t-test). Nevertheless, integrating the mobile network layer as used 

in this study within other deep learning techniques, and fine-tuned parameters such as epoch, learning 

rate, L2 regulation, and validation frequency are required in our future work.     

 

CONCLUSIONS 
The study has utilized mobile network V2 in sago palm detection based on an UAV RGB imagery. 

According to the experiments with seven epochs, initial learn rate and L2 regulation = 0.0001, the data 

training accuracy is 97%. Although, the metric performance was not significantly higher compared to 

several earlier studies, the statistical analyzed has shown the model is quite representative in classifying 

the sago palm or vegetation. As further work to our research, we would like to improve the current result 

by integrating the network layer designed with other deep learning techniques.  
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Abstract 

When photovoltaic systems operate in areas with extreme climatic conditions, their characteristics can 

change significantly during operation. The temperature mainly affects the open circuit voltage and the 

efficiency of the photovoltaic system. Therefore, it is necessary to pay particular attention to the fact 

that the connected devices can work in the given range of parameters of the photovoltaic power source. 

 

Key words: photovoltaic system; semiconductor diode; data monitoring; carbon footprint. 

 

INTRODUCTION 

Today, photovoltaic energy conversion has an important place in the energy mix. They are also im-

portant in terms of reducing the carbon footprint. Many photovoltaic power plants operate worldwide 

(Božiková et al., 2021; Poulek et al., 2021). Many of them are directly building integrated (Libra et al., 

2016; Pokorný & Matuška, 2020), including our photovoltaic system on the roof of the Faculty of En-

gineering (Libra et al., 2019) (see Fig. 1). The temperature of photovoltaic panels changes during the 

year. In Central Europe, the air temperature can change by up to about 60°C during the year, but there 

are places on Earth (for example in Siberia), where the air temperature changes by up to 100°C. 

 

 
 

Fig. 1  Photovoltaic system (Pmax = 10 kWp) on the roof of the Faculty of Engineering in Prague 

 

It is known, that the temperature of photovoltaic cells significantly affects the efficiency of energy con-

version. It follows from the semiconductor theory. A photovoltaic cell is essentially a planar semicon-

ductor diode. Photovoltaic panels with silicon-based photovoltaic cells are commonly used on Earth and 

photovoltaic panels with GaAs-based photovoltaic cells are commonly used in space. Photovoltaic volt-

age arises at the PN junction due to the different distribution of significant energy levels in areas P and 

N. If the irradiation is constant, the increasing temperature causes a shift of Fermi energy towards the 

center of the band gap and a decrease in photovoltaic voltage. However, the increasing temperature also 

reduces the width of the band gap and increases the electric current. For example, in (Meral & Dincer, 

2011) the results of measuring I-V characteristics of a photovoltaic cell based on monocrystalline silicon 

were presented and discussed, but the temperature range was relatively small (20°C ÷ 60°C). 
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We performed similar measurements in the maximum possible temperature range of photovoltaic sys-

tems, which can work even in extreme climatic conditions or in space (-170°C ÷ +100°C) and we pre-

sented the results in (Libra et al., 2021). In this article, we discuss in more details the influence of 

temperature dependences of important characteristics of photovoltaic cells and panels on photovoltaic 

systems. 

 

MATERIALS AND METHODS 

Using our monitoring system Solarmon (Beránek et al., 2018), we evaluate data from 85 photovoltaic 

power plants in the Czech Republic, Slovakia, Romania, Hungary, Chile. The dispatching center is at 

the Czech University of Life Sciences Prague, Faculty of Engineering. We compare the results with the 

assumed values according to the solar calculator (Photovoltaic Geographical Information System). De-

scription of the activity associated with high technologies of real-time monitoring of the Earth surface 

and solar energy conversion is in the work (Rezk et al., 2015). A data acquisition system has designed 

and implemented with facilities for monitoring meteorological data and solar radiation. The system of 

our colleagues uses photovoltaic monitoring equipment and was developed for taking images of the 

Earth from  satellites. It can forcast meteorological parameters and incoming solar radiation. 

When photovoltaic modules operate on the Earth's surface without radiation concentration, their tem-

perature can change from about -100°C to +100°C. When using a photovoltaic system in space, temper-

ature can change over an even larger temperature range during one Earth orbit. 

 

RESULTS AND DISCUSSION 

Fig. 2 shows the most important characteristics of the electricity source (in this case an irradiated pho-

tovoltaic cell based on monocrystalline silicon) at three selected temperatures. We measured similar 

characteristics at other temperatures in the above mentioned temperature range (Libra et al., 2021). 

Temperature dependences of the efficiency of photovoltaic energy conversion were measured in (Gor-

don et al., 2021) as well. 

If the photovoltaic system operates in places with extreme climatic conditions, especially with extreme 

temperature changes during the year, the electrical voltage of the photovoltaic panels will change sig-

nificantly. This can be seen in Fig. 3 and there is also a decrease in the energy conversion efficiency 

with increasing temperature. Thus, in the stated temperature range, the open circuit voltage can up to 

double. This must be taken into account when designing a photovoltaic system, including connected 

devices. If the photovoltaic system is connected to the network, the stability of the grid can also be 

affected (Petrík et al., 2020). 

For example, in Oymyakon, (Siberia, 63° north latitude, 750 m altitude), the lowest temperature was 

- 72°C (on 26th January 1926) and the highest temperature was +35°C (on 28th July 2010). At night, 

the temperature of the photovoltaic panels is usually lower than the air temperature due to radiation. In 

the winter morning at sunrise, the temperature of the photovoltaic panels can approach up to the value 

- 100°C. When using a photovoltaic system in space, temperatures can be even lower in the Earth's 

shadow, and our measurements are very important especially for these applications. Conversely, the use 

of radiation concentrators can significantly increase maximum operating temperatures. In this case, it is 

necessary to assess whether the increased radiation intensity on the photovoltaic panels pays off in com-

parison with the reduced energy conversion efficiency at the higher temperature of the photovoltaic 

panels. The decrease in the efficiency of photovoltaic energy conversion with increasing temperature 

shows an approximately linear dependence, as can be seen in Fig. 3. At the temperature 25°C, the de-

crease is 0.36 %/°C. These values differ slightly for different PV cell designs and different irradiation. 
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Fig. 2  Important characteristics of an irradiated photovoltaic cell at three different temperatures 

 

 
 

Fig. 3  Dependences of open circuit voltage and energy conversion efficiency on temperature 

 

This mentioned effect of temperature on the efficiency of photovoltaic energy conversion means that 

extreme values of solar radiation do not necessarily mean extreme yield of the photovoltaic power plant. 

Tropical areas have a high intensity of sunlight (especially in Africa, Australia and Central America). 

The yield of photovoltaic power plants is here good but not top, because the efficiency of energy con-

version is lower at higher temperatures. The highest yields are achieved in the much more northern and 

cold regions of Tibet, Mongolia and Siberia with higher altitudes. The plateaus of Chile in the Atacama 

Desert are also excellent locations. Also on the coast of Antarctica, there can be achieved similar annual 

yields as in subtropical areas. 

For example, we have been operating the photovoltaic system in Fig. 1 (Pmax = 10 kWp) at the Faculty 

of Engineering in Prague (50° north latitude, 300 m altitude) since 2015, we collect data using our mon-

itoring system Solarmon (Beránek et al., 2018). Fig. 1 shows the photovoltaic system in winter period. 

The yield of electricity produced slightly exceeds the expected values according to the solar calculator 
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(Photovoltaic Geographical Information System). We achieved the highest energy yield in 2019, as 

shown in Fig. 4. 

 

CONCLUSIONS 
Photovoltaic systems are an important part of the energy mix also with regard to reducing the carbon 

footprint. 

Measurement of important characteristics of photovoltaic cells shows a significant dependence on tem-

perature. The decrease in the efficiency of photovoltaic energy conversion with increasing temperature 

shows an approximately linear dependence as can be seen in Fig. 3. 

Thus, the efficiency of energy conversion and open circuit voltage can up to double on Earth in extreme 

climatic conditions during the year. In space applications, these values can triple in a single satellite 

orbit around the Earth. This must be taken into account when designing photovoltaic systems. The indi-

vidual components and especially the overvoltage protectors must be carefully selected so as not to 

damage or destroy the connected equipment. 
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Abstract 

The paper is focused on the total mixed ration and it's components, which are used in order to create 

the best possible mix of ingredients for the feeding of dairy cows. For the experiment a mixer feed wagon 

with an external loader was selected from an agricultural holding in the Slovak Republic. The total 

mixed ration consisted of five components, delivered to the wagon via the external loader. The loading 

accuracy was calculated and evaluated from the extracted data from the wagon's own data software. 

The data shown there were found some significant differences in the loading of these five components. 

The average loading accuracy of the TMR was 99.23 %. 

 

Key words: data digitalization, loading accuracy, mixerfeed wagon, total mixed ration, dairy cows 

 

INTRODUCTION 

The total mixed ration (TMR) is a feeding system, used to provide consistent feed to animals  

and to stabilize rumen conditions as desired. Feeding activities have an important place in terms  

of animal health, performance, milk yield or meat production. The very each mouthful of the mixture 

consumed by an animal, must be homogenous and balanced, otherwide the animal can be negatively 

affected (Sova et al., 2014).  Several manufacturers have introduced automatic feeding systems (AFS) 

during the past decade (Belle et al., 2012; Unal & Kuraloglu, 2015). The main advantage of the AFS  

is the possibility to supply a total mixed ration (TMR) with a high frequency and a low labour 

requirement, whilst farms which feed with conventional feeding systems (CFS) commonly supply TMR 

only once or twice a day and require more labour with a rigid work schedule. (DeVries et al., 2005). 

TMR production is formulated to obtain a homogeneous and balanced ratio of all components in one 

solution. Many strategies can be used in TMR systems. These mixtures can be formulated for fresh 

cows, early lactation cows, mid-lactation as well as late-lactation, or close-up dry cows.  

Cows can be placed in groups created, which are based on actual or fat-corrected milk, days in milk, 

reproductive status, age, nutrient requirements and health (Baumgard et al., 2017). Together with the 

balance between dietary components that allow for good rumen status, feed particle size distribution and 

physical efficiency of the diet lead to adequate chewing stimulation mechanisms and rumen 

fermentation intensity (Zebeli et al., 2011). The airm of this paper was to evaluate the precision  

of loading various TMR components into the chosen mixer feed wagon, as well to evaluate the total 

precision of the TMR. A hypothesis was established that the weight differences between all the TMR 

components will not be greater than ± 5 %. 

 

MATERIALS AND METHODS 

Farms and animals 

The study was performed at a dairy farm located in the Slovak Republic. For the privacy of the selected 

farm, only the basic information were provided. Only the TMR of the group with the highest milk yield 

was selected. The TMR consisted of following components: core concentrate, corn silage, lantern silage, 

wet destillery grain, water. The TMR was fed to the dairy cows twice a day. The weight of the TMR 

was irregular during the study, varing from 3 672 kg to 4 504 kg per feeding. The milk yield of the 

selected group of dairy cows was over 35 liters.  

 

Data collection 

The study lasted in May 2022. The monitored parameters included: total set weight of TMR components 

(kg), total loaded weight of TMR components (kg) and the difference of total set weight and total loaded 
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weight (%). Data were extracted from the farm's TMR report and then evaluated in selected statistical 

software. The selected mixer feed wagon was a Trioliet Solomix 2 1200 ZK with 1 wheel axle (Trioliet, 

Oldenzaal, The Netherlands). 

 

Figure 1 provides an illustration of the selected mixer feed wagon and Table 1 provides the wagon' basic 

technical specifications. 

 

 
 

Fig. 1 Trioliet Solomix 2 1200 ZK (1 wheel axle) 

 

Tab. 1 Basic technical specifications of Trioliet Solomix 2 1200 ZK (1 wheel axle) 

Parameter Specification Parameter Specification 

Age 6 years Height when unloading 0.82 m 

Volume 6 m3 Unloading width 0.92 m 

Length 6 m Payload 4 500 kg 

Width 2.24 m Knives/counter-blades 4/2 

Height 2.50 m Tires 2x 400/45 L 17.5 

External width on wheels 1.71 m Tractor 82 HP 

 

The following formula (1) was used for the calculations of the weight differences between  

the set and the loaded weight of the TMR components 

 

𝑤𝑑 =  
𝑤𝑙𝑡

− 𝑤𝑠𝑡
 

𝑤𝑎𝑡

 . 100          (1) 

where 𝑤𝑑 is weight difference (%), 𝑤𝑙𝑡
 is the total loaded weight (kg), 𝑤𝑠𝑡

 is the total set weight 

(kg) 
 

Data analysis 

The data from May 2022 were used for the evaluation. Each component was assessed separately  

and also the total precision of all five components was calculated. An acceptable permissible limit  

of ± 5 % was chosen.  

 

Statistical analysis 

The data from the TMR report were imported in to Microsoft Office Excel (Microsoft, Redmond,  

the United States of America). For the purposes of plotting the graphs, the Microsoft Office Excel  

and a statistical software Statistica 12.5 (TIBCO, Palo Alto, the United States of America) were utilized. 

Resulting data were given as means ± SD (standard deviation). 
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RESULTS AND DISCUSSION

Figure 2 shows the weight differences of core concentrate during the period of study. The minimum 

value was -0.50 %, the maximum value was 14.27 %, the average value was 1.50 %. As the figure 2 

shows, there were only 2 of 31 (6.45 %) exceedings bigger than the permissible limit ± 5 %.  

 

 
 

Fig. 2 Core concentrate 

 

Figure 3 shows the weight differences of corn silage during the period of study. The minimum value 

was -0.24 %, the maximum value was 3.15 %, the average value was 0.60 %. As the figure 3 shows, 

there were no exceedings bigger than the permissible limit ± 5 %.  

 

 
 

Fig. 3 Corn silage 

Figure 4 shows the weight differences of lantern silage during the period of study. The minimum value 

was -0.91 %, the maximum value was 4.81 %, the average value was 0.81 %. As the figure 4 shows, 

there were no exceedings bigger than the permissible limit ± 5 %. 
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Fig. 4 Lantern silage 

Figure 5 shows the weight differences of water during the period of study. The minimum value was  

-0.18 %, the maximum value was 7.91 %, the average value was 2.55 %. As the figure 5 shows,  

there were only 3 of 31 (9.68 %) exceedings bigger than the permissible limit ± 5 %. 

 

 
Fig. 5 Water 

Figure 6 shows the weight differences of wet destillery grain during the period of study. The minimum 

value was -49.52 %, the maximum value was 7.54 %, the average value was -2.55 %. As the figure 6 

shows, there were only 6 of 31 (19.35 %) exceedings bigger than the permissible limit ± 5 %. 
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Fig. 6 Wet destillery grain 

Figure 7 shows the weight differences of the TMR during the period of study. The minimum value was 

-0.09 %, the maximum value was 3.68 %, the average value was 0.75 %. As the figure 7 shows,  

there were no exceedings bigger than the permissible limit ± 5 %. The loading accuracy of the TMR  

was 99.23 %. 

 

 
Fig. 7 Total mixed ration 

Some authors also achieved similar results, when the quality of the work of feed mixer wagons with 

both horizontal and vertical augers was compared. In their research they assessed the accuracy  

of loading the TMR components. They did use three mixer feed wagons with the vertical augers, one 

mixer feed wagon with a horizontal crushing & mixing system and a self-loader, as well as one self-

propelled mixer feed wagon with a vertical crushing & mixing system and a self-loading equipment. 

Whilst in our TMR we only had 1 TMR with 5 components available, the cited author had 2 TMRs 

available, the first one with 7 components and the second one with up to 10 components (Kowalik et al., 

2018).  

In another study the authors also dealed with a similar topic, examining the accurate and over-limit and 

under-limit loadings of each component of two mixer feed wagons with two different TMRs. The first 

wagon was equipped by a loading cutter integrated in the vehicle, and the second wagon  was loaded by 

an external loader with a loader bucket.  The authors used for the study four TMR components: CCM, 

haylage, silage and straw. It was concluded that the precision did depend not only on the method or used 
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technique, but also on the kind, i.e. properties of loaded components. Loading of TMR components with 

the loading cutter was considerably more even than with the loader (Šístková et al., 2015). 

 

CONCLUSIONS 

To put everything into the conclusion, the precision of loading the TMR components into the chosen 

mixer feed wagon was almost excellent, with the value of 99.23 %. The established hypothesis  

was confirmed. Three of five TMR components were loaded over the established permissible limit, 

however the other two TMR components were always loaded under the established limit. The chosen 

mixer feed wagon does not provide any internal loader, which means it has to be loaded with an external 

loading machine, guided by the precise information provided by the wagon's own weighing system.  

Although the mixer feed wagon we used the data from has no loader, and the loading 

is based on the manual external loading machine, we can say the feeding system works better 

than we expected. Thanks to the data transferbetween the mixer feed wagon and the local network  

on the farm we had the data from, it is now easier than ever to use the numbers to create these inputs  

in a matter of minutes. 
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Abstract 

Successful implementation of precision agriculture technologies is subject of reliable experimental data. 

Field scale experimentation plays an important role as a source of information for farmers. Due to the 

inherent spatial variability of the field, this type of research, requires use of robust methods to ensure 

the statistical significance. Geospatial multidataset offers advantages compared to traditional data col-

lection methods. Presented paper shows on an example of long-term field scale experiment on CTF 

technology, benefits of using geospatial dataset. Results showed that combining the satellite data and 

the combine harvester yield monitoring data help to assess the field scale experiment outputs during the 

growing season as well as at the harvest stage. Beneficial is most of all the overall view across long 

term period comprising weather extremes as well as typical years. 

 

Key words: traffic management, CTF, yield, remote sensing, cereal. 

 

INTRODUCTION 

The technologies of precision agriculture have been the subject of scientific research for last decades 

(Gebbers & Adamchuck, 2010; Shafi et al., 2019; Galambosova et al., 2020). All scale of experiments 

has been established, however, to provide a realistic view of a technology implementation in practical 

farming conditions, long term field scale experiments play an important role (Godwin et al., 2015; 

Kravchenko et al., 2017). According to Godwin et al. (2015) a  robust experimental design and adequate 

replication is necessary when field studies are undertaken. Hence, limitations in terms of statistical sig-

nificance are present. Author claims that the experiment layout often cover big areas and so inherent 

field variability effects the data and causes variability of the data obtained (Godwin et al., 2015). 

Traditional hand sampling and ground-based sensing might be challenging from the time as well as 

financial considerations, therefore non-contact methods offer potential advantages. Free satellite data 

are reliable tool to assess the field variability (Skakun et al., 2021) 

The aim of this paper was to show the possibility of use of geospatial multidata sets obtained from 

remote sensing and combine yield monitoring systems to assess the crop yield of selected cereals at two 

experimental fields: a controlled traffic farming (CTF) field and a random traffic farming (RTF) field. 

Accent was placed to comparison in several seasons with different climate conditions. 

 

MATERIALS AND METHODS 

Experimental site 

To evaluate the differences between selected traffic treatments, two fields were selected (Fig. 1). This 

fields are situated close together (4 km away by bee line) at the University farm of the Slovak University 

of Agriculture in Kolinany, located in south-west of Slovakia.  

Field A: CTF system with 6m OutTrac modul (63,8% non-compacted soil, 36,2% compacted soil) was 

established in 2009 on 16 ha field “A” (48°22’16.97” N, 18°12’25.43” E). Commercially available ma-

chinery with standard wheel spacing (as they are manufactured) is used for all work operations. Since 

2009, this field (A) is cultivated within soil conservation tillage technology (without ploughing) up to 

depth of 15 cm. In 2021 no till technology was used and the crop was drilled directly into the previous 

crop stubble. On this field (“A”) the tree band areas were established in 2010, by reason of modelling 
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RTF traffic management in the same field. This bands were generated by wheel-by-wheel movement of 

tractor (JD 8230 with RTK guidance system) in right angle to direction of CTF lines, ones pre year, after 

harvest annually from 2010 (Fig. 1). More detailed information is available in published papers  Macák, 

et al. (2018) ; Galambošová et al. (2017); Barát et al. (2017), Goodwin et al. (2015). 

Field B: As a reference field a 23ha field  (48°20’36.61” N, 18°13’39.15” E) with conventional man-

agement system (random traffic during all field operations) and conventional tillage technology with 

ploughing (up to depth 30 cm) was selected.  

According to soil classification (BPEJ units), the soil type at both experimental fields is classified as 

loamy soil (Džatko, et al., 2009), and the elevation ranged from 178 to 212 m a.s.l. with average slope 

about 6%. 

For this study, barley and wheat crops were selected and seasons where these two crops were grown at 

the two fields were selected. Choice of crop and their variety was done by the agronomist´s best practice 

in each year and the overview is provided in Results (Tab. 1). Year average precipitation throughout the 

assessed time period (2009-2021) is displayed in Fig. 2. Source data sets were obtained from meteoro-

logical station situated in university farm (in Kolinany), between the fields A and B. 

 

 
 

Fig. 1 Experimental site and detail pattern of the fields; (field “A”: areas of CTF system: A - CTF1, A 

- CTF2, A-CTF3, A-CTF4; and areas with modelling RTF traffic system = RTF strips labelled as A-

RTF1, A-RTF2, A-RTF3; field “B” – whole of parcel is defined as area named B – RTF) 

 

 
 

Fig. 2 Seasonal (March-July) average of precipitation thought the assessed period of time (2009-2021) 

for location of university farm - Kolinany (data source climate normals: SHMU, 2020) 

Multiannual data used from Remote sensing and yield monitoring 

Experimental fields were monitored by satellite images and yield mapping. Evaluation was done with 

multiannual data sets for selected cereal crops (field “A” was monitored from 2009 and yield “B” from 
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2007). Calculation of Normalized Vegetation Index (NDVI) was carried out for every downloaded sat-

ellite image by SNAP (version 8.0.7) and ENVI (version 5.6.1) software. Detail overview of used sat-

ellite platforms is listed in Table 1.  

For yield mapping the John Deere combine with impact sensor or Claas harvester with optical sensor 

were used too. Available yield maps (in selected years, see Table 1) were processed by ArcGIS Pro 

software (version 2.8.3) by geostatistical methodology (detailed described at Kumhálová et al., 2011) to 

the resulting kriging maps. Yield maps obtained from yield monitoring systems were available for sea-

sons from 2011 to 2021 (field A), and for 2014, 2017, 2019 and 2021 (field B). In other monitoring 

years (when the map is not available), the yield was calculated as average from data available only from 

cargo balance. 

In order to standardize the data, NDVI and yield data  were transformed to relative numbers. Then the 

frequency maps (FM) were computed by “Cell Statistics tool” (in ArcGIS Pro software). Thus, calcu-

lated frequency maps allow view areas with potential of crop vitality and structure (in the event of NDVI 

maps) and yield (in the event of using yield maps). 

 

RESULTS AND DISCUSSION  
Relative yield and relative NDVI values for targeted seasons is summarised in Table 1.  When assessing 

performance of given technology, many factors effect the yield and yield potential. Crop varieties and 

agroecological conditions of the fields are very important for the resulting yields and yield potential 

(Jelínek et al., 2020; Balážová et al., 2021). From the results it is evident that conversion of the conven-

tional technology to soil conservation brought decrease on yield in the first years of the experiment in 

“field A” with relative improvements further after season. A drop in yield was detected on 2021 season, 

when no-till drill was used for the first time.  

 

Tab. 1 Crop, average yield and mean relative values of NDVI and yield for fields A and B 

 

Use of geospatial datasets make it possible to compare the A-CTF with A-RTF areas with sufficient data 

robustness. It is obvious from the data, that the A-CTF outperformed the A-RTF after initial 5 years (in 

seasons 2016, 2017, 2019).  These results are of great importance as the 2016 was the extremely wet 

season and as opposite 2017 was extremely dry season (Fig. 2). As the yields are calculated as relative 

values – A-CTF area can be compared also with field B. Relative yields were higher at A-CTF up to 

7.09 % in comparison with B-RTF system in the dry season 2017 when the total precipitation during 

main growing season was lower by 32% compared to long term average. This increase of yield (favour 

of  CTF system) was observed despite that, in the 2017 the winter barley (crop incoherent to soil air 

Field Year 

Remote 

sensing 

platform** 

Crop and variety 

Yield - 

field aver-

age (t.ha-1) 

CTF 

Yield 

(%) 

CTF  

NDVI 

(%) 

RTF 

Yield 

(%) 

RTF 

NDVI 

(%) 

A 2009 L5 TM Spring barley cv. Kango 5.01* - 101.35 - 100.97 

 2011 L5 TM Winter wheat cv. Augustus 6.17 94.58 100.23 98.43 101.17 

 2014 L8 OLI Spring barley cv. Kango 4.8 95.85 99.98 98.47 101.37 

 2016 L8 OLI Winter wheat cv. HYFI 7.94 101.00 100.95 100.77 100.20 

 2017 L8 OLI Winter barley cv. Wintmalt 6.73 105.35 100.93 104.80 100.37 

 2019 S2 MSI Winter wheat cv. RGT Reform 7.8 103.23 100.60 101.87 100.47 

 2021 S2 MSI Spring barley cv. IS Maltigo 3.04 99.18 96.73 102.53 99.4 

B 2007 L5 TM Spring barley cv. Ebson 4.81* - - - 98.36 

 2008 L5 TM Winter wheat cv. Armelis 5.77* - - - 100.44 

 2010 L5 TM Winter wheat cv. Vendur 2.47* - - - 99.74 

 2014 L8 OLI Winter wheat cv. Globus 5.80 - - 101.90 100.11 

 2017 L8 OLI Winter wheat cv. Fabius 4.66 - - 98.26 99.96 

 2019 S2 MSI Winter wheat cv. Genius 7.37 - - 100.86 100.06 

 2021 S2 MSI Spring barley cv. IS Maltigo 4.5 - - 106.08 100.39 
Note: parameters: CTF Yield (%), CTF  NDVI (%), RTF Yield (%) and RTF NDVI (%) are calculated from remote sensing data as mean rela-
tive value  

* data is available only from weighting whole grain mass by cargo balance; symbol “ – “ indicates that data are not available 

** satellite images were downloaded from USGS archive (https://earthexplorer.usgs.gov/) and Open Access Hub of ESA Copernicus program 
(https://scihub.copernicus.eu/dhus/#/home)  
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deficiency and sensitive to soil compaction) was growing on field A and winter wheat (specie “Fabius” 

with middle drought tolerance) has been sowed on field B.  The CTF method seems to be more appro-

priate and gentler in this respect. Busari et al. (2015) also concluded that for dry years, it might be better 

to implement tillage management avoiding soil compaction and support its conservation. 

In normal precipitation year (e.g., 2019) when winter wheat was growing on both fields, difference in 

mean relative values of yield  was up to 2,37 % for benefit of field A (managed under CTF system). 

When comparing real measured yields (from cargo balance) the increase of the yield is up to 5,8% for 

CTF field in 2019. It can be stated that over the years, the field managed by the CTF traffic systems has 

stabilize yields of cereals with potential for their growth in drier years and compared with compacted 

soil at A-RTF areas the benefit is visible also during extremely wet yeas (season 2016). 

Data from Yield monitoring systems always follows the NDVI data. This is an important information 

as yield monitoring data are not always available or are not correct and hand sampling might be non-

efficient for such a type of experiment.  

Use of satellite data in 2021, no till drill was used for the first time at the CTF field, what was reflected 

in lower yield, this effect was clearly detected by the NDVI as well as yield monitoring system. The 

reduction was present at CTF as well as RTF areas of the field A, compared to the RTF at field B.  

To have an overview of  the whole time period, summary statistics of relative yield and NDVI frequency 

maps for different management systems (CTF and RTF) is provided in Table 2. The results show that 

different mean values were found between the relative yield and NDVI frequency maps for yield poten-

tial estimation. While the mean value for NDVI frequency maps was around 110 %, for yield frequency 

maps it was around 120 %. The difference in the results is due to the different way of obtaining the 

source data. While the Yield frequency map is based on the yield maps of the monitored years derived 

from the final harvest data, NDVI frequency maps are averaged images of the current state of the stand 

in each year captured in the pre-ripening phase. 

 

Tab. 2 Summary statistics of relative (%) frequency maps (FM) for NDVI index and yield on both ex-

perimental fields (A and B) characterized by different management system: controlled traffic farming 

(CTF) and random traffic farming (RTF), =0.05 

Parameter 
A-CTF 

A-RTF  

(modelled RTF) 
B-RTF 

FM NDVI FM yield FM NDVI FM yield FM NDVI FM yield 

Mean 110.39 119.95 110.76 121.27 109.54 119.94 

Error of mean value 0.31 0.58 0.27 0.52 0.38 0.66 

Median 107.02 114.73 106.94 115.03 109.85 114.14 

Modus 111.82 113.85 104.71 115.07 109.96 107.23 

St.Dev. 9.72 18.23 10.49 20.31 5.78 30.23 

Variance 94.80 336.18 110.11 412.70 33.38 914.04 

Kurtosis 0.47 2.10 0.36 1.55 2.34 11.96 

Skewness 1.19 1.49 1.21 1.40 0.92 3.19 

Difference max. min. 41.57 112.19 42.74 126.74 37.13 244.29 

Minimum 97.78 83.73 97.78 76.32 99.59 61.92 

Maximum 139.35 195.92 140.52 203.06 136.72 306.21 

Sum 113750.52 123845.96 169474.69 185553.02 25084.95 250547.06 

Count 1029.50 1029.50 1530.00 1530.00 229.00 2089.00 

level of sign. (95.0%) 0.61 1.13 0.53 1.02 0.75 1.30 
FM – frequency map, NDVI -Normalised Difference Vegetation Index, sign. – significance, St.Dev. – Standard Deviation  
 

CTF management has generally proved to be a management method that is able to provide stable yields 

on the whole plot in the long run (see individual measured years in Table 1), especially in dry years. 

Although the mean value of the relative yield potential was relatively lower, compared to the RTF field 

B management. As Table 2 shows, Yield_CTF was 119.95%, while Yield_RTF was 121.27% on field 

A. On the field B, where RTF management was fully operated, the value of the relative yield frequency 

map reached 119.94 %. The values related to NDVI frequency maps had the same trend, where field B 
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with complex RTF management showed the worst mean values. NDVI as a green crop vitality indicator 

can show current state of the canopy related to a certain date or period of the growth stage and is usually 

related to the agroecological conditions of the field. 

The standard deviation and variance also differed with presented management methods. CTF manage-

ment in field A showed lower values of standard deviation and variance for both: Yield and NDVI 

frequency maps than for modelled RTF management. Field B showed relatively large differences be-

tween yield and NDVI in this respect, with the resulting yield potential achieving high variability on 

this field. Again, when looking at the variability of the CTF field (Galambošová et al., 2017), decrease 

of the standard deviation at A-CTF an areas throughout the seasons (Rataj et al., 2022) and overall (Tab. 

2) compared to A-RTF and B-RTF shows the potential for management the variability and stabilisation 

of yields via avoiding soil compaction. 

 

CONCLUSIONS 

In this study we used multiannual datasets to assess the vitality of selected cereals growing under two 

different traffic management systems (CTF and RTF). Combining the satellite data and the combine 

harvester yield monitoring data help to assess the field scale experiment outputs during the several grow-

ing seasons as well as at the harvest stage. 

Results showed that performance of a tested technology (CTF) can be reliably evaluated after each 

growing season and relative yield and NDVI data enable to compare the performance with a technology 

where random traffic is used.  

Data confirmed the potential of CTF technology to stabilise the yield during extremely weather condi-

tions and given them potential for growth in drier years (up to 7%).  Beneficial is most of all the overall 

view across long term period of time comprising weather extremes as well as typical years. 
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Abstract 

The article deals with the analysis of ultrasonic signal amplitudes when the reflecting surface changes 

from the planar case to the sharp corner case. The distance between the transmitter and the reflecting 

surface was varied in steps in the interval 100 mm ÷ 215 mm. Statistically significant differences be-

tween the planar reflection and the reflection from the corner surface were demonstrated in the case of 

the ultrasound signal amplitudes at each distance as well as in the cases of the maximum components 

of the frequency analysis of the ultrasound signal. The statistically non-significant difference between 

the amplitude of the ultrasound signal and the amplitude of the simulated transfer function gives an 

indication of the universal description of the ultrasound signal on complex variable modelling in the 

case of reflection from a planar and corner surface. 

 

Key words: distance, measurement, transfer function, ultrasound amplitude, ultrasound reflection. 

 

INTRODUCTION 

The measurement of position has fundamental place in the industry. Not only accuracy and scale but 

also the economics of the measurement system are addressed. Ultrasonic waves are widely used for 

object distance measurement, distance measurement in robots, robot (vehicle) navigation and so on in 

industrial applications (Naba et al., 2015). A typical system for distance measurement using ultrasound 

includes ultrasonic transducers for generating and sensing ultrasonic pulses, a microcontroller for con-

trolling the measurement system, a temperature compensation for the accuracy of the measured distance, 

and a unit for processing the measured data (Qiu et al., 2022). The basic distance measurement method 

is the impulse method. Measurement systems using correlation for distance measurement, the generated 

ultrasonic signal is compared with the reflected ultrasonic signal from the object. The maximum of the 

correlation function over time gives a more accurate time indication for distance measurements relative 

to the impulse method. Compared to the impulse method, the correlation method requires a higher num-

ber of iterations of cross-correlations by convolution (Hirata et al., 2008). The authors (Vogt et al., 

2014) report the application of ultrasonic water flow measurement. They note that the use of the corre-

lation method improves the accuracy of flow measurement in turbulent flow media. In (Blasina et al., 

2017), the authors subjected ultrasonic reflections from steel rods to correlation at specific times to 

which it was exposed to external heat. The method is used in monitoring temperature characteristics in 

food production. The measurement of the position of an object can also be obtained by integrating two 

ultrasonic sensors and identifying the position vector by triangulation. In applying the triangulation 

method, the authors (Moreira et al., 2019) used the standard deviation to quantify the deviations between 

the actual and the measured position vector. The authors (Martínez et al., 2004) used a nonlinear regres-

sion method to estimate the shape of the reflection surface between the planar case and the sharp edge. 

The aim of this article is the frequency analysis of an ultrasonic signal reflected from a sharp corner, 

representing a simulated edge in space. The results are compared with the reflection of the ultrasonic 

signal from a planar surface with unchanged characteristics.

MATERIALS AND METHODS 

Measurement system 

The animal positional identification logging system (Lendelová et al., 2017) was used as the measure-

ment system. The block diagram of the measurement system is shown in Fig. 1. A 400ST160 piezoe-

lectric transmitter was used as the source of ultrasonic impulses. The transmitter had a resonant fre-

quency of 40 kHz ± 1 kHz according to (Pro-Wave, 2005). A 400SR160 piezoelectric sensor was used 
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for ultrasonic reflection sensing. The electrical signal from the ultrasonic transducer was amplified with 

an operational amplifier with an input impedance of 1 kΩ and a gain of 25 dB. One transmitter and one 

ultrasonic impulse sensor were used. 

 

 
 

Fig. 1 Block diagram of measurement system 

 

The electrical signal was measured with an Agilent U2353A data logger in differential mode of the 

analog inputs. The sampling frequency was determined 200 kHz heuristically. Selected characteristics 

of the datalogger used are shown in Tab. 1. 

 

Tab. 1 Selected characteristics of U2353A dataloger (Keysight, 2021) 

Parameter Value 

Resolution, bit 16 

Number of analog channels, - 16 

Input impedance, GΩ / pF 1 / 100 

Uncertainty of measure, µV 

(at selected range: a) ± 10 V, b) ± 5 V, 
c) ± 2,5 V, d) ± 1,25 V) 

± 305.2 a) 

± 152.6 b) 

± 76.3 c) 

± 38.2 d) 

Sampling, MSa · s-1 max. 1 

Offset error, mV ± 1 

Gain error, mV ± 2 

System noise, mV 1 

Slew rate, V · (µs)-1 19 

 

Agilent Measurement manager 1.2 software was used to acquire the measured signals. An electrical 

signal with an effective value of 3 mV was interpreted as noise. We cleaned the measured sample from 

the noise defined in this way, taking into respect the amplitude of the acquired signal in the Matlab 

environment.  

Conditions of experiment 

As a reflective surface we used a metal profile of ‘L’ shape with a thickness of 1.5 mm. The surfaces 

which were perpendicular to each other have the dimensions 230 mm x 110 mm. The reflecting normal 

was exposed to ultrasonic impulses in the planar case (Fig. 2, a) and in the corner case (Fig. 2, b).  

During the experiment, we changed the geometrical conditions of the measurement, namely: the distance 
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between the transmitter and the reflecting surface was changed stepwise in the interval 100 mm to 215 

mm. For the corner case, the transmit vector guide made a mid-angle with the reflection corner (45°). 

The ultrasound transducer and receiver were positioned at the geometric centre in the X-axis direction 

(Fig. 2). 

 

 
 

Fig. 2 Measurement geometric conditions (all length dimensions are in millimetres)  

 

Data processing and used software 

For statistical processing of observed data, STATISTICA 10 software was used. Results are presented 

as mean ± standard deviation. Statistically significant differences (p ≤ 0.05) were obtained by Sidak's 

test in one-factor analysis of variance at the significance level of α = 0.05. The normality of the measured 

data was verified by the Shapiro-Wilk test at a significance level of α = 0.05. The experimental meas-

urement was performed 4 times at a given distance L. Frequency analysis of the measured samples from 

the ultrasound sensor and modelling in the complex variable were performed by Discrete Fourier Trans-

form in Matlab R2015b environment. The maximum frequency component was chosen as the quantifier 

of the frequency analysis result. We determined the correlation between the selected parameters by 

Pearson's correlation coefficient r.  

 

RESULTS AND DISCUSSION  

Analysis of ultrasound signal amplitudes 

The statistical evaluation of the mean amplitudes of the ultrasonic signals at given distances L is pre-

sented in Fig. 3. The correlation between the average amplitudes and the distance L shows a nonlinear 

characteristic in the planar case with a coefficient of r = - 0.595. The normality of the measured ampli-

tudes was verified in favour of the Normal probability distribution with a maximum coefficient of vari-

ation which equal to 2.239 % for the condition L = 200 mm. In the corner case, the measured data 

showed statistically significant similarity to the Normal probability distribution with a maximum coef-

ficient of variation of 2.393 % at the L = 215 mm condition. The correlation between the average ultra-

sound signal amplitudes and the distance L shows a non-linear characteristic in the corner case with a 

coefficient of correlation r = - 0.640. By Sidak's test of statistically significant difference, we obtained 

statistically significant differences between the amplitudes of similar dimensions (p ≤ 0.05). The non-

linearity of the signal amplitude with distance is consistent with the authors (Martínez et al., 2004), who 

modelled the amplitude function of ultrasound on distance with the exponential regression equation. 
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Fig. 3 Statistical evaluation of ultrasound signal amplitudes

 

Analysis of ultrasound signal frequency spectra 

A statistical evaluation of the mean amplitudes of the ultrasound signal spectra at given distances L is 

shown on Fig. 4. By identifying the maximum amplitude component of the signal spectra at the ultra-

sound sensor, we determined the maximum frequency component, which was in the interval  

40.039 kHz ÷ 40.625 kHz for both planar and corner cases. The normality of the identified spectra 

amplitudes was verified in favour of the Normal Probability Distribution for all measured samples with 

a maximum coefficient of variation of 2.746 % for the L = 200 mm condition. The correlation between 

the average spectral amplitudes of the ultrasound signal and the distance L shows a nonlinear character-

istic with a coefficient r = - 0.635 on the planar case and a nonlinear characteristic with a coefficient 

r = - 0.195 on the corner case. By Sidak's test of statistically significant difference, we obtained statisti-

cally significant differences between the amplitudes of the spectra of similar dimensions (p ≤ 0.05). 

 

 
 

Fig. 4 Statistical evaluation of ultrasound frequency component amplitudes from signal spectra 
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Analysis of ultrasound signal by modelling on complex variable 

By modelling the transfer functions of the measured ultrasound signals with maximum amplitudes of 

voltage on ultrasound sensor, we obtained third-order dynamic systems. The coefficient of determina-

tion was up to 85.86 % for the planar case and up to 83.99 % for the corner case. 

 

Tab. 2 Poles and zeros of modelled dynamic systems 

Parameter Value 

Poles, - 

Planar case 
- 1564 

- 2249 ± i 3721 

Corner case 
- 1196 

- 1395 ± i 3885 

Zeros, - 
Planar case 8943 ± i 8997 

Corner case 6383 ± i 6368 

 

The settlement time of the complex function shows an increase of 25.40 % in the corner case compared 

to the planar case. The increase indicates longer duration transient phenomenon in the case of reflection 

from a non-planar surface. The statistically significant difference between the transfer function ampli-

tude and the experimental amplitudes was statistically significant (p ≤ 0.05) in the planar case and sta-

tistically insignificant (p > 0.05) in the corner case. By comparing the chosen level of statistical signif-

icance and identified statistically significant differences, we can obtain similar distance measurement 

deviations, as the authors (Moreira et al., 2019) when interpreting the ultrasound signal amplitude at the 

level of threshold by voltage. Based on the amplitude of the ultrasound signal, we can correlate the 

dependence between the shape of the reflecting surface and the distance between the transmitter and the 

reflecting surface, which is nonlinear (Yata et al., 2000). The increase in transient phenomena for the 

corner case correlates with the multiple reflection from sharp edges as has been the result of the authors 

(Martínez et al., 2004). The authors (Chen & Chou, 2008) used the triangulation method to identify the 

corner reflective surface. Evaluating the influence of additional reflections on the frequency domain of 

the signal gives a direction to classify the acquired signal as time-varying, which will be reflected in 

quantifying the impulse duration over time as an n-th order dynamic system. It can be stated that ac-

cording to the authors (Qiu et al., 2022), when cross-correlation is used to increase the accuracy of the 

distance measurement, at the same time, the computation duration requirements increase significantly 

due to the possibility of the presence of higher frequency significantly. The decrease in ultrasound signal 

amplitude in the corner case can be compared with the article (Yata et al., 2000), where the authors 

present a power function for the ultrasound amplitude as a function of the characteristics and distance 

from the reflecting surface. 

 

CONCLUSIONS 
The evaluation of correlation between the distance between object and the amplitude of ultrasonic signal 

is indicating a strong nonlinear dependence. The statistically significant difference between the planar 

reflection case of the ultrasound pulse versus the corner case suggest a possible correlation between the 

reflection case and the signal amplitude. Frequency analysis of the ultrasound signal showed identically 

statistically significant differences between the planar case and the corner case. The correlation between 

the amplitudes of the ultrasound signal spectra showed a poor nonlinear dependence to distance vector. 

In terms of transient effects, modelling the ultrasonic pulse is more guided by a complex model versus 

regression model. 
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Abstract 

The aim of the verification was to gain knowledge about the energy balance, performance, and operating 

parameters of gas absorption heat pumps with equithermal heating water temperature control and fixed 

heating water temperature control. Four ROBUR air-water gas absorption heat pumps (GAHP) A with 

outputs of 50 kW and 100 kW were tested in operation in various modes. During equithermal control of 

heat pump operation, 6.5-18.2% higher values of SCOP, SGUE and SPER performance parameters 

were achieved. The performance parameters SCOP, SGUE and SPER were 8.4-9.1% higher in equi-

thermal control and the requirement of 16-hour active control than in the requirement of 24-hour active 

control. When using equithermal control, the specific CO2 production resulting from natural gas con-

sumption was lower by 6.84 kg CO2/GJ and from electricity consumption by 0.32 kg CO2/GJ compared 

to fixed heating water temperature control. A lower defrost frequency of the heat pump evaporator was 

found during the fixed heating water temperature control. 

 

Key words: absorption heat pump; natural gas; energy balance; COP; GUE; PER; CO2 emission. 

 

INTRODUCTION 

Gas Absorption Heat Pump (GAHP) operation control has a major impact on its performance parame-

ters, namely Coefficient of Performance (COP), Gas Utilization Efficiency (GUE), and Primary Energy 

Ratio (PER). (Fumagalli, 2017) indicated that performance parameters determine global performance. 

However, it is important to analyse performance parameters together with other parameters characteris-

ing GAHP operating conditions. They included external conditions (ambient temperature and humidity), 

operating conditions (heating water temperatures), number of burner ignitions, cycle time, and defrost 

frequency. They considered PER to be the performance parameter with the highest definition. (Janssen, 

2020) indicated that the key parameter is the cycle time, which significantly affects the overall effi-

ciency. They supported this statement by the results of verification showing that the start-up time is 

about 8 minutes. At the 15-minute cycle, the actual efficiency was 22% lower than the steady-state 

efficiency. When the cycle lasted 35 minutes, the efficiency reached a value higher than 90% of the 

steady state. (Corrales Ciganda, 2015) studied GAHP efficiency in real applications. They observed the 

poor impact of incorrect design and control strategies, which caused excessive power consumption and 

frequent ON-OFF cycles (cycling). They also considered the PER performance parameter to be the most 

important. 

(Famiglietti, 2021) studied the environmental aspects of GAHP applied to space heating and domestic 

hot water heating. They carried out evaluations in three buildings located in three representative Euro-

pean climatic conditions. CO2 emissions were specified per 1 kWh produced by these sources. (Char-

lick, 2014) performed detailed dynamic tests of air/water GAHP at ambient air temperatures of 0 °C 

and 7 °C and heating water temperatures of 40 °C and 60 °C. CO2 production ranged from 0.185 kg 

CO2/kWh to 0.202 kg CO2/kWh. 

It is indicated in the report for Sustainable Energy Authority of Ireland (Heat Pumps Technology Guide, 

2020) that the equithermal control is the most commonly used to manage GAHP operations. Equither-

mal temperature control consists in setting the heating water temperature of the heat source based on 

the outdoor temperature. At a lower outdoor temperature, a higher heating water temperature is required 

to balance the supplied heat with the heat loss of the building and vice versa. A set of equithermal 

curves can be determined for a given building, which describes the interdependence of the heating water 

temperature, the temperature in the building, and the outdoor temperature. Based on the required tem-

perature in the building, a particular curve can be selected, and the heating water temperature can be 

regulated according to the outdoor temperature. The disadvantage of GAHP equithermal control is the 

slow response to rapid changes in outdoor temperatures (Heat Pumps Technology Guide, 2020). 
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The output of systems integrating several heat pumps, or heat pumps containing several cooling circuits, 

is controlled by switching the individual circuits on or off. This control method reduces the number of 

starts required, which means getting the system components less worn out and lowering the require-

ments for the balancing capacity (Heat Pumps Technology Guide, 2020). 

The verification aimed to gain knowledge about the energy balance and values of the GAHP seasonal 

performance parameters, i.e., Seasonal Coefficient of Performance (SCOP), Seasonal Gas Utilization 

Efficiencies (SGUE), Seasonal Primary Energy Ratio (SPER), and values of GAHPs operating param-

eters (time of one cycle τc, total operating times Στo, number of burner ignitions nc, defrost frequency nd) 

at two different control modes. It also aimed to specify the impact of the verified type of regulation on 

specific CO2/GJ production resulting from natural gas and electricity consumption.  

 

MATERIALS AND METHODS 

The verification was carried out on ROBUR air-water GAHPs A in 4 boiler rooms in a cascade with gas 

condensing boilers (CB) with outputs of 50 kW and 100 kW in the period of 1.9.2019 to 31.8.2020. The 

basic description of individual installations is presented in Tab. 1. The column “control” specifies the 

GAHP and CB operation control method. Abbreviation “Fix.” indicates fixed required heating water 

temperatures. GAHP operation at heating water temperatures of 60/50 °C and 55/45 °C was verified. 

Abbreviation “Eq.” stands for the control of the required heating water temperature based on the outdoor 

temperature, and the subsequent value indicates the slope of the equithermal curve. The value after the 

dash indicates the number of hours during the day when the request was active in comfort mode. The 

note “in” and “out” indicates the position of the reference sensor of the setpoint temperature, i.e., 

whether the cascade is controlled according to the temperature of the inlet or outlet water from the unit. 

The following column specifies the heat loss of the building Q ,h.l. at the calculated temperature of -15 

°C. The penultimate column shows the installed capacity of GAHP and peak CB sources, and the last 

column presents the average ambient temperature te during the verification. 

 

Tab. 1 Specification of parameters of verified operations

 Type of building  Type of source control Heat loss  

Q,h.l. 

Installed power Q,i.c. 

GAHP/CB  

te 

 

   kW kW °C 

A Primary school  Fix. 60/50 - 16 - out 50 1x35/1x30 3.6 

B Primary school Eq. 1,0 - 16 - in 100 2x35/1x35 3.2 

C Primary school Fix. 55/45 - 24 - out 50 1x35/1x30 3.6 

D Municipal authority Eq. 1,0 - 24 - in 100 2x35/1x50 3.0 

 

Heat production QC from GAHP condensers, natural gas consumption Qgen. in the generators, and the 

unit electricity consumption Qe.e in the monitored period were measured. The total operating times of 

GAHP o, average operating times of the cycle c, numbers of ignitions of generator gas burners nc, 

and defrost frequency of evaporators nd were also recorded. 

The efficiency of the cycle operation was evaluated by the standard seasonal performance parameters 

SCOP, SGUE, and SPER, and by the average cycle time c calculated according to the following rela-

tions: 

 

𝑆𝐶𝑂𝑃 =
𝑄𝐶.

𝑄𝑔𝑒𝑛.+𝑄𝑒.𝑒
   - (1) 𝑆𝐺𝑈𝐸 =

𝑄𝐶.

𝑄𝑔𝑒𝑛.
   - (2) 

 

𝑆𝑃𝐸𝑅 =
𝑄𝐶.

𝑄𝑔𝑒𝑛..𝑓𝑔𝑒𝑛.+𝑄𝑒.𝑒..𝑓𝑒.𝑒.
        -   (3) 𝑡𝑐 =

𝑆𝑡𝑜

𝑛𝑐
    s (4) 

 

Factors of primary energy from non-renewable sources in the sense of the (Directive EU 2018/844, 

2018) for the Czech Republic are considered fgen. = 1.0 for natural gas and fe.e = 2.6 for electricity.  
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RESULTS AND DISCUSSION  
The verification results are summarized in the graphs in Fig. 1 and 2 and in Tab. 2. 

 

 
 

Fig. 1 GAHP energy balance 

 

 
 

Fig. 2 GAHP performance parameters 

 

Due to different operational and external conditions, the calculated values of SPER performance param-

eters in the primary school building were 15-25% higher than reported by (Fumagalli, 2017). They were 

in conformity in the municipal authority building. 
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Tab. 2 Heat pump operating times and switch-on and defrost frequencies 

 Type of building Total operating 

time 

Average time of 

cycle 

Number of 

cycles 

Defrost  

frequency  

  o h c s nc - nd - 

A Primary school  1 863 4 132 1 623 59 

B Primary school 1 788/1 795 8 164 742/838 181/140 

C Primary school 1 924 1 399 4 950 0 

D Municipal authority 1 852/1 861 1 538 4 403/4 288 44/39 

The verification results confirmed the conclusions reported by (Corrales Ciganda, 2015). A higher num-

ber of ON/OF cycles caused dynamic losses leading to lower SPER and SGUE values. Higher electricity 

consumption affected the SPER values negatively. 

At the requirement of 16-hour active control, the average cycle times c during control Eq. and Fix. were 

significantly longer than the cycle time limits specified in (Janssen, 2020). It was not the case during 

the 24-hour active control. 

 

The operational verifications resulted in the following:  

1. Despite the significantly higher defrost frequency nd, higher values of the performance param-

eters SCOP, SGUE, and SPER were achieved when the control of GAHP operation was based 

on outdoor air temperature Eq. than when it was based on the fixed outlet water temperature 

Fix. 

2. The average cycle times c were longer during Eq. control, especially when 16-hour active 

control was required. When 24-hour active control was required, the cycle times were signifi-

cantly shorter and almost identical for both types of control. 

3. Total operating times o did not differ significantly at Eq. or Fix. control. They increased 

slightly with 24-hour active control. 

4. The number of starts (cycling) nc was higher during control Fix., especially when 16-hour active 

control was required. When 24-hour active control was required, the number of starts in both 

types of control increased significantly. 

5. The performance parameters SCOP, SGUE, and SPER during Eq. control were higher when 

16-hour active control was required than during the 24-hour active control requirement. 

The performance parameters during control Fix. were almost identical. 

6. The number of defrost cycles was significantly higher during Eq. control than during Fix. con-

trol. 

The seasonal energy efficiency of the device equivalent to our measured SPER value calculated by the 

manufacturer according to the NK 811/2013 methodology (Eur-lex, 2013) indicated its value for Robur 

GAHP A device 1.13 in average climatic conditions (CR), 1.09 in colder climates, and 1.17 in warmer 

climates. Higher SPER values were reached during Eq. control, both at the request of 16- and 24-hour 

active control, and lower during Fix. control.  

Tab. 3 presents specific heat consumption in the generator qgen., specific electricity consumption qe.e., 

and low-potential energy qair in the air fed to the GAHP evaporator needed to produce 1 GJ of energy 

in the GAHP condenser. 
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Tab. 3 GAHP specific heat and electricity consumption for the production of 1 GJ

 Type of source control Heat production 

in condenser 

qC 

Heat consump-

tion in generator  

qgen. 

Electricity 

consumption 

qe.e. 

Heat at the 

evaporator  

qair. 

  GJ GJ GJ GJ 

A Fix. 60/50 - 16 - out 1.0 0.824 0.031 0.145 

B Eq. 1.0 - 16 - in 1.0 0.701 0.028 0.271 

C Fix. 55/45 - 24 - out 1.0 0.814 0.038 0.148 

D Eq. 1.0 - 24 - in 1.0 0.761 0.031 0.208 

The processed verification results indicated the highest specific energy consumption 60/50 - 16 – “out” 

(A) during Fix. control and the lowest 1.0 - 16 – “in” (B) during Eq. control. The difference between 

specific heat and electricity consumption was qgen = 0.123 GJ and qe.e. = 0.003 GJ. 

According to (NIR, 2021), the emission factor 0.2 t CO2/MWh (55.6 kg/GJ) and the electricity genera-

tion factor 0.382 t CO2/MWh (106.1 kg/GJ) are used to calculate CO2 emissions from natural gas com-

bustion in the Czech Republic. Average emissions production of 43.78 kg CO2/GJ was calculated during 

Eq. control and 49.20 kg CO2/ GJ during Fix. control. It is evident from the above that the application 

of control type Eq. 1.0 - 16 – “in” compared to Fix. control 60/50 - 16 – “out” will reduce specific CO2 

production resulting from natural gas consumption by 6.84 kg CO2/GJ and electricity consumption by 

0.32 kg CO2/GJ. (Charlick, 2014) considered emission factors for natural gas 0.1841 kg CO2/kWh 

(51.14 kg CO2/GJ), and for electricity 0.5173 kg CO2/kWh (143.69 kg CO2/GJ). For control Fix., they 

stated average emission values of 0.187 kg CO2/kWh (51.94 kg CO2/GJ) for a heating water temperature 

of 40 °C, values of 0.201 kg CO2/kWh (55.84 kg CO2/GJ) for a heating water temperature of 60 °C. 

The recalculation indicated that the production of CO2/GJ in our verifications during control Fix. was 

lower by 16.1%. 

 

CONCLUSIONS 
The goals presented in the introduction to the article were achieved. The verification results showed that 

the Eq. control, i.e., the setting of the heating water temperature based on the outdoor temperature, was 

more effective than the Fix. control (setting fixed heating water temperatures) in terms of performance 

and operating parameters of the GAHP. 

The results also showed that the heat balance and performance and operating parameters of GAHP 

achieved better values at the requirement of 16-hour than at 24-hour active control. 

Higher performance and operating parameters of GAHP at Eq. control also brought positive environ-

mental aspects of reducing CO2 emissions. 
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Abstract 

The article is focused on the technology of polymer composite frame production by winding fibres on a 

non-load-bearing frame and their possibilities of use in the development of new agricultural machinery 

and equipment. An industrial robot and a winding head are used in the process of winding the fibres 

onto the frame. The main focus is attended on the process of winding fibres on a frame consisting of 

several parts with different cutting radii and the requirement to wind these parts at different angles due 

to the different loads of the future composite frame. The lengths of the individual parts of the frame, the 

radii of their circular cross-sections, and the required winding angles are determined on the basis of 

composite load modeling in some software systems. This type of composite frames has a wide range of 

applications in the production of agricultural machinery and equipment. 

 

Key words: agricultural machinery; polymer composite frame; model of composite load; composite 

lifespan; machine reinforcement. 

 

INTRODUCTION 

At present, the production of modern agricultural machinery is focused primarily on increasing their 

power, reduction of fuel consumption, and reducing the machine weight. At the same time, a sufficiently 

long lifespan of the agricultural machine and its production at an acceptable financial cost is required. 

The use of composite materials in the production of many machine components significantly helps to 

meet the stated production requirements (Gay, 2014; Agaroal, Broutman & Chandrashekhara, 2017). 

Composites are increasingly replacing conventional materials in production.  Composite materials in-

crease the resistance of the machine to the stresses of its individual parts (elasticity, tensile strength, 

pressure, and torsion). Furthermore, the composites enable low machine weight (preventing of soil com-

paction, see Fig. 1) and weather resistance. 

 

 
 

Fig. 1 Agricultural machines previously produced were constructed mainly of classic materials (iron, 

steel, aluminum, various metal alloys). Their weight was therefore significantly greater than the current 

machines. The two-row potato harvester is shown on the left, the grain harvester on the right. 

 

The application of composite materials to the renovated surfaces of machines due to their wear (e.g. 

plowing parts of the machine) was used already in the past (Mȕller, Chotěborský & Hrabě, 2009). At 

present, composite materials are increasingly used in agriculture (Chen, G., 2018). Polymer composite 

frames occupy an important place in the use of new materials.  
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Polymer composite frames are often used as machine chassis reinforcements, reinforcements of cargo 

space, doors, and driver's cabs. Composite frames are also applied as load-bearing structures for various 

agricultural machines and devices (e.g. trucks) and also as mechanical protective equipment for ma-

chines (for example external safety frames at the tractor cab, see Fig. 2).  

The aim of this contribution is to describe the technology of winding several layers of fibres onto a non-

load bearing composite frame. The winding process is implemented by using a mathematical model of 

winding, a winding head, and an industrial robot. 

 

 
 

Fig. 2 Safety composite frames for the tractor cab. 

 

MATERIALS AND METHODS 

One of the possibilities for the production of composite frames is fibre winding technology. The non-

load-bearing frame (usually made from polyurethane) is attached to the end of the working arm of the 

industrial robot (robot-end-effector). Based on a suitably determined trajectory of the robot (in more 

detail see (Siciliano, Sciavicco, Villani, & Oriolo,2010; Martinec, Mlýnek & Petrů, 2015)), the frame 

passes through the winding head, see Fig. 3 on the right and Fig. 4 on the right. The winding head 

comprises three rotating annular rings with spools of fibres. One layer of fibre windings is gradually 

formed by each annular ring as the frame passes through the winding head and the annular ring rotates. 

The technology of winding the fibres on the frame is described in detail in (Mlýnek, Koloor, Martinec 

& Petrů, 2021; Mlýnek, Petrů & Martinec, 2019). Composite frames have different geometric shapes, 

often highly 3D ragged (see Fig. 3 on the left). Frames can be closed (see Fig. 3 on the right) or open 

(see Fig. 3 on the left and Fig. 4 on the right) and have different cross-sections (e.g. circular, elliptical, 

trapezoidal).  

 

 
 

Fig. 3 Example of a 3D multi-shaped non-bearing hollow frame with circular cross-section (on the left). 

Closed non-bearing frame prepared to winding process. Frame is connected to robot working arm and 

goes through winding head (on the right).  
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In the remaining part of the article we will focus on the issue of winding frames consisting of several 

parts with different cross-sectional radii and the need to wind these parts in general at different angles 

(see Fig. 5 on the left). The parameters of such a frame and the required winding angles can be obtained 

on the basis of modeling the planned composite load, e.g. in the ANSYS and ABAQUS software tools. 

 

 
 

Fig. 4 Preparation of a winding head with three rotating rings with carbon fibre spools to start the wind-

ing process is shown on the left. The actual process of winding the fibres on a polyurethane frame, which 

is attached to the end of the working arm of the industrial robot, is displayed on the right. The frame 

passes through the winding head based on the movement of the robot arm, and at the same time three 

layers of fibres are wound simultaneously (each rotating annular ring winds one layer). 

 

A mathematical model of the winding process is shown in Fig. 5 on the right. One rotating annular ring 

k with its center S and radius R is depicted in this figure. The annular ring is part of the winding head 

and lies in plane orthogonal to axis s of winding head.  

 

 
 

Fig. 5 Example of a straight-line frame with three parts with different radii of their circle cross-sections 

on the left. The mathematical model of annular ring k of the winding head, straight-line frame and wind-

ing plane ρ is shown on the right. 

Central axis o of frame is identical with axis s of the winding head (see Fig. 5 on the right). Radius of 

cylindrical frame is denoted r. We suppose constant speed w of the passage of the frame through the 

winding head. Annular ring k with coils is rotated around axes s, frame goes through annular ring k by 
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speed w and on frame is created layer of wound fibres under winding angle α in distance h from the 

annular ring k (in plane ρ).  

We need to determine the angular speed ω of the annular ring k so that the fibres are wound at the 

prescribed angle α. The angular speed ω is controlled by the external axis of the robot during the winding 

process. 

It is also necessary to know at what distance h from the annular ring k the fibres are wound on the frame 

when winding at an α angle is specified. The procedure for deriving the calculation of required angular 

speed ω and the winding distance h at the required winding angle α is described in detail in (Mlýnek, 

Koloor, Martinec & Petrů, 2021).  

The wound fibre (usually from carbon, glass or aramid) forms a helix on the surface of the frame with 

circular cross-section. The fibre forms a right-handed helix (positive winding angle α) or a left-handed 

helix (negative winding angle α).  Winding angle α ∈ (0,
𝜋

2
) in positive winding orientation corresponds 

to the pitch angle α of the right-handed helix.  

Pitch of helix v (height of helix when is created one thread at an α angle) is given by relation 𝑣 =
2𝜋𝑟. 𝑡𝑔𝛼 (see (Pressley, 2010)). To ensure winding at an α angle, the annular ring have to make one 

turn in the same amount of time as the frame travels the distance 𝑣.  

Peripheral speed u of the annular ring k is given by relation 𝑢 = 𝜔. 𝑅.  Based on the validity of the relation 

 
𝑢

𝑤
=

2𝜋𝑅

𝑣
=  

2𝜋𝑅

2𝜋𝑟.𝑡𝑔𝛼
=  

𝑅

𝑟.𝑡𝑔𝛼
 , we can express angular speed ω in the form 

 

𝜔 =  
1

𝑟.𝑡𝑔∝
 ∙  𝑤 . (1) 

 

Distance h of winding the fibre onto the frame from the annular ring k can be derived from the parametric 

equation of the helix and the expression of the equation of the tangent of the helix at a given point. 

Distance h is given by relation (derivation is described in detail in (Mlýnek, Koloor, Martinec & Petrů, 

2021)) 

 

ℎ = 𝑡𝑔𝛼 . √𝑅2 − 𝑟2 . (2) 

 

Based on the use of equations (1) and (2), the desired winding angle of the fibres can be continuously 

and repeatedly changed. From relation (1) it can be seen that angular speed ω of the annular ring k 

depends on radius r of frame, at required winding angle α and constant movement w passage of the 

frame through winding head. Distance h in relation (2) depends on winding angle α, on radius R of 

annular ring k, and radius r of frame. 

 

RESULTS AND DISCUSSION  
Braiding technology and filament winding are the most used manufacturing procedures of composite 

frames productions. The advantage of braiding is the high adhesion of the fibres to the frame surface 

(see (Eschler, Miadowitz, Zaremba, & Dreschsler, K., 2020)). The main advantage of filament winding 

is the possibility of winding a closed frames and performing a continuous change of filament winding 

angle (see (Mlýnek, Koloor, Martinec & Petrů, 2021)). Relationships (1) and (2) make it possible to 

continuously wind frame parts with different radii of their circular cross-sections. Using relation (2), it 

is possible to determine at what distance from the annular ring the fibres are wound on the frame. At the 

same time, relation (1) provides us information on what angular speed ω the annular ring must rotate in 

order for the fibres to be wound at the desired angle α on a given part of the frame. Thus, assuming a 

constant speed w of the passage of the frame through the winding head, we know how it is necessary to 

ensure the angular speed of the annular ring at a given moment in order for the winding of the fibres to 

meet the requirement of winding angles. When the winding transition between two parts of the frame, 

it is necessary that the transition of the frame radius changes continuously (i.e. without a jump).  

Three layers of fibre windings for the described frame type can be performed simultaneously in one pass 

of the frame through the winding head.  If a larger number of fibre windings is required, the frame needs 

to pass through the winding head repeatedly.  
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Values of angular speed ω of annular ring depending on the parameters in relation (1) are shown in 

Tab. 1. This table shows that with increasing value of the winding angle 𝛼 ∈ (0, 𝜋/2) (trigonometric 

function tg is increasing on this interval) and radius r of the frame, the angular speed ω of the rotating 

ring k decreases. Conversely, as the constant speed w of passage of the frame through the winding head 

increases, the angular speed ω increases

Tab. 1 Calculation of angular speed ω of ring rotation depending using relation (1) 

w [mm/s] r[mm] α [°] α [rad] tg α ω [rad/s] 

20 20 30 0.5235 0,577 3 1,7322 

  45 0.7853 1,000 0 1,0000 

  60 1.0471 1,732 0 0,5773 

 40 30 0.5235 0,577 3 0,8661 

  45 0.7853 1,000 0 0,5000 

  60 1.0471 1,732 0 0,2886 

50 20 30 0.5235 0,577 3 4,3305 

  45 0.7853 1,000 0 2,5000 

  60 1.0471 1,732 0 1,4432 

 40 30 0.5235 0,577 3 2,1652 

  45 0.7853 1,000 0 1,2500 

  60 1.0471 1,732 0 0,7215 

 

Values of distance h of winding fibres on frame from annular ring depending on the parameters in rela-

tion (2) are shown in Tab. 2. 

 

Tab. 2 Calculation of distance winding h of fibres on the frame from rotating ring k using relation (2) 

R [mm/s] r[mm] α [°] α [rad] tg α h[mm] 

50 20 30 0.5235 0,5773 26,4403 

  45 0.7853 1,0000 45,8000 

  60 1.0471 1,7320 79,3256 

 40 30 0.5235 0,5773 17,0319 

  45 0.7853 1,0000 30,0000 

  60 1.0471 1,7320 42,9600 

100 20 30 0.5235 0,5773 56,5632 

  45 0.7853 1,0000 97,9795 

  60 1.0471 1,7320 169,7004 

 40 30 0.5235 0,5773 52,9101 

  45 0.7853 1,0000 91,6510 

  60 1.0471 1,7320 158,7395 

 

Tab. 2 indicates the values of distance h of winding fibres on the frame from the rotating annular ring k 

with the fibres for specific input parameters in relation (2). Distance h increases with growing of annular 

ring radius R and winding angle α, on the contrary it decreases with increasing value of frame radius r.  

 

CONCLUSIONS 
At present, composite materials are increasingly used in the production of agricultural machinery. Pol-

ymer composite frames have an irreplaceable place in production. The procedure described in this article 

allows the application of fibre winding technology to more complicated shapes of frames composed of 

several parts with different radii of circular cross-section. Different parts of the composite frame can be 

significantly loaded in different ways during the operation of an agricultural machine or equipment. 
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Based on modelling the planned load of the developed composite frame using a software tool, it is 

possible to determine the appropriate shape and radius of the cross-section of individual frame parts as 

well as the required fibre winding angle on individual frame parts for each fibre winding layer. The 

positive and negative winding orientations usually alternate between successive layers of fibres. The 

quality of winding fibres on the frame is addressed in this article mainly from a geometric point of view. 

The quality of the fibres used to winding also plays an important role. But the correct winding of fibres 

from a geometric point of view is a necessary prerequisite for the production of a high-quality composite 

frame. 

The results and conclusions of this article can be successfully used in the development of polymer com-

posite frames in agriculture when designing new machines and equipment.  
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Abstract 

This paper presents the ongoing research which aims to determine suitable combinations of dimensions 

of electrodes and of mixtures of conductive inks in the design of planar pressure transducers, and par-

ticularly in the design of the currently developed flexible tactile sensor SITSCAN CS. Here we continue 

in our previous work on planar pressure transducers by evaluating conductive inks. Due to the only 

partial results in this research field, we decided to perform an extensive and original measurement of 

totally 162 combinations of different electrode sizes, various conductive ink mixtures and ink layer thick-

nesses. Thanks to this, it will be possible to design various tactile sensors without the need to perform 

time-consuming preparatory measurements. The aim of the measurement is also to determine the usable 

working range of pressures and the corresponding sensitivity for certain combinations of electrodes and 

inks, and also to exclude those variants which are unsuitable for the given purposes. In the paper, we 

present the impact of the electrode dimensions on the measured electrical resistance. 

 

Key words: tactile sensor; communication bus; pressure; electrode; Sitscan; conductive ink. 

 

INTRODUCTION 

In our previous work, we developed a planar measuring system PLANTOGRAF which evaluates the 

pressure distribution between the road, the soil and the tyre, or even within the soil itself; but the meas-

uring system found its use in the medicine, too. Its current version consists of a large number of 16 400 

individual sensors, that change their electrical resistance due to the applied pressure. Its predecessors 

also used individual electrodes to convert pressure into electric signals, however, they used different 

technology (originally conductive rubber, further conductive ink on a separate foil layer), for more de-

tailed information about the previous research see e.g. (Volf et al., 2015; Koder et al., 2019). The main 

difference represents another method of applying ink to the electrodes and the flexibility of the trans-

ducer; any individual sensor represents a circle electrode with conductive ink applied directly to it, un-

like previous solutions, where the ink was applied on a separate layer, more discussion about the appli-

cation of the ink is described by (Volf et al., 2019). This was possible using a different ink type, namely 

polymer-based instead of water-based that did not adhere to the electrode. Now we are developing a 

new measuring system labelled SITSCAN CS, which is primarily designed to development of ergonom-

ically shaped chairs. The main difference to its predecessors is the flexibility, i.e. its possibility to adopt 

to uneven surfaces, such as chair seats. This brings some innovative techniques of the design, such as 

using the printing technology by creating the sensor matrix. 

A planar pressure transducer consists of a matrix of individual sensors, that are covered with the piezo-

resistive material. They originally came with conductive rubber based on the experiences described 

(Barman & Guha, 2005). As we focused our research to create a flexible transducer, we also reflect 

newer experiences teams experimenting with piezoresistive materials, e.g. by the design of FSR sensors 

discussed by (Giovanelli. & Farella, 2016) with lower pressure range. The properties of conductive inks 

are extensively described by (Dimitriou E. & Michailidis, 2021). The authors also focus on the electrical 

conductivity of conductive inks, which we will also reflect in further parts of our research, where dif-

ferent ink mixtures will be evaluated. 

Before the final design of the new transducer SITSCAN CS, individual characteristics of various com-

binations of inks and different electrodes have to be measured; subsequently, their suitability for the 

intended use will be evaluated and the most suitable one will be implemented into the measuring system. 

The main motivation of our research is to perform the time-consuming preparatory measurements of the 

ink characteristics only once and to efficiently use the results in the design of a wide range of planar 

pressure transducers. This includes an extensive and original measurement of several combinations of 
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different electrode sizes, various conductive ink mixtures and ink layer thicknesses. The aim of the study 

is to present the first part of the measurement, namely on the test sample plates Nr. 3 to Nr. 5 and to use 

the results to create a preliminary mathematical model that describes the relation between the electrodes 

and the electrical resistance. 

 

MATERIALS AND METHODS 

As we started the development of the new transducer, we ordered at the Faculty of Chemical Technol-

ogy, University of Pardubice, Czech Republic, 2 + 9 individual samples (see Fig. 1) in shape of a plate, 

that includes 18 individual circular electrodes with different dimensions. The samples were made using 

printing technology and each one has a unique combination of thickness of the ink layer and the ratio of 

the inks in the mixture. The electric output signal is obtained via three busses that are connected to the 

electrodes. As the piezoresistive layer were selected conductive inks HENKEL NCI 7002 and ECI 

7004HR in the specified ratios in the mixture. The ink 7002 is non conductive, whereby the ink 7004 is 

conductive with carbon particles as filler. The inks are designed to blend with each other to obtain the 

required level of resistivity, they are suitable for the printing technology (LOCLITE NCI 7002 and 

LOCLITE NCI 7002 product sheets). 

 

 
 

Fig. 1 Sample plate with circular electrodes. 

 

Due to the proposed extend 162 ink – electrode combinations, we decided to perform the measurement 

as automatically as possible. This included four key parts, namely using a robotized arm to extend se-

lected force on the electrode, a control program to set the exerted force automatically, an electric circuit 

to determinate the electrical resistance as the output variable and a LabView program to collect the data 

and calculate the quantities. More detail about the used methodology can be found in (Volf et al., 2019). 

Measurements of the dependency of the output voltage (or else electrical resistance) were performed at 

a robotized workplace equipped with a Turbo Scara SR60 robot. The basic step of the vertical motion 

of the robot’s arm is 0.01 mm. Pressure was applied by the measuring tip with 3 mm in diameter by 

means of the vertical motion of the robot’s arm. The arm was moved in 0.02 mm increments for a general 

overview of the behaviour of an electrode and further in 0.01 mm step for a more detailed analysis; this 

more detailed course was measured only on selected (the most convenient) electrodes and will be pre-

sented separately. The loading force was exerted from 0,37 N up to cca. 17,6 N. The pressure applied 

on the electrodes was calculated from the known area of the surface of the measuring tip and the exerted 

force. This resulted in the measured range of pressure values approximately from 30 kPa up to 1 400 

kPa for the particular measuring tip. A photograph of the robotized measuring workspace is depicted in 

Fig. 2. 
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Fig. 2 Robotized measuring workspace. 

 

The electrical resistance of a particular electrode depends on several variables, namely on the dimension 

of the used electrode, on the used ink or ink mixture and on the thickness of the applied ink layer. We 

expect a significant impact of the thickness of the ink layer on the electrical resistance; within a thinner 

ink layer, there are created less conductive paths and the resistance should theoretically increase. The 

impact of the dimensions of an electrode on the electrical resistance is more complex and will be eval-

uated statistically in the next chapter. Theoretically, the electrical resistance should increase with the 

area size, as there are created more conductive paths within the ink, and it should also decrease with 

smaller gap between the inner and outer electrode as the conductive path shortens. 

 

RESULTS AND DISCUSSION  
The aim of this evaluation is to determine the dependency of the electrical resistance on the dimension 

of the electrodes and to make a mathematical model of this dependency. As the variables area of the 

electrode and the gap between the inner and outer electrode are not independent on each other, a direct 

statistical evaluation of the impact of the gap size and of the electrode area itself on the electric conduc-

tivity is not possible. Therefore, we introduce a new variable called Active Electrode Area PA, that in-

cludes both parameters (1), where the others (ink thickness, mixture) are kept constant. The values of 

R1 – R4 are graphically explained in Fig. 2; the calculated values of PA (%) for individual electrodes are 

stated in Tab. 1. 

 

𝑃𝑎 =
𝜋𝑅4

2−𝜋𝑅3
2+𝜋𝑅2

2−𝜋𝑅1
2

𝜋𝑅4
2 =

𝑅4
2−𝑅3

2+𝑅2
2−𝑅1

2

𝑅4
2        (1) 
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Fig. 2 Dimensions of the electrodes. 

 

Tab. 1 Active electrode area PA for individual electrodes 

Electrode E1 E2 E3 E4 E5 E6 E7 E8 E9 

PA (%)               86 89,75 77,44 79,84 94,20 91,35 88,49 85,63 82,78 

Electrode E10 E11 E12 E13 E14 E15 E16 E17 E18 

PA (%)              79,92 77,06 93,65 90,53 87,40 84,28 81,15 78,03 74,90 

 

An arithmetic mean of measured electrical resistances of individual electrodes has been calculated and 

depicted by a scatter graph. Subsequently we used regression analysis to find a model, that describes the 

dependency of the electrical resistance on the Active Electrode Area. In following graphs in Figs. 3 and 

4, there are depicted two models with the regression function and with the coefficient of determination 

R2. 

 

 
 

Fig. 3 Regression analysis – exponential. 
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Fig. 4 Regression analysis – polynomial. 

 

The dependency is better captured by a 6th degree polynomial (Fig. 4 above). With increasing Active 

Electrode Area PA the electrical resistance decreases significantly, up to values under 100 kΩ. This is a 

very important finding for the design and selection of the electrodes for the transducer. According to the 

requirements on the designed transducer (expected pressure range, control electronics), electrodes with 

higher or lower active electrode area should be selected. This is in accordance with our introductory 

measurements with conductive inks and circular electrodes, where the PD electrode exhibited slightly 

higher electrical resistance by constant outer dimensions (Volf et al., 2019). More discussion about the 

impact of the electrode shape and dimensions on their resistivity can be found in (Yang et al., 2021). It 

is also important to keep the variable Active Electrode Area PA constant when designing same sensitive 

transducers with different resolution (i.e. with bigger or smaller electrodes), as the dimensions of the 

electrode are not independent. 

 

CONCLUSIONS 
Within our research, we evaluated the impact of the dimensions of the electrodes and of the ink layer 

thickness on the measured electrical resistance. The results will be applicable in the design of the new 

transducer SITSCAN CS, that converts the applied pressure into electric signal. Furthermore, the results 

can be used in design of any tactile transducer basing on an ink-based piezorezistive layer. We per-

formed an extensive set of measurements of 162 individual combinations of ink layer thickness – elec-

trode size – ink mixture ratio. The results should simplify the design of tactile pressure transducers in 

the future, as there will be no need for the time-demanding preparatory measurements and evaluations 

of the electrodes. 

Within the first part of our work, we concentrated on the test sample plates Nr. 3 to Nr. 5, with constant 

ratio of ink mixture and with 3 different ink thickness layers. The impact of the dimensions of the elec-

trodes on the electrical resistance has been investigated and modelled. Due to the dependency of the 

individual dimensions of an electrode on each other, a new variable called Active Electrode Area has 

been introduced. This variable determinates the ratio between the area of the gap and the area of the 

electrode. Using a regression analysis, the course is better captured using a 6th degree polynomial. With 

the increasing the Active Electrode Area the electrical resistance decreases up to values below 100 kΩ. 

This properties of the electrodes have to be taken into account by designing a new tactile transducer, 

too. The first set of electrodes proved them to be suitable for use in the new developed tactile sensor 

SITSCAN CS. The main limitation is now the partially limited pressure range, i.e. big uncertainties for 

low pressure ranges and zero sensitivity for high pressure ranges. The thinnest ink layer can be prelim-

inary excluded for the use in the tactile sensor. We will continue on the measurements with different ink 

mixtures to obtain the full set of 162 electrode – ink mixture – ink ratio combinations.
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Abstract 

The article is comparing the braking deceleration of two front forklifts, a new and a slightly used forklift 

truck, with technically identical specifications.  The focus of the article is on the braking effect of the 

new and slightly used trucks and the operational safety. The results were compared with the required 

braking deceleration according to the standards for granting a technical control.  Later, the safety as-

pects in normal warehouse operation were evaluated 32% more control force was applied to the brake 

pedal on the forklift with the new brakes in comparison with the slightly used forklift, where about 18% 

less braking deceleration was achieved.  Although both forklifts meet the standard norms, the difference 

in braking effect can create a collision situation.  Such instance can be avoided if the forklift is slightly 

used before its normal operation. 

 

Key words: brake deceleration; forklift; warehouse safety. 

 

INTRODUCTION

Large proportion of the handling trucks’ final braking deceleration is influenced by the brakes’ con-

struction, the types of materials and the condition of the individual structural elements 

(Swiderski, et al., 2019). Generally, with the change of the brake linings and other friction elements, 

precaution and anticipation of a lower braking effect is recommended (Arman, et al., 2018). This is 

rather common, if the brake components on an older forklift wear out and are replaced by new ones 

(Liu, et al., 2014).   

In the same way with a new handling truck, as with the road vehicles, it’s often automatically expected 

that everything in the new handling truck functions impeccably.  It is strongly recommended not to load 

the new vehicle with 100% weight at the beginning of its use, but to run it down slightly before (Tretsiak, 

2012).  But what about the braking effect?  Usually, no recommendations and restrictions are given.  At 

the same time, when taking into an example the case of forklift trucks, this is a very important aspect 

from the warehouse safety operation point of view.  Especially when considering, that multi-ton forklifts 

often operate with loads of similar weight to the forklifts (Horberry et al., 2004).  The warehouse spaces 

are very limited and even though the forklifts move at slower speeds, a contact with the pedestrians 

could be dangerous (Lehtonen, et al., 2021). Therefore, the magnitude of the braking effect is an im-

portant safety parameter. 

Safety in the warehouses can be improved by using slightly used forklifts.  

The aim of the study is to evaluate the safety of using new forklifts in the warehouse in relations to its 

braking efficiency values.

 

MATERIALS AND METHODS 

A decelerometer was used to measure braking deceleration on the forklift, which was placed next to the 

driver in a horizontal position.  It was secured against movement with a locking screw. A CT 3010 type 

decelerometer with production number 16107 was used during the measurement, the current calibration 

was valid. The pedometer was placed on the brake pedal. 
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Fig. 1 Tested forklifts    Fig. 2 Pedometr location 

 
The measurements of the forklifts braking deceleration were carried out at the premises of Toyota Ma-

terial Handling CZ in Rudná u Prahy. The measurements took place in outdoor areas and then in the 

warehouse of the Toyota MHCZ company. During the experiment, the outside temperature was 29 °C 

and 24 °C in the warehouse. Both surfaces’ tops were dry. In the outdoor conditions, the braking decel-

eration was measured on an asphalt surface, in the indoor spaces the braking deceleration was measured 

on a concrete surface. The measurements were carried out only on the front forklifts with a seated oper-

ator, where the presence of the decelerometer is permitted. A front four-wheel forklift with a Toyota 

type 02-8 FDF20 combustion engine was used for the measurements. Each measurement was performed 

repeatedly, at least five times. Table number 1 lists the parameters of the front carriages, which can be 

found from the identification labels and which must be on each handling technique. For the clarity of 

the differences between the forklift trucks used, the cells of the table are divided by the shades of grey 

colour.  The forklift marked in light grey and with the letter N is a completely new forklift that was only 

used to test the technical condition for the under carried measurements. The data marked in dark grey 

are the parameters of the used forklift that was already in operation at the Toyota MHCZ rental company.  

The data marked in white are completely identical. 

 
Tab. 1 Technical parameters of the forklifts 

Toyota – front forklift N   

Model 02 -8FDF20 

Series number 66719 60197 

Total weight 3790 kg 

Front tire size 7.00-12/5.00 

Tire pressure SOLID 

Back tire size 6.00 -9/ 4.00 

Year of manufacture 2018 2015 

Working hours 2 mth 3640 mth 

 
The functionality of the braking system is evaluated by using the average deceleration and the maximum 

force applied to the brake pedal. The applied force on the brake pedal must be checked and must not 

exceed the prescribed control force on the service brake table below the text.  To grant a technical in-

spection, the braking deceleration value must correspond to the values specified in the methodology for 

carrying out technical inspections: NV No. 176/2008 sb., ČSN EN ISO 3691-1, and ČSN ISO 6292. The 

standards are given by the Engineering Testing Institute in Jablonec nad Nisou.  Super elastic tires, 

marked SE, were used.  The brands Solodeal Magnum grey colour 7.00-12/5.00 for the rear wheels and 

Solodeal Magnum grey colour 6.00-9/4.00 for the front wheels.  The dimensions were chosen accord-

ingly to the identification plate of the machine. 

 

The distance was calculated from the measured deceleration according to relation number 1 

𝑠 =
1

2
𝑎𝑡         (1) 

where s is distancem, a is deceleration m/s2, t is time s  
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The speed v m/s was calculated according to the relationship number 2: 

𝑣 =  √2 ∙ 𝑎 ∙ 𝑠         (2) 

where a is deceleration m/s2, s is distance m  

 

The calculation of the braking force B kN is given in relation 3 

𝐵 =  𝑚 ∙ 𝑎         (3) 

where, m is weight kg,  a is deceleration m/s2  

 

Used relationship number 4 to detect braking 𝐶𝑏 %: 

𝐶𝑏 =
𝑎

𝑔
∙ 100 %        (4) 

where a is deceleration m/s2, g is gravitational deceleration m/s2, 

 

Braking power 𝑃𝐵 is calculated according to the relationship number 5 

𝑃𝐵 =  𝐵 ∙ 𝑣         (5) 

where B is braking force kN,  v is speed m/s,   

RESULTS AND DISCUSSION 

 

 
Fig. 1 Brake pedal force applied 

 
Fig. 3 shows the amount of the brake pedal force on asphalt and concrete surfaces for a forklift with new 

(20N) and used brakes (20).  The maximum values that were recorded during the measurements and the 

average values are listed. From Fig. 3, it is apparent that the truck with the new brakes used approxi-

mately 32% more control force on the pedal than the truck with the used brakes. According to ANOVA, 

the result is significant. 

 

 
Fig. 2 Braking deceleration on different surfaces 
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Fig. 4 shows the achieved deceleration on asphalt and concrete surfaces for the forklift with new (20N) 

and used brakes (20).  The maximum values that were recorded during the measurement and the average 

values are listed. From the Fig. 4 it is clear, that the forklift with new brakes achieved approx. 18% 

lower braking deceleration than the forklift with the used brakes. According to ANOVA, the result is 

not significant. 

 

 
Fig. 3 Comparison of braking force, braking performance and braking 

Fig. 5 shows a comparison of the achieved braking power, braking performance and braking on asphalt 

and concrete surfaces by a forklift with new (20N) and used brakes (20). From the Fig.  5, it is evident, 

that the forklift with the new brakes achieved approx. 18% lower braking force, approx. 28% lower 

braking power and approx. 7.5% lower braking than the truck with the used brakes (Halawa, et al., 

2020). According to ANOVA, the result is significant. 

 

 
Fig. 4 Braking distance at initial speed 

On basis of the collected measurements for medium power deceleration and the time of decelerating, 

the braking distance and the entry speed were calculated.  The values are shown in the Fig.  6. The 

objective was to achieve a similar entry approach speed; the achieved value was 3.20 ± 0.29 m/s for all 

recorded measurements.  The braking distance values are put into the context of the approach speed with 

the values of achieved deceleration (Stein, et al., 2018). According to ANOVA, the result is not signif-

icant. 
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a) b) 

Fig. 7 The ratio of braking power between the new and used brakes expressed in percentage: a) as-

phalt, b) concrete 

 
A comparison of the braking force values is shown in Fig. 7 on asphalt and concrete surfaces by a forklift 

with the new (20N) and the used brakes (20).  The values of the braking force are shown on the pie chart 

proportionally and are presented in the percentage values.  It is clear that in both cases, of asphalt and 

concrete surfaces, a higher braking force (by approx. 10%) is achieved by the forklift with worn brakes, 

despite the fact that the new forklift achieves approx. 13% higher control force on the brake pedal (Fig. 

8).  

 

   
a) b) 

Fig. 8 Brake pedal force ratio between new and used brakes expressed as a percentage: a) asphalt, b) 

concrete 

Braking distance and safety in warehouses also depends on many factors especially on human 

(Horberry, et al., 2004). 

 

CONCLUSIONS

From the point of view of the forklift safety operation with new and used brakes, the following can be 

stated.   

- From the point of the regulations view, it can be stated that the maximum developed force on 

the brake pedal (max. 600 N) was observed and both front forklifts met the requirements of the 

standard for handling technology with a maximum nominal load capacity of up to 16,000 kg 

and a speed in the range of 5 to 13 .4 km/h (1.39 to 3.72 m/s). 

- On the forklift with new brakes, approx. 32% more control force was applied to the brake pedal 

than in the case of the forklift with used brakes, and yet approx. 18% lower braking deceleration 

was achieved. 

The forklift with new brakes also achieved lower braking force (approx. 18%), lower braking power 

(approx. 28%) and lower braking than the truck with used brakes (approx. 7.5%). 

In the case of asphalt and concrete surfaces, a higher braking force (about 10%) is achieved by the 

forklift with used brakes, even though the new forklift achieved about 13% higher control force on the 

brake pedal. 

In general, it is therefore necessary to consider that during the first few hours of operation, the efficiency 

of the brakes will be higher with the used brakes than the new brakes.  This can have a negative effect, 
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especially in a situation where a truck driver operating on a slightly used forklift, unexpectedly receives 

a forklift with the new brakes and is not advised about the situation accordingly. Although the forklift 

meets the standards, the difference in the braking effect can create a collision situation. The reaction of 

the driver and his experience is an important factor for safety in the warehouse, as has already been 

found (Halawa, et al., 2020). 

Such instance can be avoided by test-driving loaded truck intentionally before its normal operation.  

When a forklift is driven, there is a slight wear on the tires, which increases adhesion, whilst a slight 

wear on the brake lining, increases the braking power. 
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Abstract 

The article focuses on the evaluation of the suitability of multi-crop biomass to produce solid biofuels. 

For this purpose, three species of plants were investigated and studied: field bean, maize, and fibrous 

hemp, grown as a binary (3 samples) and trinomial (1 sample) crops. The object of this research was 

the biomass of three grown and harvested multi-crop plants (a total of 4 different options), which was 

processed and utilized for pressed biofuel production. At the beginning, the harvested plant biomass 

was chopped and milled, and later pressed biofuel (cylindrical 6 mm diameter granules) was produced. 

The granules were produced using a granulator with a horizontal matrix. Determined fractional 

composition of the flour in all four samples was optimal to produce biofuel pellets: 65-78% of flour 

particle size was 2.0 mm, 1.0 mm or 0.63 mm. Determined length of the produced granules ranged from 

23.4 to 26.4 mm and the diameter was sufficiently stable and varied from 6.1 to 6.2 mm. The density of 

the granules produced in all investigated samples reached more than 1100 kg m-3 (DM). The moisture 

content of pellets ranged from 4.4% to 8.8%, and ash content ranged from 4.5 to 6.8%. Determined 

lower calorific value of pellets varied from 16.8 to 17.0 MJ kg-1. Harmful emissions from the combustion 

of all binary and trinomial crop pellets were sufficiently low and did not exceed the legal allowed values. 

 

Key words: multi-crop plants; biofuel pellets; physical-mechanical properties; harmful emissions.  

 

INTRODUCTION 

Ensuring energy independence and use of renewable energy sources for biofuels is becoming 

increasingly important on a daily basis. Scientists have conducted numerous studies to substantiate the 

suitability of herbaceous plants for solid biofuels. Sustainable produced biofuel can be seen as a 

renewable energy source and burning them can help combat the negative effects on climate change 

(Pierrehumbert, 2022). However, to date there are no comprehensive studies to support the use of multi-

crop biomass for the production of solid biofuels pellets.  

The cultivation of multicultural crops is a good practice that meets the requirements of the European 

Green Course; so it is important to increase knowledge about their suitability for solid biofuels. Studies 

have shown multi-cropping stabilized gas concentrations and emissions from the soil. The share of 

microstructures in the upper soil layers was also found to decrease (Romaneckas et al., 2022). When 

several different crops are grown on the same area of land, not only are resources used more efficiently, 

but higher yields can be obtained (Wu et al., 2021; Tumuluru et al., 2020). Co-cultivation of legumes 

with non-legumes ensures better nitrogen accumulation and facilitates disease and pest control (Jensen 

et al., 2020). Cannabis is worth growing in multi-crops. Fibber hemp is suitable for multi-crop plants 

growing. It grows large amounts of biomass, is resistant to diseases and pests, and its biomass is suitable 

for biofuels, among other uses (Ahmed et al., 2022). Li et al., (2021) experiment showed that growing 

maize together with field beans produced more biomass compared to monoculture. Maize also has a 

high yield. In 2017, they were cultivated on 7.246 million hectares worldwide (Supasri et al., 2020). 

The use of biomass to produce densified solid biofuels is projected to increase by 56% in 2040 compared 

to 2010 (Bajwa, et al., 2018). The production of pellets from plant biomass ensures their higher density 

and better energy properties (Artemio, et al., 2018). Granulation of biomass ensures uniform shape, size, 

easy transport, storage and use (Mock, et al., 2021). Due to the great diversity of biomass feedstocks, 
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granular biofuels are produced in very different qualities (Cui, et al., 2021a). Research by Cui et al., 

(2021b) shows that the quality of pellet fuel can be improved by pelletizing different biomass feedstocks. 

The aim of this study is to evaluate the suitability of multi-crop (binary and ternary) biomass for the 

production of solid biofuel pellets. 

 

MATERIALS AND METHODS 
Plants grown in the test fields of Experimental station of Vytautas Magnus University Agriculture 

Academy as binary and ternary crops were used for the research. Plants grown in four different fields 

were studied:  

 field 1 – maize and hemp (binary crop, abbreviated below – Sample 1);  

 field 2 – hemp and field beans (binary crop, Sample 2);  

 field 3 – maize and field beans (binary crop, Sample 3);  

 field 4 – maize, hemp and field beans (trinomial crop, Sample 4). 

Samples were taken from each field and the plants were naturally dried to 12% moisture. The plants 

were then crushed and ground. Pellets were made from the obtained flour and their main properties were 

studied.  

The grinding quality is determined using a Retsch AS 200 sieve shaker (Germany). Sieves with holes 

of different 0.1, 0.25, 0.5, 0.63, 1.0 and 2.0 mm holes in diameter were used. 

A low power granulator (200–300 kg h-1) with horizontal matrix with 6 mm holes (Poland) was used for 

production of pellets. 

The main parameters of the pellets were determined according to the standards: 

 moisture content – according to the standard LST EN 14774-1: 2010; 

 ash content – according to the standard LST EN 14775: 2010; 

 lower calorific value – according to the standard LST EN 14918: 2010. 

The pellets were burned in a 5 Kw furnace, and harmful emissions were found. 

Arithmetic means of the measurement data and their confidence intervals were calculated at the 95% 

confidence level. 

 

RESULTS AND DISCUSSION  
An important parameter for the production of biomass pellets is the fractional composition of the flour. 

The results of the research show that the largest flour fractional composition was obtained in the ground 

biomass of Sample 2 and Sample 1. 67%, and 42% of the flour accumulated on the 2 mm sieve, 

respectively (Fig. 1). 

 

 
 

Fig. 1 The mill fraction of multi-crop biomass 

 

In all samples, 65-78% of the flour was distributed on a 2.0 mm, 1.0 mm, or 0.63 mm sieve. It can be 

stated that the fractional composition of the obtained flour is optimal to produce pellets. 
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Fig. 2 Biometric properties of multi-crop pellets 

 

The length of the pellets produced in all samples ranged from 23.4 to 26.4 mm and the diameter from 

6.1 to 6.2 mm (Fig. 2). The length and diameter of the pellets comply with the standards of ISO17225-

6 for solid non-wood biofuels. 

 

   
 

Fig. 3 The density of pellets 

 

The density of the granules produced in all the samples was very similar and amounted to 1100 kg m-3 

dry mass (Fig. 3). The highest density was of Sample 1 pellets – 1161 kg m-3 dry mass. According to 

this parameter, the granules of these samples meet the requirements of the ISO17225-6 standard for 

class A pellets (≥ 600 kg m-3). 

The elemental composition of the granules was also determined. The three main elements, C, O and H, 

were found to predominate, accounting for 92.5% to 94.9%. 
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Fig. 4 Pellets moisture and ash content 

 

One of the most important parameters affecting the quality of granulation is the moisture content (Cui, 

et al., 2021b). The other important parameter that defines the quality characteristics of biofuel pellets is 

ash content. The lowest was the moisture content of Sample 1 granules – 4.4%, and the highest – the 

moisture content of Sample 2 granules – 8.8% (Fig. 4). (According to the standard, the permissible 

moisture content of the pellets is ≤ 12% for Class A pellets and ≤ 15% for Class B pellets). The ash 

content of all 4 samples of pellets ranged from 4.5 to 6.8% and also did not exceed the requirements of 

the standard (≤ 6% for Class A pellets and ≤ 10% for Class B pellets). 

A lower calorific value of produced pellets was also determined. The lower calorific value of all the 

samples was very similar, and it was about 17 MJ kg-1. The highest calorific value was Sample 3 pellets 

- 17.02 MJ kg-1, and the lowest – Sample 2 pellets, 16.80 MJ kg-1. 

For comparison, Suleiman et al., (2019) found that moisture content of corn cob pellets was 3.05%, and 

ash content was 2.7%. For corn stalk pellets, these parameters were 3.75 and 0.7% respectively. 

For comparison according to Carrillo & Parra et al., (2021) research data the moisture content of the 

pellets made from perennial grass, patula pine sawdust and apple firewood was 5.84, 5.62 and 5.58% 

respectively, and ash content was 9.71, 0.47 and 2.12% respectively.  

 

   
 

Fig. 5 CO2 emissions by burning pellets 
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The quality of a fuel is also determined by the emissions that result from burning fuel. When burning 

pellets of multi-crop plants, the highest CO2 concentrations were found when burning Sample 3 pellets 

– 4.3%, and the lowest – burning Sample 2 pellets – 3.8% (Fig. 5). For comparison, Jasinskas et al., 

(2020) found that CO2 emissions from burning biofuel pellets produced from faba bean waste ranged 

from 4.1 to 5.0%. 

 
 

Fig. 6 CO, NOx and CxHy emissions  

 

The highest concentrations of CO and CxHy were in the combustion of Sample 4 pellets (527 and 

25 ppm, respectively), and the highest concentrations in the incineration of Sample 2 pellets (362 and 

17 ppm, respectively). Meanwhile, the lowest NOx emissions were recorded by burning Sample 1 pellets 

(136 ppm), and the highest – by burning Sample 3 pellets (164 ppm) (Fig. 6). For comparison, the 

aforementioned study by Jasinskas et al., (2020) showed that burning pellets made from faba bean waste 

resulted in significantly higher CO emissions and ranged from 1072 to 2785 ppm. The nitrogen oxide 

emissions was very similar – 133-266 ppm. 

The results of the pellet burning and emission studies presented in this article show that harmful 

emissions do not exceed the legal emission limit values for combustion of biomass pellets in low-power 

boilers. 

 

CONCLUSIONS 
The length of the pellets produced from 4 different biomass blends was 23.4-26.4 mm, and the diameter 

was 6.1-6.2 mm. The maximum moisture content of the granules did not exceed 8.8%, and the ash 

content did not exceed 6.8%. Lower calorific values from all four samples were higher than 16.8 MJ kg-

1. Biomass pellets made from binary and trinomial crops (maize, hemp and beans) meet the quality 

requirements for solid biofuels set out in the standard ISO17225-6. Burning of all 4 types of pellets has 

resulted in harmful emissions that do not exceed the legal limit values. Biomass pellets made from multi-

crop plants (maize, beans and hemp grown for fiber) can be used as pressed solid biofuels of high quality. 
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Abstract 

The article focuses on the future growth of electric vehicles on our roads. As the number of electric 

vehicles gradually increases, it is necessary to ensure sufficient charging infrastructure. The topic elab-

orates the design of a service unifying the charging infrastructure for electric vehicles in individual 

passenger transport, develops the design of the service embedded in a real environment and describes 

its functioning. The charging infrastructure needs in the capital city of Prague were identified. 

 

Key words: electromobility, charging station, digital services. 

 

INTRODUCTION 

More than half of the world's population lives in cities. They are, and have historically been, the sites of 

significant cultural, political and technological change. Cities are at the heart of the world's economy, 

accounting for more than 80% of total gross domestic product. By 2030, up to one billion more people 

are expected to live in cities (Bouton et al., 2017). This growth will place increased demands on the 

provision of logistics in cities. The transport of goods and food-in will place greater demands on the 

efficiency of freight transport. Further development of public transport will be important for passenger 

transport. Equally important will be individual passenger transport. Leaving aside walking as the most 

widespread mode of individual transport, the most widespread mode of transport today is the car. The 

trend today is to use other modes of individual transport. It is not only in countries like the Netherlands 

that people are starting to use bicycles more for transport (Walking and cycling as transport modes, 

2020). The use of bicycles, both private and shared, is on the rise. Other means of micro-mobility, such 

as electric scooters or electric scooters, especially in the form of shared facilities, are also growing in 

popularity (Heineke et al., 2019). Passenger cars are also moving from internal combustion engines to 

hybrid and pure electric drives. Currently, the share of electric passenger cars in the total fleet in the 

European Union is around 2%. By 2030, the share of electric passenger cars in the total fleet is projected 

to increase to 23%. Western countries such as Germany, the Netherlands and France will be the main 

contributors to this increase. In other countries, the increase in the number of EVs will not be as steep 

and fleet renewal will be slower (Niestadt a Bjørnåvold 2019). The aim of this study is to design charg-

ing infrastructure for electric vehicles.

 

MATERIALS AND METHODS 

Service design to unify the infrastructure 

In order to meet the demand for charging, additional charging stations will need to be built in the future. 

This study develops a proposal for the operation of a mobility centre service and station that will provide 

a unified experience for EV owners, car share users and public transport passengers. The biggest benefit 

for users from all groups is the possibility to find all the services they need in one place and to choose 

the most appropriate mode of transport for the moment. 

Design of the charging station - Mobility hub distribution 

The basic criterion for the location of mobility nodes is the demand for charging infrastructure or the 

demand for modal shift. Other criteria for station location are technical requirements for construction. 

If the charging stations are for electric and hybrid vehicles, the location of the stations will be most 
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appropriate near or within existing parking lots. Suitable P+R car parks are those located on the outskirts 

of the city with good public transport accessibility. Vehicles usually spend several hours in these types 

of car parks, so that a large number of fast charging stations are not needed for charging. The opposite 

situation occurs in car parks located close to the city centre. Due to higher parking prices and lower 

capacity, people leave their vehicles in these types of car parks for shorter periods of time, so the need 

for fast charging stations will be higher. For charging micro-mobility vehicles, a location is defined by 

the number of people moving around the location and transferring to another means of transport. Within 

the periphery, the demand for micromobility is different than in the city centre.  

According to the different demands, the stations were divided into the following types: central, urban, 

peripheral, suburban (Table 1). 

 

Tab. 1 Types of stations 

Central 
vehicle charging, shared micro-mobility facilities, transfer to public transport,  

additional services 

Urban 
shared micro-mobility facilities, transfer to public transport, limited vehicle  

charging 

Peripheral 
vehicle charging, transfer to public transport, P+R parking, limited shared  

micromobility facilities 

Suburban vehicle charging, transfer to public transport, P+R parking 

 

The Figure 1 shows the possible location of stations within Prague and the distribution by type. 

 

 
 

Fig. 1 Map of station locations in Prague 

A central type of station, located for example at the Main Railway Station or Nádraží Holešovice. Lo-

cation with high turnover of people, central location in the city and good accessibility by car. The de-

velopment of the station is possible due to good electrical infrastructure (proximity to the station) and 

sufficient number of parking spaces for cars. Suitable for building a large number of DC fast charging 

stations and standard AC charging stations. Central location advantageous for the use of micro-mobility. 

Possibility to transfer to public transport. 

 

Urban-type stations (Florenc, Palmovka, Vyšehrad, Smíchovské nádraží, Nádraží Veleslavín) are char-

acterised by a high turnover of people transferring between means of transport. Suitable prerequisite for 
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micromobility and other shared services. Due to the lack of parking space for a large number of vehicles, 

only a few fast charging stations should be built. 

 

Peripheral type stations (Letňany, Černý Most, Depo Hostivař, Chodov, Braník, Zličín) located within 

P+R car parks. The car parks are directly connected to public transport, in most cases to the metro. Due 

to the distance from the city centre, it is not entirely advantageous to build for micro-mobiles or only 

for electric scooters, which are able to travel at lower speeds. 

 

The suburban type of station (Neratovice, Brandýs nad Labem, Říčany, Beroun, Kladno), which is lo-

cated in the cities adjacent to Prague. It is most often located near the train station, where people park 

their cars and change to public transport. AC charging stations are suitable in this solution. If there is a 

shared transport system in the city, it is advisable to have a station directly at the station. 

 

RESULTS AND DISCUSSION  
Nowadays, each type of vehicle has its own specifics, different uses and different vehicle care needs. 

Therefore, for an inexperienced user, it is not entirely straightforward how to charge or use a given type 

of vehicle. Hence the myths surrounding electric vehicles and the emergence of die-hard fans or oppo-

nents of electric vehicles. In future, it would be very useful to establish standards that would ensure 

carefree operation for users and operators of these vehicles. 

The biggest obstacle to the development of charging infrastructure is the financing of its construction. 

This is also the case for the proposed mobility hubs. The purchase costs of individual hardware elements 

of the stations are in the hundreds of thousands of crowns. The cost of one 50 kW DC station is approx-

imately CZK 500 000, while the previously proposed mobility hub at the Main Station would accom-

modate ten such stations. AC charging stations are cheaper, but the cost is still around CZK 100 000 per 

station. Other necessary equipment and building modifications, such as bringing in sufficient power, 

battery stations, transformers, solar panels, software or identification and communication equipment, 

are also expensive. Building a single mobility center can cost tens to hundreds of millions of 

crowns (Nelder a Rogers, 2019). 

In terms of charging station requirements, it is advisable to locate them close to or preferably directly in 

larger P+R parking areas. Here, vehicles are usually parked all day and can therefore be recharged 

throughout this time. The second type is vehicles that arrive directly in the city center, where they usually 

do not spend long hours but only minutes. According to this logic, it is possible to use different types of 

chargers with different values of charging currents and thus different time required to charge the vehi-

cles, as described by (Bräunl et al., 2020). In this comparison, it is necessary to include the possibilities 

and methods of charging public transport vehicles, which are directly linked to the individual transport 

segment. Whether by car, bicycle or other modes. Buses often have to be operated for hours a day and 

therefore different ways of charging them arise. Such as, recharging at certain stops or changing indi-

vidual batteries, which on average takes 8-10 minutes (Li, 2016). 

 

For specific use, the city was divided into 4 areas. Namely, centre, urban area, periphery and extra-urban 

area (Table 1). In the centre, it is advisable to build a large number of fast-charging DC stations, as well 

as standard AC stations with less power. Here the use of micro-mobility and a large possibility of trans-

fer to public transport is appropriate. A similar mode of transport is in the urban type, where there is a 

greater possibility of using shared transport services. In the peripheral type of transport there is a high 

concentration of vehicles that remain parked in so-called P+R car parks, where each car park is con-

nected to the public transport network. Here there is a need for charging stations, but it is possible to use 

slower AC types. The last type is suburban, where people travel mostly for work and the commuting 

distance is greater. These problems are addressed in the study (Sheppard et al., 2016), where they are 

tackling the issue of electric vehicles in Delhi. Delhi, which has a population of just under 19 million, 

is considering setting up 2,764 charging stations for the expected number of hybrid and electric vehicles 

in operation. The infrastructure of charging stations in such a large city is complex, not just in terms of 

installation but in terms of its quality of deployment. India projects that over 6 million electric vehicles 

should be on its roads in the coming years. 
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CONCLUSIONS 

The size and technical level of the charging infrastructure depends on the number of electric vehicles. 

In general, charging infrastructure should be as user-friendly and accessible as possible. However, the 

design of the infrastructure may be quite different if the actual number of vehicles differs significantly 

from the values assumed in this document and exceeds the number of PHEVs. In addition, regulations 

that would, for example, prohibit vehicles from entering city centers may also have an impact. 

The solutions for a large-scale EV charging system are divided into 4 types. These are the center, the 

urban area, the periphery and the non-urban area. In relation to the charging points, it is necessary to 

solve the problem of the continuity of individual transport and public transport. This issue is strongly 

linked to the high input costs and electricity connection. 
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Abstract 

The article is aimed at evaluating the subjective opinions of drivers on the information provided to them 

by the vehicle through the communication interface. A quantitative methodology using an online ques-

tionnaire was chosen to obtain data. For this research, only the information provided to the driver by 

the vehicle systems was used that can be described as unnecessary and that is not essential for the 

operation of the vehicle or traffic safety. The aim is to find out whether drivers are willing and can do 

without some information when driving vehicles. The results of this study could provide an expert opin-

ion for manufacturers, who could achieve a reduction in the driver's information burden by appropriate 

modification of dashboards. This could in the long term, contribute to reducing driver physical and 

mental fatigue and as a result increase traffic safety. 

 

Key words: cockpit; dashboard; displays; driver; vehicle; ergonomics. 

 

INTRODUCTION 

The automotive industry has undergone significant changes in the exterior and interior areas since its 

inception. Engines have become more efficient and reliable, cockpit structures are more stable, and 

additional features have been added to the vehicle to ensure driver safety. At the same time speed; 

power of vehicle engines and the density of traffic have increased significantly (Regan et al., 2017). In 

the last decade, more emphasis has been placed on the comfort and safety of drivers. Audio-visual 

technologies, newly used in vehicles provide the driver with a wide range of information, which on the 

other hand, represents an ever-increasing cognitive load to which the driver is exposed (Häne et al., 

2017). 

Just as the number of information inputs and outputs in the process of driving a passenger vehicle 

continues to increase, the demands on the drivers’ cognitive functions logically also increases (Hruška, 

2016). Along with the increasing psychological demands on the driver, the influence of the human 

factor in accidents caused by the inability to control the car, misinterpretation of the provided infor-

mation or overloading of the driver's cognitive functions is becoming increasingly common (Edwards 

et al., 2011). Today, these situations increasingly lead to considerations of replacing the human factor 

with completely autonomous driving of vehicles. However, this technology still has a long way to go 

and therefore it is necessary to choose other solutions (Huhtamo, 2020). One such solution could be the 

creation of a minimalist cockpit, through which the driver would receive only the necessary infor-

mation, thereby significantly reducing the cognitive load on drivers while driving. 

The aim of this article is to find out the meaning of individual information available in the cockpit of a 

passenger car from the driver's subjective point of view, and further to find out which of the selected 

information provided by the vehicle could be omitted in the process of controlling the vehicle. Another 

goal is to confirm or refute the existence of statistically significant dependencies, how drivers of diverse 

groups divided by gender, age or experience approach this issue. In the case of this study, the research 

hypothesis is defined in such a way that it can be assumed that some of the commonly found information 

in passenger vehicles will be considered unnecessary from the point of view of the respondents.
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MATERIALS AND METHODS 

A quantitative research strategy using a questionnaire was chosen to obtain data for this study. Two 

entry conditions were set for the research, firstly that the volunteer must be over 18 years old and sec-

ondly to have a group B driver's license. A total of 386 respondents filled out the entire questionnaire. 

The questionnaire contained a total of 33 questions, which were divided into two basic sets. The created 

questionnaire was available online and the questions in the questionnaire were supplemented with a 

description or a picture so that each respondent knew exactly what the question was about. Due to the 

planned scope of this work, only ten significant questions were selected regarding the information com-

monly found in most of today's passenger vehicles. 

In the first part of the questionnaire, socio-demographic information was obtained about the respondents 

such as age, gender, as well as information on kilometers driven, type of car they currently drive and in 

which large cities they drive most often. For the purposes of this study, the selection was again narrowed 

down to three basic data, namely age, gender and the number of kilometers driven, which represented 

the respondent's driving experience. 

The second part of the questionnaire was focused on the several types of information that the vehicle 

provides to the driver. The participants were asked to rate the importance and necessity of the audio-

visual information based on their opinion and experience. 

 

RESULTS AND DISCUSSION  
A homogeneous group of 386 participants from the Czech Republic took part in the survey. Selected 

basic socio-demographic parameters were, as independent input data, collected from the participants for 

further statistical analysis. A total of 194 men and 192 women successfully completed the questionnaire. 

The participants primarily consisted of university and secondary school students and their employees 

together with a small group of anonymous people who were interested in the survey. In addition to 

gender and age, parameters related to personal driving experience and the total number of kilometers 

driven are shown in Tab. 1. 

The statistical software platform SPSS was used for the analysis of the obtained data, which is used to 

extract information. Thanks to the advanced procedures and feature set, it was possible to ensure high 

accuracy. The data from the questionnaire survey were exported to the SPSS program, where descriptive 

statistics were subsequently performed, from which it was possible to secure socio-demographic or other 

data about the respondents. Subsequently, Chi-square was chosen for the treatment of variable relation-

ships due to the nature of nominal and ordinal data. The data was further processed in the MS Excel 

program. 

 

Tab. 1 Primary information on the participants concerning the measurements 

Gender Age Number of km driven 

Man Woman 18-30 31-50 51+ 0-50.000 km 50.000-200.000 km 200.000 km+ 

194 192 240 104 42 144 138 104 

 

The questionnaire was divided into 2 main categories. The first category consisted of questions related 

to socio-demographic data while in the second, participants answered specific questions that related to 

the information that a modern passenger vehicle provides to the driver. A total of 7 questions (marked 

as A – G) were used for the purposes of this work, the exact wording and percentage results are shown 

in Tab. 2. All the questions below were about the commonly found audio-visual information in many 

passenger vehicles. The participant also had the option to indicate as an answer that he had no experience 

with the given technology, in which case this participant was not used for statistical evaluation. 
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Tab. 2 Questions used for clinical data collection  

# Questions 

Answers 

 I can do 

without it 

I cannot live 

without it 

A  Is it important for you to have the rev. indicator displayed? 272 (70.5%) 114 (29.5%) 

B 
 Is it important for you to have the continuous coolant temperature 

displayed? 
194 (50.3%) 192 (49.7%) 

C 
 Is it important for you to have information displayed in your car    

 about the total kilometres driven, on the given day, etc.? 
284 (73.6%) 102 (26.4%) 

D  Is it important for you to have the currently engaged gear visible? 356 (92.2%) 30 (7.8%) 

E 
 Is it important for you to be warned about speeding if you have  

 active driving assistants? 
314 (81.3%) 72 (18.4%) 

F 
 Is it important for you to be warned about exceeding the recom-

mended driving time? 
348 (90.2%) 38 (9.8 %) 

G  Is it important for you to be alerted to a low fuel level? 74 (19.2%) 312 (80.8%) 

 

Data collection and statistical processing were achieved with high quality, most of the data were verified 

as valid and the results can be used for further research or development of production solutions. Thanks 

to the participation of mostly technically educated experts in the field of automotive, the results can be 

given immense importance. Furthermore, the adjusted residuals method was used for further refinement 

and better interpretation of the found dependencies. The results with statistical parameters and with an 

evaluation of whether there was a statistical dependence on specific input data are shown in Tab. 3. 

Based on the results presented in Tab. 3, there are several significant statistical dependences between 

the questions from the questionnaire and the data collected in Tab. 1 and Tab. 2. 

 

Tab. 3 Dependency of questions from the questionnaire (questions A to G from Tab. 2) on driver pa-

rameters as specified in Tab. 1 evaluated using Pearson’s chi-squared test 

#   Gender Age Number of km driven 

 Critical value 3.841 5.991 5.991 

A 

χ2 0.024 4.083 1.126 

P-value 0.875 0.130 0.569 

Cramer V 0.008 0.103 0.054 

Dependence None None None 

B 

χ2 3.43 1.300 19.364 

P-value 0.053 0.522 0.0000623 

Cramer V 0.098 0.058 0.223 

Dependence None None Confirmed 

C 

χ2 6.143 1.295 14.692 

P-value 0.013 0.523 0.00064 

Cramer V 0.126 0.058 0.195 

Dependence Confirmed None Confirmed 

D 

χ2 0.167 3.093 7.305 

P-value 0.681 0.213 0.025 

Cramer V 0.020 0.090 0.137 

Dependence None None Confirmed 

E 

χ2 0.326 6.713 9.100 

P-value 0.567 0.035 0.010 

Cramer V 0.020 0.132 0.153 

Dependence None Confirmed Confirmed 

F 

χ2 0.094 1.064 3.539 

P-value 0.758 0.587 0.170 

Cramer V 0.015 0.052 0.095 

Dependence None None None 
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G 

χ2 0.527 4.551 11.189 

P-value 0.467 0.103 0.003 

Cramer V 0.036 0.109 0.170 

Dependence None None Confirmed 

 

The results obtained during the measurements were statistically processed and evaluated using Pivot 

tables and Pearson’s chi-squared test at a significance level of 0.05.  

In general, it is very remarkable how large a percentage of people do not want to let the car talk into 

their own decisions. People do not want the car to check how tired they are, what speed they are driving 

and, paradoxically, they are not even interested in, for example, a warning about potential ice on the 

road. They also have the opinion that by knowing the coolant temperature they can have better control 

of the car, which is not logical considering that the most of cars today cannot be repaired without the 

assistance of a technician. 

From the obtained data, it can be concluded that the respondents do not consider the speed indicator 

(Question A) to be relevant, given that more than 70 percent of them would do without this information 

as shown in Tab. 2. No dependence was also demonstrated for this question, which can be seen as a 

certain surprise. 

The data for the information on the coolant temperature (Question B) was remarkably interesting, where 

a high dependence on the level of the respondent's driving experience was also confirmed. Based on the 

statistical dependence found, it can be concluded that less experienced drivers significantly want to have 

this information available (statistically 92 wanted, while 52 did not want to display the information), 

while medium and highly experienced drivers would not miss this information (64/72 and 38/ 66). This 

shift in opinion can be precisely explained by higher experience of the second and third groups of driv-

ers, who are more aware that they would not use this information in practice anyway. 

The answers to the question regarding the distance traveled (Question C) were also surprising, when 

most respondents are not interested in this information as shown in Tab. 2. In this case, no simple ex-

planation for this result can be found. There is a possibility that people in the Czech Republic draw this 

information from external navigation applications and therefore do not consider the data provided by 

the vehicle to be essential. The observed statistical dependencies show that the demand for this infor-

mation is in the group of women and subsequently in the group of less experienced drivers. For women 

it is 152/42, which is a ratio of about 15/4, and for men it is 132/62, which is a ratio of about 13/6. So, 

overall, drivers can get by without it, but women will miss that information less than men. 

According to the results obtained, information about the currently engaged gear (Question D) is clearly 

indispensable, as over 92 percent of respondents could do without it. Based on the statistical evaluation, 

it can also be stated that no statistical dependence was confirmed for this question and the results can be 

perceived as evenly distributed. 

The attitude towards information warning about exceeding the maximum allowed or set speed is also 

noticeably clear (Question E). Over 81 percent of respondents would easily omit this information in the 

cockpit. The weak statistical dependence that was confirmed for this question concerns older and less 

experienced drivers, who would like to see this information in the vehicle, even though they are a mi-

nority in the total numbers. 

A significant percentage difference was shown between the answers to the question whether it is im-

portant to be warned about exceeding the recommended driving time (Question F). Over 90% of re-

spondents do not want to be warned by the vehicle about exceeding the recommended time behind the 

wheel. In this case too, no statistical dependencies were confirmed, and the distribution can be described 

as equal. In addition, the two questions (Questions E and F) can be interpreted so that drivers do not 

want to let the car interfere with the way they drive and thus want to have everything under their own 

control. 

The answers regarding the information about the low fuel level turned out to be completely in line with 

the assumption. Based on the survey, it can be said that most drivers want to be alerted to a low fuel 

level (Question G). In this case, a statistical dependence on the experience of the driver was confirmed, 

where it can be said that less experienced drivers required this information more often than more expe-

rienced ones. 
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CONCLUSIONS 
This study looked at the essential information on the dashboard of a passenger car from the driver's point 

of view. The aim of the work was to find out the meaning of the individual information that is available 

in the cockpit of a passenger car from the driver's point of view. The evaluation took place depending 

on gender, age and kilometers driven. Based on the results that have been evaluated, it can be noticed 

that the tachometer is no longer the necessary information that the driver needs to see on his dashboard 

or virtual cockpit. Indicators such as a fuel gauge and associated signaling when the fuel level is low are 

desirable for all groups and for both genders. 

According to the answers of the respondents, it was possible to find out the meaning of individual in-

formation available in the cockpit of a passenger car from the subjective point of view of the driver, and 

to find out which of the selected information provided by the vehicle can be omitted in the cockpit 

development process. Through omitting this unnecessary information, as described by the participants, 

the cognitive load of the driver was reduced, which has a direct impact on traffic safety and the ability 

to perform primary tasks, which in the case of a vehicle is driving, decreases with the amount of sec-

ondary information that the driver is forced to process as discussed in the study of Hamish and Merat 

(2005). At the same time, it can be argued that with a higher load on cognitive functions, the probability 

of a bad assessment of the situation increases, which can lead to a decrease in traffic safety and, in 

extreme cases, to an accident, which supports with its results, in research of O'Hare (2006). 

If we start from the premise that too much received information leads to reduced performance of cogni-

tive functions, it is clear, that the reduction of this information load will lead to an improvement in the 

driver's performance. Increased performance of cognitive functions affects the driver's attention while 

driving and this leads to an increase in traffic safety. 

In conclusion, it can be said that younger drivers are more open to innovations in the cockpit of the car, 

as mentioned in a similar study (Muslim, 2021), but not every change in the driver assistance system is 

accepted. The aim of the research was verified, and the results showed that drivers are willing and can 

do without certain information while driving. Another goal was to confirm or refute the existence of 

statistically significant dependencies, how drivers of diverse groups divided by gender, age and experi-

ence approach this issue. The statistical analysis in this study clearly confirms the dependence of gender, 

age and driving experience on preferences in the display of individual indicators in the vehicle, like the 

study published by Wechsler (2018). The research hypothesis, which assumes that some commonly 

found information in passenger vehicles will be considered useless from the point of view of the re-

spondents, was confirmed.  

The presented results can serve as a basis for further research that would help clarify the above or serve 

for further research that addresses the issue of cockpit technology and infotainment in vehicles or ma-

chines. Findings presented in this work could help to design a minimalist cockpit or a cockpit with less 

information load and thereby help reduce the information load on the driver's cognitive functions and, 

as a result, increase traffic safety. Cockpit design is a core area of human factors and ergonomics. Ide-

ally, good design compensates for human capacity limitations by distributing task requirements over 

human and interface to improve safety and performance (Sabatino, 2002). The data and hypotheses 

presented in this thesis can serve as auxiliary factors in the car design process focused on optimizing 

human-machine interfaces to improve traffic safety and regarding potential target customer groups. 
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Abstract 

This study described the mechanical properties and estimation of the percentage oil yield of bulk  

rapeseeds samples at different moisture content under compression loading. The initial moisture content 

was determined to be 4.879 % w.b. The moisture content levels of 6.615, 7.144, 8.325 and 9.375 % w.b. 

were determined using the moisture conditioning oven at different relative humidity levels from  

60 to 75 % with 5% interval. The mass of the samples was kept constant at 111.69 g repressing an initial 

pressing height of 60 mm using the vessel diameter of 60 mm. The samples were compressed at a  

the maximum force of 100 kN and a speed of 5 mm/min. The observed parameters were deformation, oil 

yield, oil expression efficiency, hardness and deformation energy. Based on the correlation analysis,  

it was found that all the observed parameters negatively correlated significantly (P < 0.05) with  

moisture content. The correlation values were between -0.933 and -0.983. The model parameter  

estimates were also described from the simple linear regression analysis. The moisture content of  

4.875 % w.b. was established to be optimum for a higher oil yield of 14.849 ± 2.475 %, oil expression 

efficiency of 46.593 ±  7.767 %, deformation energy of 447.375 ± 22.710 J, deformation of 30.7 ± 0.410 

mm and hardness of 3257.62 ± 43.519 N/mm. 

 

Key words: moisture content, percentage oil yield, strength properties, deformation energy, regression 

models. 

 

INTRODUCTION 

Moisture content is one of the most important factors to consider in the processing and handling of 

agricultural products (Mamman & Umar, 2005; Burubai, Akor, Igoni & Puyate, 2007). In the literature, 

considerable studies have been conducted on the effect of moisture content on the mechanical properties 

and loading orientations of seeds/kernels/nuts which are not limited to the following authors  

(Baumler, Cuniberti, Nolasco & Riccobene, 2006; Burubai, Akor, Igoni & Puyate, 2007; Lzli, Unal & 

Sincik, 2009; Carcel et al., 2012; Adejumo, Inaede & Adamu, 2013). Under the uniaxial compression  

loading, the mechanical/strength properties of agricultural products include the rupture force,  

deformation to rupture point, failure stress and strain, Young’s modulus, toughness, hardness and strain 

energy (Sirisomboon, Kitchaiya, Pholpho & Mahuttanyavanitch, 2007; Chakespari, Rajabipour & 

Mobli, 2010; Carcel et al., 2012). In particular, Burubai, Akor, Igoni & Puyate (2007) reported the 

mechanical properties namely compressive force, deformation, failure stress, strain energy and Young’s 

modulus of African nutmeg (Monodora myristica) in the moisture content range of 8.0 to 28.7 % d.b. 

The authors indicated that compressive force, failure stress and Young’s modulus decreased with an 

increase in moisture content whiles deformation and strain energy increased with an increase in  

moisture content.  Lzli, Unal & Sincik (2009) also studied the physical and mechanical properties of 

rapeseed at different moisture levels in the range of 7.3 to 27.4 % d.b. for three varieties of rapeseeds. 

Regarding the mechanical properties, the authors reported only the rupture force for the mechanical 

properties which decreased as a function of moisture content. Most importantly, for oil yield, Adejumo, 

Inaede & Adamu (2013) studied the effect of moisture content on the yield and characteristics of oil 

from Moringa oleifera seeds. The authors found a decrease in oil yield with the increase in moisture 
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content from 7.28 to 20 % d.b. Orhevba, Chukwu, Osunde & Ogwuagwu (2013) also reported a decrease 

in oil yield of neem seed kernel in the moisture content values from 6.3 to 16.6 % w.b. In our previously 

published studies on bulk rapeseeds under compression loading, single moisture content was considered 

to examine the mechanical properties, force-deformation characteristic curves, oil yield and optimum 

operating factors (Divišova et al., 2014; Demirel et al., 2021; Demirel et al., 2022). Moisture  

dependence on mechanical properties and percentage oil yield of bulk rapeseeds is not adequate in the 

literature. Therefore, this present study aims to add to the literature the information on the compressive 

force, deformation, energy, hardness, oil yield and oil expression efficiency of bulk rapeseeds at  

different moisture content under compression loading.  

MATERIALS AND METHODS 

A bag of 25 kg of rapeseeds was obtained from Česká Skalice, Czech Republic and kept in the  

laboratory. The initial moisture content of the sample of 4.879 (% w.b.) was determined using the  

standard oven method at 105 oC and drying time of 17 h (ISI, 1996). The oil content of the sample of 

31.87±0.01% by the Soxhlet extraction procedure as reported in our previously published study  

(Demirel et al., 2021) was used in the calculation of the oil expression efficiency. The moisture  

conditioning of the samples was done using the hot oven (MEMMERT GmbH+Co.KG, Schwabach,  

Germany) equipped with a distilled water container placed atop. The relative humidity was set in the 

range between 60 and 75% with a 5% interval. For each sample, the minimum and maximum  

temperatures were set at 48 oC and 52 oC respectively and the actual temperature was set at 50 oC where 

the moisture conditioning for each sample was run for 24 h. The electronic balance (Kern 440-35, Kern 

& Sohn GmbH, Balingen, Germany) was used to measure the mass of the samples. To determine the 

moisture content at each relative humidity, the samples after 24 h conditioning were further put into the 

standard oven method. The moisture content of the sample was calculated using equation (1)  

(Blahovec, 2008). 

 
𝑀𝐶 (%) = [(

𝑚𝑏 − 𝑚𝑎

𝑚𝑏
) ∙ 100] (1) 

where 𝑚𝑏 and 𝑚𝑎 represent the masses of rapeseed samples before and after oven drying (g). 

 

Tab. 1 Calculated moisture content at different relative humidity 

Relative humidity (%) Moisture content (% w.b.) 

47* 4.879 

60** 6.615 

65** 7.144 

70** 8.325 

75** 9.375 

* Laboratory condition ** Moisture conditioning 

 

The universal compression machine (ZDM 50, Czech Republic) and the pressing vessel  

diameter of 60 mm with a plunger were used to describe the force-deformation curves of the samples at 

a maximum force of 100 kN and speed of 5 mm/min. The initial pressing height of the sample was 

measured at 60 mm corresponding to a mass of 111.69 g. The compression tests with the  

moisture levels are shown in Fig. 1. The tests were repeated twice, and averaged values were used in 

further analyses.  

 

 

Fig. 1 Compression test of rapeseed samples at different moisture levels (a) 4.879 % w.b. (b) 6.615 % 

w.b. (c) 7.144 % w.b. (d) 8.325 % w.b. and (e) 9.375 % w.b showing the output oil and seedcake ejection. 
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Deformation values were obtained directly from the compression test for each sample. Oil yield and  

oil expression efficiency were determined according to equations (2) and (3) (Deli et al., 2011; Demirel  

et al., 2021).  

 
𝑂𝑌 = (

𝑀𝑂

𝑀𝑆
) ∙ 100 (2) 

 
𝑂𝐸𝐸 = (

𝑂𝑌

𝑂𝐶
) ∙ 100 (3) 

where OY is the oil yield (%), 𝑀𝑂 is the mass of oil (g), 𝑀𝑆 is the mass of sample seeds (g), OEE is the 

oil expression efficiency (%) and 𝑂𝐶 is the oil content (%) by the Soxhlet extraction the Soxhlet  

extraction procedure (Niu, Li, Chen & Xu 2014). The energy is the area under the force-deformation 

curve which was calculated using equation (4) (Gupta and Das, 2000; Lysiak, 2007; Karaj and Muller, 

2010). 

 

𝐸𝑁 =  ∑ [
𝐹𝑛+1 + 𝐹𝑁

2
. 𝑋𝑛+1 − 𝑋𝑛]

𝑛=𝑖=1

𝑛=0

 (4) 

where 𝐸𝑁 is the energy (J), F is the compressive force (N), and X is the deformation (mm), which was 

converted to meters during the calculation. The hardness was calculated using equation (5) (Chakespari, 

Rajabipour & Mobli, 2010). 

 
𝐻𝐷 =  

𝐹

𝑋
 (5) 

where 𝐻𝐷 is the hardness (N/mm), F is the compressive force (N) and 𝑋 is the deformation (mm). 

The data were analyzed using Statistica software (Statsoft, 2013) by employing correlation and simple 

regression techniques.  

 

RESULTS AND DISCUSSION 

The obtained data are given in Tabs. 1 to 3 and Fig. 2. It can be seen Tab. 1 that the increment in moisture 

content linearly decreased the amounts of oil yield, oil expression efficiency, deformation energy,  

deformation and hardness. For the moisture content range of 4.879 to 9.375 (% w.b.); the oil yield ranged 

from 14.849±2.475 to 3.446±0.998 %; oil expression efficiency ranged from 46.593±7.767 to 

10.811±3.130 %; deformation energy ranged from 447.375±22.710 to 180.041±14.271 J; deformation 

ranged from 30.7±0.410 to 25.48±0.156 mm and the hardness ranged from 3257.62±43.519 to 

2188.074±27.234 N/mm. All the parameters negatively correlated significantly (P < 0.05) with moisture 

content increment with high correlation values between -0.936 and -0.983 (Tab. 2). The simple 

regression analysis (Tab. 2) also proved significant (F value > F critical or P value < 0.05) where the 

values of the coefficient of determination (R2) were high within the range of 0.876 to 0.966. The simple 

regression models for all the parameters are given in Tab.3. The intercept and moisture content 

coefficient were significant (P < 0.05) indicating the adequacy of the determined models.  

The force-deformation curves for each moisture content value are shown in Fig. 2. The area under the 

curve is the deformation energy (Gupta and Das, 2000; Lysiak, 2007; Karaj and Muller, 2010).  

The control moisture content of 4.879 % w.b. showed a smooth curve compared to the moisture content 

value of 6.615% w.b. which indicated a serration effect being characterized by the ejection of the 

seedcake through the holes of the pressing vessel (Divišova et al., 2014). Based on this observation, the 

compression test for the other moisture content values was stopped at the limit force without the serration 

effect. The serration effect was also observed in our published study on jatropha seeds at moisture levels 

of 32 % w.b. and 37 % w.b. (Kabutey, Herak & Sedlacek, 2011). It is relevant to indicate that the 

serration effect is not only attributed to the high moisture content but also to the combination of high 

pressure and speed and diameter of the pressing vessel (Divišova et al., 2014; Kabutey, Herak, Mizera 

& Wasserbauer, 2018). The limit or rupture force values for the above-mentioned moisture content 

values were 100 kN, 86 kN, 79 kN, 66 kN and 57 kN respectively. It was found that the limit force 

decreased linearly with moisture content. Similar results were indicated by Lzli, Unal & Sincik (2009) 

for rapeseed varieties as a function of moisture content, and then Gupta and Das (2000) on sunflower 

seed and kernel. The results also confirm the study by Burubai, Akor, Igoni & Puyate, (2007) on African 

nutmeg. In this present study, oil yield decreased with the increase in moisture content. The optimum 

moisture content was observed at 4.879 % w.b. Adejumo, Inaede & Adamu (2013) reported a decrease 
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in oil yield for Moringa oleifera seeds in the moisture content range of 7.28 to 20 % d.b. The authors 

further indicated that the oil yield of moringa seeds decreased with moisture content above 10 % d.b.  

Orhevba, Chukwu, Osunde & Ogwuagwu (2013) also found a decrease in neem kernel oil yield from 

24.86 to 15.62 % in the moisture content range of 6.3 to 16.6 % w.b. The authors mentioned that the 

optimum moisture content was between 6.3 and 8.1 % d.b. 

 

Tab. 1 Calculated parameters at different moisture levels of bulk rapeseed samples 

Moisture 

content 

(% w.b.) 

 

Oil Yield 

OY (%) 

Oil Expression  

Efficiency 

OEE (%) 

Deformation  

Energy 

EN (J) 

 

Deformation  

X (mm) 

 

Hardness 

HD (N/mm) 

4.879 14.849±2.475 46.593±7.767 447.375±22.710 30.7±0.410 3257.62±43.519 

6.615 9.813±1.151 30.790±3.611 364.214±6.771 28.28±0.198 3182.619±22.244 

7.144 8.361±1.686 26.235±5.289 313.112±22.766 26.52±0.665 2979.152±21.341 

8.325 4.075±0.964 12.788±3.023 217.7412±13.200 25.235±0.064 2536.169±6.396 

9.375 3.446±0.998 10.811±3.130 180.041±14.271 25.48±0.156 2188.074±27.234 

 

Tab. 2 Results of correlation and simple regression with the effect of moisture content 

Correlation  Simple regression 

Calculated 

parameters 

 

R 

 

R2 

 

F-value 

 

F-critical 

 

P-value 

OY (%) -0.952 0.907 77.667 5.318 < 0.05 

OEE (%) -0.952 0.907 77.667 5.318 < 0.05 

EN (J) -0.983 0.966 229.845 5.318 < 0.05 

X (mm) -0.936 0.876 56.464 5.318 < 0.05 

HD (N/mm) -0.941 0.886 62.209 5.318 < 0.05 

R: Correlation; R2: Coefficient of determination; F-value > F-critical or P-value < 0.05 is significant. 

 

Tab. 3 Model estimates under the effect of moisture content 

 

Effect 

Model 

OY (%) 

Standard 

Error 

 

t-value 

 

P-value 

Intercept 27.563 2.256 12.218 < 0.05 

Moisture content (% w.b.) -2.677 0.304 -8.813 < 0.05 

 

Effect 

Model 

OEE (%) 

Standard 

Error 

 

t-value 

 

P-value 

Intercept 86.487 7.078 12.218 < 0.05 

Moisture content (% w.b.) -8.399 0.953 -8.813 < 0.05 

 

Effect 

Model 

EN (J) 

Standard 

Error 

 

t-value 

 

P-value 

Intercept 761.029 30.773 24.731 < 0.05 

Moisture content (% w.b.) -62.818 4.143 -15.161 < 0.05 

 

Effect 

Intercept 

Model 

X (mm) 

36.35924 

Standard 

Error 

1.239785 

 

t-value 

36.35924 

 

P-value 

< 0.05 

Moisture content (% w.b.) -1.25437 0.166931 -1.25437 < 0.05 

 

Effect 

Model 

HD (N/mm) 

Standard 

Error 

 

t-value 

 

P-value 

Intercept 4649.978 235.9717 19.70566 < 0.05 

Moisture content (% w.b.) -250.599 31.7725 -7.88729 < 0.05 

OY: Oil Yield (%); OEE: Oil Expression Efficiency (%); EN: Deformation Energy (J); X: Deformation 

(mm) and HD: Hardness (N/mm). 
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Fig. 2 Force-deformation curves of bulk rapeseed samples at different moisture levels with the serration 

effect. 

 

CONCLUSIONS 
The moisture content value of 4.879 % w.b. obtained the highest oil yield of 14.849±2.475 % and  

oil expression efficiency of 46.593±7.767. The corresponding deformation energy was  447.375±22.710 

J. The increase in moisture content decreased the oil yield, oil expression efficiency, deformation energy, 

deformation and hardness of the rapeseed samples. Under the uniaxial compression loading, the 

moisture content of 4.879 % w.b. of the rapeseeds sample was found to be optimum for a higher 

percentage oil yield. In a future study, the mechanical screw press Farmet Duo would be used to validate 

the observed optimum moisture content for oil recovery efficiency, throughput, energy input, specific 

energy, temperature and oil residue in press cake.  
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Abstract 

In this paper, we are dealing with design of a mathematical model for prediction of the moving trajectory 

of a shaft supported in the sliding bearing. The mathematical model describes the real tribologic couple 

lubricated with two types of lubricants. The first lubricant we used, was the bio lubricant Texaco Hydra 

46 and the second one was Madit PP80. The tribologic couple consists of a shaft with a diameter

29 960. mm , with fit 8 7H / f  and bush 60B  type with dimensions 35 7 30 8 20r H   . The shaft is 

manufactured from steel EU E355 and the bush is manufactured from copper-tin alloy CuSn12. In math-

ematical procedures the stiffness and damping properties was substituted with dimensionless parame-

ters. The general properties of the tribological couple were defined in moving equations with Sommer-

feld number. By solving of moving equations, we get the trajectory of shaft center, mounted in the sliding 

bearing. We also get the critical angular velocity where the tribological couple became unstable range. 

 

Key words: bearings, tribological couple, Sommerfeld number, bio lubricant. 

 

INTRODUCTION 

Rotors represent a very important part in many machines, devices, and plants, and give rise to engineer-

ing and design challenges. While some problems in rotor dynamics nowadays can be considered as 

solved, new problems have emerged from the broad utilization, but also from the frequent need to in-

crease the operating range, the rotational speed, the load, or the power of rotating machinery. New so-

lutions for increasing demands are necessary and this emphasizes the importance of rotor dynamics and 

its status as an innovative field of research (Gupta, 2011).  The hydrodynamic forces in bearing bushing 

lifted the rotating shaft, which reduces the loss of transmitted power. Result of application of different 

types of lubricants is the different degree of material degradation and different lifetime of tribological 

couple (Gasch et al., 2006). For case of accident possibly, there arevery often chosen the natural safe 

lubricants called bio lubricants. In many cases, the operating environment or various special perfor-

mance requirements, other than load capacity, may be of overriding the importance of the selection of 

an appropriate type of bearing (Neale, 2011).  Many researchers have analyzed the different operating 

conditions, used lubricants and materials for stability of rotating shaft mounted in sliding bearings. The 

existing definitions of the linearized stiffness and damping coefficients in polar coordinates are derived 

from the Taylor series expansions of the radial component and tangential component of the fluid force 

and neglecting higher than first order terms (Wang et al., 2006). The physical and mechanical properties 

of used bio lubricants for simulating temperature were defined by the value of its Sommerfeld number. 

The differences in stiffness and damping are obvious in case the temperature of the oil was 100°C and 

the values of Sommerfeld numbers corresponded to this temperature. The viscosity of the oil is changing 

with increased temperature. The material and lubricants within the contact region usually define the 

friction characteristics of bearing systems. Sliding bearings have good damping and stiffness properties 

but suffer from high stiction and nonlinear friction characteristics. Evaluation of friction coefficient of 

different types of lubricants by experimental way is at nowadays very often-used methodology. The 

experimental stage of the test in terms of given methodology was characterized by increasing the load 

with a load intensity of defined force every certain time point, regardless the stabilization of measured 

parameters, and at a constant shaft speed (Engel et al., 2016). The mathematical modeling of sliding 

couples is very effective way to get the information about the couple behavior under different conditions.  

The journal stability in sliding bearing by solving of dynamical motion equations was done by many 

researchers at all (Krämer 1993; Šesták et al., 2001; Muszyńska 2005). Both, the appropriate selection 

of the lubricant type as well as material of bearing housing have radical influence on the degradation of 
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bearing housing liner and lifetime of bearing itself. For this reason, the clearance between shaft and 

housing liner is filled with oil layer with appropriate lubrication. The degradation of shaft and bushing 

liner depend on applied lubricant’s properties, types, and values of applied interaction dynamic forces 

(Šesták et al., 2001; Neale 2001). The tribological processes in lubricated journal bearing are described 

well by Reynolds equation. If the numerical solution is considered as not general enough, some simpli-

fications must be introduced to allow the pressure to be computed in closed form. If the bearing is as-

sumed very long, it is possible to neglect the fluid flow and pressure gradient in axial direction, obtaining 

the so-called long-bearing approximation (Mahrenholtz, 1984; Genta, 2005; Kudish, et al., 2010; 

Stachowiak, 2013). 

The aim of this article was to provide the research about the influence of applied lubricants in sliding 

bearing on the stability of rotating journal. The properties of applied lubricants were substituted by 

Sommerfeld number.

 

MATERIALS AND METHODS 

Tribological system properties 

The components of tribological system are shown in figure 1. The tribological system contains the fixing 

head (A), sliding bushing (B) and shaft (C). The shaft is manufactured from steel 11 600 (EU – E355).  

The contact surface of the shaft is grinded to dimension 29 60. mm  with tolerance on fit 8 7H / f  . For 

the fit of hole with deviation H  and degree of sharpness refers the tolerance range 
39

0

m
  and for shaft 

with deviation f  and degree of sharpness refers the tolerance range 
20

40

m

m








. 

The bushing with commercial signature 60B  with dimension 35 7 30 8 20r H    is shown in figure 3. 

All dimensions and tolerances were calculated according to the ISO 286-2 standard. The bushing is 

manufactured from full bronze with centrifugal casting technology from material 12CuSn . The material 

12CuSn  is tin bronze used for manufacturing of sliding bearings and is available for the working envi-

ronment with hydrodynamic lubrication and with limited lubrication. The 12CuSn  bushing is available 

for transmitting the rotational and translational moving. Technical drawing of bushing is shown in figure 

2. 

 

 
 

 

Fig. 1 Tribological components Fig. 2 Technical drawing of bush-

ing 

Fig. 3 Bushing 

 

For the experimental process was used the experimental device called Tribotestor M10. The roughness 

of tribological components was measured before the test and after the test, with application of different 

lubricants defined in tables 2 and 3. The real test running time was 60 seconds, with constant axial 

loading with force SF . Lubricant flow pressure was 101.325 kPa. Kinematic parameters of sliding cou-

ple are shown in table 1.  
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Tab. 1 Kinematic parameters of sliding couple 

Parameter Label Unit Value 

Rotational speed n   1min
  180 

Axial force 

 SF   
N   1000 

Bearing length B, L m   0.02 

Radial clearance C m  638.75 10   

Bushing inner diameter D m  330.038 10   

Shaft diameter d m  329.960 10   

Shaft roughness before test RAS1 m   0.32 

Bushing roughness before test RAB1 m  1.14 

Shaft roughness after test with Texaco Hydra RASX2 m  0.336 

Bushing roughness after test with Texaco Hydra RABX2 m  0.46 

Shaft roughness after test with Madit PP80 RASP2 m  0.331 

Bushing roughness after test with Madit PP80 RABP2 m   0.64 

 

Used Lubricants specifications 

For lubrication of sliding bearing, we used two types of liquid lubricants. The parameters of lubricants 

are shown in table 2. TEXACO Hydra 46 is the biodegradable hydraulic fluid (87.5%) based on syn-

thetic ester, usable in systems with higher operating temperatures. It has no negative effects on sealing 

materials, and it does not contain zinc (Chevron products UK LTD, 2014). The oil Madit PP80 is suitable 

for using in manual and mechanical gearboxes for commercial vehicles, manual transmissions for pas-

senger cars and light commercial vehicles, oil lubricated roller bearings, manual transmissions, agricul-

tural and construction transmissions, manual and mechanical transmissions of commercial vehicles, 

manual transmissions for passenger cars and light commercial vehicles (Technicko-informačný list-

MADIT PP 80, 2020). The technical parameters of oil Texaco Hydra 46 are shown in table 2, and Madit 

PP80 are shown in table 3. 

 

Tab. 2 Basic properties of TEXACO Hydra lubricant (Chevron Products UK LTD, 2014) 

TEXACO Hydra 46 
    

2 1mm s  
3kg m  

Kinematic viscosity at 100°C 9.3  
Density at 15°C  922 

 

Tab. 3 Basic properties of Madit PP80 lubricant (Madit PP80, 2022) 

Madit PP80 
    

2 1mm s  
3kg m  

Kinematic viscosity at 100°C 8.6  
Density at 15°C  885 

 

Mathematical model and its assumptions 

For creating a mathematical model of sliding bearing we defined the assumptions published by Lee 

(1993) as follows: 

 gyroscopic or rotary inertia effects are neglected,  

 the disk is located at the shaft mid span, only allowing its translational motion, 

 the mass of the shaft is neglected compared with that of the disk,  

 the flexibility of the (rigid) hearings is neglected compared with that of the shaft. 
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 it is assumed that the external damping force, which can be air friction against the shaft whirl, 

is proportional to the linear velocity of the geometrical center of the disc, 

 neglecting the influence of difference between oil density at 15°C and 100°C. 

The rotor sliding bearings were substituted with spring-dumper combinations, what is shown in figure 

4. The limits of stability of the shaft in sliding bearings are determined with its stiffness and damping 

coefficients. In the figure 4 we are defining the stiffness coefficients k  with respect to the y,z coordinate 

axes and damping coefficients c  with respect to the y,z  coordinate axes.  

 

 

Fig. 4 Rotor-bearings model 
1-shaft, 2- mass, 3-4- bearings, 5-7-10-12-stiffnes coefficients, 6-8-

9-11- damping coefficients,13-14-15 coordinate system, 16-shaft’s 

center of gravity, 17- angular velocity, 18- mass yaw, 19 – bearing’s 

center of gravity. 

Fig. 5 Rotor displacement 

SCG – center of gravity of shaft; Y ,Z – 

coordinate systems;  CG CGy ,z – coordi-

nate of the center of gravity of shaft; 

y ,z  - coordinate of the 
SCG  dis-

placement with refer to
MCG  

Fig. 5;  – angular velocity, M – torsional moment;  – eccen-

tricity;  – angle 

By the redrawing the figure 4 to the two-dimensional view with the rotor displacement we get the figure 

5. Relationship between the stiffness coefficients of the oil film and the shaft loading will be in the 

matrix form: 

The stiffness forces should be rewritten from equation (1) as follows: 

The damping coefficients of the oil film will be in matrix form: 

The damping forces form equations (3) can be rewritten as follows: 

The rotor should be in unstable state when the damping mechanism of bearing is non-conservative and 

must by satisfied that yz zyk k .  If we combine the equations 2, 4 and rewriting to its components, with 

respect to the dynamical moving equations, we got: 

S Syy CG yy CGm y c y k y      , 

S Szz CG zz CGm z c z k z      , 
(5) 

S

S

CG yy yz y

zy zz zCG k

y k k F

k k Fz

     
      

     

. (1) 

S

S

CGyy yzy

zy zzz CGk

yk kF

k kF z

   
     

      

. (2) 

S

S

CG yy yz y

zy zz zCG c

y c c F

c c Fz

     
      

     

. (3) 

S

S

CGyy yzy

zy zzz CGc

yc cF

c cF z

   
     

      

. (4) 
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 cos cos cos .cos
S S S SCG yy CG yy CG zz CG zzI M y k y c z k z c                   . (6) 

We assume the stationary system and the mass is rotating with constant angular velocity const.    and

0  . If we will respect the shaft center of gravity coordinates transformation, we got: 

We respect that the rotating shaft is lifted in bushing by hydrodynamic forces which raised by acting the 

oil film. The moving equations has the next form in matrix notation: 

We set up the equation rearrangement for better mathematical solving as follows. The eqn. 8 was mul-

tiplied by 
1 oS R

K g


 , 

1
C


 , where 

oS is a Sommerfeld number, R ( m ) is a bearing clearance, 

2g (m s ) is gravitation acceleration, 
1( rad s )  is self-angular velocity where 

45sin( )


  .  Each 

stiffness and damping coefficients of bearing that are dependent on the dynamic viscosity are solved 

with equations 9, 10, published by Wang and Khonsari (2006).  
3

3 2 2(1 )
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RL
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(10) 

The stiffness and damping coefficients we substituted with dimensionless parameters as published by 

Gasch and Pfutzner (1980) as follows:  

and finally, we got:   

We set up the Sommerfeld number in the form: 

where 
SF  is statical loading ( )N  the bearing, B is bearing height ( )m , D is bearing diameter ( )m , r  

is shaft radius ( )m , R R r    is a bearing clearance ( )m , 
3 340.8 10 . 0.97936 10Hv       is a bear-

ing hydrodynamic effective clearance,    is dynamic viscosity ( )Pa s  of the oil,   is an angular 

velocity 1( )rad s . The stability of journal movement in the bearing should be considered by solving 

the system of homogenous differential equations (12). We will search the solution of this system in the 

form: 

.
ˆ

.
ˆ

Jo Jo t

Jo Jo

z z
e

y y

   
   

   
. 

 

(14) 

SCGy z sin       

SCGz z cos      
(7) 

2

2 2

S S S

S S S

CG CG CGzz zy zz zy

yz yy yz yyCG CG CG

z z zb b k k cos tm m
. . . . . .

b b k ky y y sin t
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S
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F
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o
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If we will respect an assumption: 

ˆ. . t

Jo Joz z e , 
2 ˆ. . t

Jo Joz z e , 

ˆ. . t

Jo Joy y e , 
2 ˆ. . t

Jo Joy y e , 

 

(15) 

and put the equations (14) into the equations (12), then, after some modifications we get the system of 

algebraic equations in the following form: 

2

2

.
ˆˆ. . . . . 0

.
ˆ ˆ. . . . . 0

O
zz zz Jo zy zy Jo

O
yy yy Jo yz yz Jo

S C
z y

g

S C
y z

g

 
    

 

 
    

 

   
       

  

   
       

  

 

 

 

 

(17) 

The characteristic equation is a polynomial of fourth degree: 

 
4 3 2

2 2

3 4 2 1 0. . . 0A A A A A
   

  
   

       
            

       
. 

 

(18) 

The parameter   in equation 18 is not an angular acceleration. 

The dimensionless parameters , 0..4iA i   are the influence factors and they have following form: 

zyyzyyzzA  ..0  ,   1 zz yy yy zz zy yz yz zyA . . . .           , 

2 zz yy yz zyA . .     , 3 zz yyA    , 4 zz yyA    . 

 

(19) 

The parameter  has the form: 2.
.oS C

g
  . The stability condition for the equation (18) is:   

 2 2 2 2

1 1 4 2 3 3 0. . . . . . 0A A A A A A A       . (20) 

We obtain the limit stability if we put the parameter   into the equation (18), modifying it and put this 

equal to zero, we get: 
2 2

2 2 2 2 2 2

1 1 4 2 3 3 0

. . . .
. . . . . . . . . . 0O O O OS C S C S C S C
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g g g g

   
        

           
        

 
 

(21) 

and finally, we get the critical angular velocity of the journal: 

1 2 3

2 2

0 1 1 3 4 0 3

. .
.

.
Cr

A A Ag

S C A A A A A A
 

 
. 

 

(22) 

Exceeding this critical angular velocity, the rotation of shaft will become unstable. Equation (21) is 

depending on the Sommerfeld number because the values from 
0A  to 

4A  are also depending on the 

Sommerfeld number.  

 

RESULTS AND DISCUSSION  
To solve the system of differential equation (12) we have been setting up the calculation of few param-

eters before. All calculations were performed by PTC Mathcad Prime 5.0.0.0 software. 

The circumferential speed Hv : 

11.774Hv d n m s      , (23) 

-bearing hydrodynamic effective clearance  , 

3 640.8 10 . 923.29 10Hv      . (24) 

minimum film thickness 0h  

 0h 3.4 AS ABR R     , where 14 m   is the maximal value of dimension of mi-

croparticles in oil, for all configurations separately. 

(25) 

-relative eccentricity , 
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1

h

D d


 
   

 
, for all configurations separately. (26) 

Oil dynamic viscosity: 

    . (27) 

 

Tab. 4 Dynamic viscosities 

Material 
  

Pa s  
  

Dynamic viscosity Madit PP80 0.00727   
Dynamic viscosity Texaco Hydra 0.00923   

 

The damping and stiffness coefficient we have solved by equations 9 and 10 and values are listed in the 

table 5 and table 6. 

 

Tab. 5 Damping and stiffness coefficient for oil TEXACO Hydra 

Parameter  Unit Value before experiment Value after experiment  

yyk    1N m   61.039 10   56.963 10   

yzk    1N m  62.331 10   61.326 10    

zyk    1N m  58.078 10  56.401 10   

zzk    1N m  66.318 10  63.426 10   

yyc    1N s m   48.571 10  46.792 10   

yzc    1N s m   51.102 10   47.388 10    

zyc    1N s m   51.102 10   47.388 10   
 

zzc    
1N s m   53.481 10  52.167 10   

 

Tab. 6 Damping and stiffness coefficient for oil Madit PP80 

Parameter  Unit Values before experiment Values after experiment  

yyk    1N m   58.184 10  56.062 10   

yzk    1N m  61.837 10   61.204 10    

zyk    1N m  56.364 10  55.335 10   

zzk    1N m  64.977 10  63.426 10   

yyc    1N s m   46.752 10  45.661 10   

yzc    1N s m   48.684 10   46.432 10    

zyc    1N s m   48.684 10   46.432 10   
 

zzc    
1N s m   52.742 10  51.919 10   

      

We have performed a set of simulations based on the shaft and bushing roughness. The roughness has 

been measured before the experimental test and after the experimental test. From simulation we got the 

results of trajectory of shaft in bushing of bearing and critical angular accelerations as well as the values 

of stability conditions. The trajectories of shaft center are shown in figures 5, 6, 7, 8. For a better visu-

alisation of the process, we set the joint trajectories before and after the test what is shown in figures 9, 

10. 
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Fig. 7 Trajectory with Texaco before the test Fig. 8 Trajectory with Texaco after the test 

 

  

Fig. 9 Joint trajectories Madit PP80 Fig. 10 Joint trajectories Texaco  

 

The stability state of moving shaft in sliding bearing depends on few key factors. The influence of sur-

face roughness has been proved. The other key factor is the Sommerfeld number. The solved results are 

in table 7. We also determined the maximal and minimal value of the shaft centre position during the 

simulation. These coordinates are important in relation with the bearing clearance. In the first column 

of the table 7 the listed coordinates ,y z  are the aliases in relation of sign convention mentioned in the 

 

Fig. 5 Trajectory with Madit PP80 before the test 
 

Fig. 6 Trajectory with Madit PP80 after the 

test 
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figure 5. The similar analysis was performed by Šesták et al. (2001), but in their simulation many pa-

rameters were chosen by guess. For this reason, their results are only demonstrative. The mathematical 

model was defined almost identical to the presented model. Our mathematical model is based on the 

model published by Gasch et al. (2006). The vibrations of journal bearing have been investigated by 

Chen et al. (2022). They performed the semi-analytical prediction of sliding bearing-rotor system in 

nonlinear rotor system. In our case we performed the linear rotor system. The difference between our 

model and model of Chen et al. (2022) was that the oil film thickness was constant in our case.   

 

Tab. 7 Results from simulations 

Parameter Unit 
Values before experiment Values after experiment 

Madit PP80 Texaco Hydra Madit PP80 Texaco Hydra 

oS    10.358 8.16 10.358 8.16 

Cr  1rad s  267.522 301.415 327.746 415.147 

Stability  0.532 0.599 0.651 0.825 

miny  ( y ) mm  -0.00966 -0.00758 -0.01342 -0.01166 

maxy ( y ) mm  0.00958 0.00751 0.01318 0.01144 

minz  ( z ) mm  -0.1805 -0.1415 -0.24848 -0.21488 

maxz  ( z ) mm  0.18069 0.1416 0.24921 0.21577 

 

Mathematical model of sliding bearing based on Reynolds equation was published by Badescu (2020). 

He has proved, that the slider bearings operation under variable load is stable. A sensitivity analysis 

identified the design parameters which have the highest impact on bearing performance. The optimal 

slider bearing shapes obtained for Newtonian lubricants do not change if the most common couple stress 

fluids are used. Our simulation results are showing the similar conclusions, i.e., the movement of the 

shaft under the constant loading was stable (See the table 6 of the stability parameters). As published by 

Gasch et al. (2006), the ratio of z  coordinate of the rotating shaft regarding to rotational speed n   always 

lay inside the stable region. With tribological performance optimization of sliding bearing is dealt with 

by Zhang et al. (2022). Surface of the bearing slider was divided into a rectangular mesh, in which each 

rectangular grid was assumed to be local slip region or no-slip region. The influence of the surface of 

slip region on the tribological performance was confirmed. In our simulation we have confirmed that 

the roughness of the bushing liner and the shaft surface have the significant influence on the stability of 

the shaft movement.  

 

CONCLUSIONS 

Mathematical model of sliding bearing has been developed. The initial condition of simulation has been 

defined according to the recommendations of many nowadays researchers. The mathematical proce-

dures were performed by PTC Mathcad Prime 5.0.0.0 software. Some relevant input parameters, like 

roughness, were acquired from the real experimental measurement. The roughness was measured before 

the test and after the test. The sliding bearing was loaded with axial force where the carrier of force was 

parallel with z axis. The sliding bearing was lubricated with two different lubricants. The first one was 

the mineral oil Madit PP80 and the second one was the bio-oil Texaco Hydra. The obtained trajectories 

of shaft center are depicted on the figures 5 to 10. We calculated the Sommerfeld parameter for each 

simulation. We calculated the stiffness and damping coefficient and finally we substituted them with 

dimensionless parameters in the system of differential equation.  The investigated parameters are listed 

in the table 7.  From table 7, we can conclude that the performance and stability of shaft movement were 

stable in all cases. The important fact which follows from the values in x axis directions, is that the 

direction of loading has the significant influence on the wearing of bushing liner. The z axis coordinates 

have higher values than x axis.  This is caused by influence of the acting force. The higher values of 

roughness before the test in comparison with values of roughness after the test, were caused by filling 

the micro-particles as a product of wearing. The better lubrication abilities were proved by the bio-oil 

Texaco Hydra because the wearing of the bushing liner was lower and subsequently the production of 
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the micro-particles was lower. This fact caused better distribution of the oil film inside the bushing.  The 

significant influence of performance has the value of the dynamic viscosity at last. 
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Abstract 

The research was conducted in 2020–2021 at Vytautas Magnus University, Academy of Agriculture, 

Research Station. The soil of the experimental field is light loam Planosol. The aim of the study was to 

determine the impact of multi-crops grown for energy purposes on the development and productivity of 

crops. Crops with different biodiversity were studied: 

1. Single maize crop (MA); 

2. Single hemp crop (HE); 

3. Single faba bean crop (FB); 

4. Binary maize and hemp crop (MA + HE); 

5. Binary maize and faba bean crop (MA + FB); 

6. Binary hemp and faba bean crop (HE + FB); 

7. Ternary crop of maize, hemp and faba beans (MA + HE + FB). 

The highest total fresh biomass of crops was established in single and multi-cropped maize; however, 

as expected, the highest total dry biomass was found in the ternary crop. The highest dried biomass of 

individual species (maize, hemp or beans) was observed of singly grown species, except faba bean in 

ternary crop. In this crop, the dried biomass of faba bean was the highest, and it replace ternary crop 

to the first place according to the dried biomass. 

 

Key words: Cannabis sativa; Zea mays; Vicia faba; multi-crops; productivity.  

 

INTRODUCTION 

The faba bean (Vicia faba L.) is an important legume crop of the Fabaceae family; it is widely grown in 

the world for its economic and ecological value in sustainable agriculture (Zong et al., 2019). Faba bean 

are well able to adapt to different climatic conditions, as evidenced by their worldwide distribution (Duc 

et al., 2015). Technical hemp belongs to the family of magnolias (Cannabaceae) and has been used for 

medicine, fibre and food for more than six thousand years (Pain, 2015). Hemp is most commonly grown 

for seed or fibre. Its seeds are rich in starch, protein, and oil (Galasso et al., 2016). Hemp is also a 

promising crop for biofuel production. The amount of biomass obtained per unit area does not lag behind 

other energy crops (Hodsonetal, 2011). Maize (Zea mays L.) is an annual crop belonging to the mistletoe 

family (Jakienė et al., 2013). It is one of the most widely grown cereals in the world and is a major food 

source in many developing countries (Kumawat et al., 2020). Maize is also widely grown for animal 

feed, in the form of fresh biomass, grain or fermented and preserved in the form of silage, which could 

be used during colder periods of the year. In addition, one of the important targets for maize cultivation, 

mainly associated with developed countries, is ethanol production (Barnes et al., 2016). 

Crop functionality is enhanced by sowing fast-growing other species of crops into the main crop. With 

increasing biodiversity, hemp and maize protect each other from the spread of pests, weeds and diseases, 

as well as increase productivity of total biomass per unit area. The nutritional and energetic value of the 

main products is also improving. However, the physical, biological and chemical properties of the soil 

are rapidly deteriorating, with a reduction in nutrients and humus, an increase in soil hardness and a 

deterioration of the soil structure (Brussaard et al., 2007).  
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Until now, the cultivation technologies of multifunctional multi–crops of hemp, faba bean or maize have 

been little studied abroad and in Lithuania. Future research results are a perspective for developing pro-

ductive energy agrocenoses rotations and producing high quality biofuels. Hypothesis of investigation 

states that diversification of crops is likely to improve productivity per unit area. The aim of investiga-

tions was to evaluate the productivity of single and multi-cropped agrocenoses. 

 

MATERIALS AND METHODS 

A stationary field experiment was started in 2020 at the Research Station (54°52′ N, 23°49′ E) of Vytau-

tas Magnus University, Agriculture Academy. Research data from 2021 is presented in this study. Soil 

of experimental field is light loam Planosol (Endohypogleyic-Eutric Planosol – Ple-gln-w). Soil pHHCl 

is from 7.0 to 7.5, total nitrogen content – from 0.103 to 0.153%, available phosphorus – from 179 to 

310 mg kg–1, available potassium – from 95 to 172 mg kg–1, available sulphur – from 1.5 to 2.5 mg kg–

1, magnesium – 488 to 820 mg kg–1. The water regime is regulated by closed drainage, the micro relief 

is levelled. The arable layer of the soil is 23–27 cm thick. 

Three crops are grown in the experiment: maize (Zea mays L.) (Pioneer breeding hybrid P8105), tech-

nical hemp (Cannabis sativa L.) (variety Austa SK) and field bean (Vicia faba L.) (variety Vertigo). 

A total of seven treatments were tested (Tab. 1) (Romaneckas et al., 2022). 

 

Tab. 1 Crop biodiversity 

Level of crop biodiversity Cultivation Abbreviation 

single crop 

maize 

hemp 

faba bean 

MA 

HE 

FB 

binary crop 

maize + hemp 

maize + faba bean 

hemp + faba bean 

MA+HE 

MA+FB 

HE+FB 

ternary crop maize + hemp + faba bean MA+HE+FB 

 

The experimental plots were distributed in a random order. The initial size of each plot is 8 m2. The 

experiment was performed in 3 replications. The buffer strip of the experiment field is 1 m wide, and 

between the repetitions and treatments– 2 m wide. 

In autumn, the soil was ploughed up to 22–25 cm depth. In spring, the soil was cultivated twice with a 

complex cultivator. Depth of the last cultivation was 3–4 cm. The experimental plots were measured 

and the complex fertilizer NPK 5:15:30 was scattered on the soil before sowing. Fertilizer rate – 200 kg 

ha–1 (170 g per plot). The experimental plots were then seeded according to the intended sowing schemes 

(Fig. 1). They were sown by hands. When the weeds germinated abundantly, the crop spacing was loos-

ened 2 times. 

 

   
Single crops (MA, HE, FB) 
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Binary crops (MA+HE, MA+FB, HE+FB) 

 

   
Ternary crop (MA+HE+FB) 

 

Fig. 1 The sowing scheme (Romaneckas et al., 2022) 

 

According to the amount of precipitation, the territory of Lithuania is in the zone of surplus moisture. 

The climate is maritime shifting to continental; so, meteorological conditions vary. The average annual 

rainfall is 600–650 mm and evaporates about 500 mm. The vegetation of agricultural plants lasts 150–

170 days. In our experiment, in 2021, faba bean vegetation was lacking for only 103 days (period from 

germination to BBCH 09–10 to maturity at BBCH 83–86) because June and July were dry and hot. At 

the beginning of the vegetative season in 2021, the average air temperature was 6.2° C or 0.7° C lower 

than the long-term average. Precipitation was relatively low, only 33.7 mm or 7.6 mm less than the long-

term average. Such conditions for the growth of crops were favourable. There was a lot of rainfall in 

May, about 121.6 mm; the temperature was only 11.4° C. The month of June was warm; the average 

temperature was 19.5° C. This month was dry – 40.3 mm of precipitation. July was extremely warm and 

received on average 2 times less precipitation than the long-term norm (96.6 mm). August was 0.8° C 

colder than usual. Precipitation was 33.3 mm higher than the usual norm. Such conditions were favour-

able for faba bean maturation. The crops were harvested at the end of the month. 

Crop productivity parameters were carried out at harvest. Samples have been taken in a longitudinal row 

of 1 m (2 rows of beans) from at least 5 spots per plot. An average sample was formed. A total of 36 

samples were prepared for more detailed studies. Biomass of crops were dried in the oven in 105° C 
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temperature. The experimental data were analysed by programme ANOVA for EXCEL (vers. 4.0, au-

thor Pavelas Tarakanovas, PhD. Lithuanian Institute of Agriculture, Akademija, Kedainiu distr., Lithu-

anija), for SELEKCIJA software was employed.  

 

RESULTS AND DISCUSSION  
Crop fresh biomass. Crop biomass is one of the most important indicators of crop development and 

productivity. Testing of crop fresh biomass at the end of vegetative season revealed that the significantly 

lowest fresh biomass was by the single faba bean crop (822.2 g m–2), and insignificantly the highest – 

in the single maize crop (4163.3 g m–2), or about 5 times higher (Fig. 2).  

 

 
 

Fig. 2 Effect of diversification on crop biomass 
Note: values marked with different letters differ significantly at P<0.05. Treatments: MA – single maize crop, HE 

– single hemp crop, FB – single faba bean crop, MA + HE – binary maize and hemp crop, MA + FB – binary 

maize and faba bean crop, HE + FB – binary hemp and faba bean crop, MA + HE + FB – ternary crop of maize, 

hemp and faba bean.

 

Out of binary crops, the highest amount of fresh biomass was grown by MA + FB crop, or 8.3% less 

than in single MA crop. The ternary crop (MA + HE + FB) produced 2737.8 g m–2 of fresh biomass, or 

about 3.3 times more than the single faba bean crop. The results differed significantly. According to 

Streit et al. (2019), faba bean grows on average of 5% more fresh biomass in mixtures than in single 

crops. Li et al. (2014) reported a positive effect of maize fresh biomass yield when maize and bean roots 

in the mixture were freely mixed, and interspecies interactions were affected. Streit (2018) found that 

faba bean produces more fresh biomass than spring wheat, but did not show higher amounts of fresh 

biomass in binary crops (beans with spring wheat) than in single faba bean crop. Shtaya et al. (2021) 

also confirms that beans grown in combination with other plants increase the total fresh biomass. Grow-

ing faba bean together with triticale produced the highest fresh biomass of beans. Although a decrease 

in fresh biomass of beans was observed when growing binary crop with barley. 

The highest fresh biomass mainly was observed of singly grown species; however significance of dif-

ferences varied (Fig. 3). 

Crop dried biomass. This indicator is perhaps the most important for determining a crop’s productivity 

and energy potential. At the end of the vegetative season, significantly highest dried biomass was found 

in the ternary (MA + HE + FB) crop, although the maximum amount of fresh biomass was not found in 

this treatment (Fig. 2).  
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Fig. 3 Effect of crop diversification on species individual biomass 
Note: values marked with different letters differ significantly at P<0.05. * – significant difference from control 

treatment (single crop) at 95% probability level, ** – at 99% probability level. Treatments: MA – single maize 

crop, HE – single hemp crop, FB – single faba bean crop, MA + HE – binary maize and hemp crop, MA + FB – 

binary maize and faba bean crop, HE + FB – binary hemp and faba bean crop, MA + HE + FB – ternary crop of 

maize, hemp and faba bean.
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Meanwhile, during the period under review, the insignificant lowest dry biomass was found in the single 

hemp crop (133.2 g m–2). The content of dry biomass in binary crops was similar, ranging from 240.4 

to 252.5 g m–2. Only the MA + FB crop was distinguished; it had a negligible maximum dry biomass 

content compared to other binary crops. 

The highest dried biomass was observed of singly grown species, except faba bean in ternary crop (Fig. 

3). In this crop, the dried biomass of faba bean was the highest, but not significantly. 

 

CONCLUSIONS 
The highest total fresh biomass of crops was established in single and multi-cropped maize. However, 

as expected, the highest total dry biomass was found in the ternary crop. The highest dried biomass of 

individual species (maize, hemp or beans) was observed of singly grown species, except faba bean in 

ternary crop. In this crop, the dried biomass of faba bean was the highest, and that replace ternary crop 

to the first place according to the dried biomass. 
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Abstract 

The aim of the experiments was to improve the permeability of the flattened hop layer to the drying air 

on the first belt of the dryer and intensified drying and fuel saving. For this purpose, one rotor was 

installed above the first belt and the rotor peripheral speed would be higher than the belt speed. By 

means of data loggers, three measurements with the rotor switched off and with the rotor switched on 

were carried out and repeated three times. The average moisture content of hops with the rotor being 

switched off was 53.03 %, and 48.63 % with the rotor being switched on. The drying process will inten-

sify by 8.30 % with the rotor switched on. Without the rotor installed, the average consumption ELFO 

(Extra light fuel oil) was 486.5 l.t-1 of dried hops, compared to 415.5 l.t-1 when the rotor had been in-

stalled, resulting in significant fuel savings of 14.59 % when the rotor was used. 

 

Key words: hops; double-arm rotor; quality of hops; belt dryer; drying air.  

 

INTRODUCTION 

Hops need to be preserved immediately after picking to prevent any loss of their quality. Picked cones 

have a moisture content of 72-82 %, they breath intensively, increasing the temperature and there is a 

risk of damage by spontaneous heating that might lead to a gloss loss, change in the basic colour and to 

a negative impact on the overall cone quality. Therefore, the drying process needs to be initiated rapidly. 

In the Czech Republic, majority of hop growers use continuous belt dryers for drying, where hops are 

dried on a set of three successive drying belts, followed by conditioning. Hop cones are dried at a tem-

perature of 55-60°C for 6-9 h which is a very long time that is not beneficial at all for the final product 

quality, leaving aside the high energy requirements for drying. Dying on the first belt has a significant 

role as the moisture content is reduced here minimum by a third of total value of the input hop moisture 

content (Rybka et al., 2016). 

The experience of the growers brings the knowledge that upon entering the first belt the hop layer flat-

tens and hop cone bracts stick together due to their surface moisture. That causes lower layer permea-

bility (surface crust is created) for the passing air, thus the drying speed decreases (Rybka et al., 2018). 

After this problem had been eliminated, a double-arm rotor located above the first belt of the dryer was 

designed, installed and verified in operation (Fig. 1). 

The rotor was mounted between the first and second inspection window. This double-arm rotor has its 

arms fitted with reinforcement at their ends and rotates about its horizontal axis perpendicular to the belt 

motion. The rotor arms reach into the lower level of the hop layer moving on the dryer belt (Fig. 2). The 

shaft is fitted to the vertical walls of the dryer in bearing housings. It is driven by an electric motor with 

transmission gearbox. The rotational frequency of the rotor is selected in a way so that its peripheral 

speed was greater than the belt speed, however, in order to ensure that the rotor would not push the hops 

off the belt, thus forming vacant spots without hops above the belt through which the drying air would 

freely penetrate. This, in turn, would lower the intensity of hop drying. The rotor arms in their actual 

operation break up and rearrange the flattened layer of hops stuck together, thus enable better penetration 

of the drying air and faster removal of the hop moisture (Heřmánek et al., 2018; Rybáček et al., 1980). 

The aim of the measurement and the article resulting from them was to improve the permeability of the 

dried layer of hops through the drying air on the first belt of the belt dryer, to reduce the relative humidity 

of the drying air more quickly, to intensify drying and to save fuel. 
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Fig. 1 Scheme showing the location of the double-arm rotor above the first belt of the belt dryer 

 

 
 

Fig. 2 Rotor between the first and second inspection window above the first belt of the belt dryer 

 

MATERIALS AND METHODS 

Measurement by inserted data loggers 

To measure the temperature and relative humidity inside the hop layer continuously we used 

VOLTCRAFT DL-121-TH data loggers (Fig. 3) which enable to programme the frequency of data stor-

age. In our case this frequency was set to 5 minutes. The data logger internal memory has its storage 

capacity of 32,000 measured data. The data logger was integrated together with a sensor in a plastic 

casing and supplied by an inserted battery. The plastic casing had been fitted with a USB connector at 

one end via which the stored data were imported to a computer (Jech et al., 2011). 

 

 
 

Fig. 3 VOLTCRAFT DL-121-TH data logger 
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To protect the data loggers against mechanical damage while carried throughout the dryer as well as 

against pollution caused by lupulin, the data loggers were fixed rigidly in polyurethane foam and inserted 

into two stainless sieves half-spherical in form. This was the best guarantee of protection and at the same 

time the sieves did not impede the air permeability, hence no measurement error occurred (Fig. 4).  

 

 
 
Fig. 4 Insertion of a data logger into a protective sieve 

 
The measurements were carried out from 27 to 29 August 2018 with the Saaz variety, which is the most 

widespread and is grown on 85.19 % of the Czech hop acreage. Three data loggers were placed through 

the first inspection window onto the first (upper) belt of the PCHB 750 belt dryer in Rakochmel, Co., 

Ltd. in Kolešovice. Two of them were inserted into a hop layer approx. 0.5 m far from both left and 

right dryer wall, and one in the middle. Three measurements with the rotor switched off and three meas-

urements with the rotor switched on were carried out and repeated three times, the rotor being located 

between the first and second inspection window. The average values of the hop moisture content were 

determined based on these results, the dispersion of the values obtained from three measurements around 

the mean did not exceed 6 %. The specific values of the drying air temperature and relative humidity 

are taken as the average data from the three data loggers in passing through the third inspection window 

at the same time as the samples taken for laboratory determination of the hop moisture content. The 

advantage of data loggers, compared to rigidly fixed sensors in a dryer, is that they pass through the 

dryer together with the hops, continuously sensing the whole drying process (Krofta, 2008; Mitter & 

Cocuzza, 2013). 

 

Laboratory analysis of the samples 

The laboratory analyses monitored the moisture content of all hop samples, which was subsequently 

compared to the drying medium relative humidity measured by means of data loggers. The samples had 

been taken at the end of the first dryer belt. The moisture content in the hops was determined by the 

Mettler-Toledo HE53 moisture analyser (Fig. 5). The measurements were carried out 3 times repeatedly 

and the resulting values were averaged (Forster & Gahr, 2013; Henderson & Miller, 1972). 

 

 
         

Fig. 5 Mettler-Toledo HE43 moisture analyser 
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RESULTS AND DISCUSSION 

Tab. 1 shows the parameters of the drying process determined this way. The values from individual data 

loggers placed in the middle and on the edges of the belt differed minimally, thus confirming a presump-

tion about drying process being even over the whole width of the dryer. The measurement results are 

further shown below in the graphs of Fig. 6 and Fig. 7. 

 

Tab. 1 Parameters of the drying process  

Date of measurement: 27. - 29. 8. 2018  
Site: Rakochmel, Co., Ltd. in Kolešovice  

PCHB 750 belt dryer Variety: Saaz 

Sampling point 1st belt 

Rotor Switched off Switched on 

Measurement number 1 2 3 Mean 1 2 3 Mean 

Sampling time [h:min] 13:20 12:45 13:01  16:20 16:00 16:01  

Drying air temperature [oC] 40.6 41.0 41.5 41.03 40.8 41.0 40.7 40.83 

Drying air relative humidity [%] 40.2 41.6  42.8   41.53 33.2 34.8 33.2 33.73 

Hop moisture content [%] 48.4 53.7 57.0 53.03 46.9 50.4 48.6 48.63 

 

 
 
Fig. 6 Drying air relative humidity measured by data loggers on the first belt with the rotor switched 

on and off  

 
In his comprehensive study, J. Münsterer (2020), who deals with a detailed study of hop drying in 

chamber and belt dryers, points out the prevention of hop failure in the first third of the first belt. It 

summarizes the results of many experiments showing that the intensity of drying in the first third of the 

first belt has the greatest effect on performance and quality retention. However, it does not mention the 

installation of such a device. 
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Fig. 7 Hop moisture at the end of the first belt with the rotor switched on and off 

 

The average moisture content of hops with the rotor being switched off was 53.03 % at the end of the 

first belt, and 48.63 % with the rotor being switched on. If we consider the value of 53.03 to be 100 %, 

then the drying process will intensify by 8.30 % with the rotor switched on. 

Further observations of the rotor switched on or off emerged from the company's four-year monitoring 

of the ELFO (Extra light fuel oil) consumption for heating the drying air (Tab. 2). The average con-

sumption between 2011 and 2014 related to the harvest season was 486.5 l.t-1 of dried hops without the 

rotor installed, and 415.5 l.t-1 of dried hops with the rotor installed between 2015 and 2018 related to the 

harvest season, which implies significant fuel savings of 14.59 % when using a rotor.  

 

Tab. 2 ELFO consumption for each year of the measurement  

 Year of measurement 
ELFO consumption Dried hops Average consumption 

[l] [t] [l.t-1] 

Without rotor 

installed 

2011 21949 42.48 517 

2012 12300 30.90 398 

2013 22200 43.87 506 

2014 24100 45.90 525 

With rotor 

installed 

2015 13600 32.94 413 

2016 29369 69.47 423 

2017 28444 63.30 449 

2018 22756 60.30 377 

 

CONCLUSIONS 

The experiments carried out in the PCHB 750 hop belt dryer of Rakochmel, Co., Ltd. in Kolešovice 

comparing the drying process with its rotor switched on and off above the first belt show that by involv-

ing the rotor in the technological process a hop layer becomes more air-permeable and it also has a 

positive impact on reducing the drying air relative humidity at almost identical temperature. Tab. 1 and 

the graphs in Fig. 6 and Fig. 7 depict the measurement results in the harvest season of 2018. The graph 

in Fig. 6 shows the average measurement data obtained by means of three data loggers. The graph in 
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Fig. 7 shows the hop cone moisture content detected by means of Mettler-Toledo HE43 moisture ana-

lyser. Both graphs clearly illustrate a decrease in both moisture contents when the rotor was switched 

on. The hop moisture decreased by 8.30 % with the rotor switched on. The variability of results, how-

ever, may be influenced by the variable moisture of the hops entering the dryer. In case of these meas-

urements this moisture content was relatively steadied (75±2 %), but not necessarily always. Therefore, 

it will be appropriate to carry out repeated measurements in the following harvesting seasons. However, 

the inclusion of a rotor had a significant positive impact on the long-term monitoring of fuel consump-

tion. Between 2011 and 2014, the total fuel consumption without using the rotor was 80,549 l of ELFO 

for drying 163.15 t of hops. This implies that the average consumption of ELFO was 493.7 l.t-1 of dried 

hops. Between 2015 and 2018, the total fuel consumption using the rotor was 94,169 l ELFO for drying 

226.01 t of hops, giving the average consumption of ELFO 416.7 l.t-1 of dried hops. Four years of the 

rotor operation generate fuel savings of 15.6 %. 
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Abstract  

The use of unmanned aerial vehicles (UAV) to monitor crop growth is nowadays a common non-invasive 

way how to obtain information on the current state of crops. Spectral indices derived from multispectral 

images obtained in the right growth stage can then serve as a good data source for agro-technical 

interventions and yield estimation. Hop belongs among the crops where it is possible to scan the indi-

vidual growth parameters very exactly. In the year 2021, significant precipitation amounts were rec-

orded during the growing season, when it turned out that UAVs are a very powerful tool for determining 

the quality of production or quantification of vegetation damage compared to the previous year (2020). 

It was found that the common spectral indices were possible to use for calculation leaf area, structure, 

vigor and chlorophyll content of hop gardens. 

 

Key words: unmanned aerial vehicles; geoinformatics; crop stress; vegetation parameters. 

 

INTRODUCTION 

Monitoring of the growing process, gathering information and collecting data about the plants belongs 

to one of the main tasks of agronomy (Yang et al., 2015). The variability of plants reflects the charac-

teristics of different varieties and abiotic as well as biotic factors occurring annually, e.g. weather con-

ditions, temperature and relative humidity; or seasonally, e.g. diseases, irrigation systems malfunctions 

or weather events (Bégue et al., 2008). The ground-based monitoring can collect data with very high 

accuracy, but it is limited due to high workload and the time requirements (Kumhálová & Matějková, 

2017). For this reason, for collecting these data, remote sensing has become a very popular technique 

(Comba et al., 2018). Among benefits of remote sensing use belongs continuous scanning during  

the whole vegetation season and time series collection to capture the growth phases (Domínguez et al., 

2015), make current images during short time or in one moment. The data could help to analyse  

the crops growth process and the growth conditions (Yang et al., 2015). The remote sensing became  

a resource for acquiring agronomical data thanks to its affordability in compare with on-ground plat-

forms of measuring and its sensing efficiency (Andújar et al., 2019).  

Hop belongs to marginal crops with regards to its growing area, but its cultivation is efficient,  

in addition, hops play a very important role in the world and especially in the Czech brewing industry. 

For this reason, Czech hop is an important export crop (Rybáček, 1991). Plants observation and counts 

in early stages of growth are very valuable for the hop growers because they still have time to replant 

the plants. The camera-based observation is also important for the determination of the plant volume 

and the yield of hops. The important aspect is how to identify the green object, the usual method is  

to use the spectral indices (Guijarro et al., 2011). 

One of them spectral indices Normalised Difference Vegetation Index NDVI (Rouse et al., 1974) is 

often stated as reliable estimator of crop health and structure. This spectral index belongs among ac-

cording to the scientific literature the most used for crop condition estimation as well (Khan et al., 2018).  

For example, Pádua et al. (2019) created a vitality map based on NDVI values with the aim  

to analyse vineyards vegetation during the whole growing season.  

Another is Green Normalized Difference Vegetation Index GNDVI (Gitelson & Merzlyak, 1996). This 

spectral index is an indicator of the photosynthetic activity of the vegetation and is most used  

for multispectral data which do not have an extreme red channel. Compared to the NDVI, GNDVI is 

more sensitive to chlorophyll concentration, it is used in assessing depressed and aged vegetation (Can-

diago et al., 2015). 
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Next index of them Chlorophyll Vegetation Index CVI (Hunt et al., 2011) has an increased sensitivity 

to the content of chlorophyll in the deciduous cover. CVI is used from early to mid of the crop growth 

cycle for a wide range of soils and sowing conditions by analysing a large synthetic data set obtained 

using a leaf surface reflectance model. This index uses to the concentration of chlorophyll  

in the leaf an effective normalization of various values obtained with the introduction of red and green 

colours (Vincini et al., 2014). 

Pádua et al. (2019) used only RGB images to calculate area of vegetation (in this case vineyards) for 

crop growth estimation. RGB images works only with the visible part of electromagnetic spectrum, there 

are several RGB spectral indices for estimating the area. 

One of these, Triangular Greenness Index TGI (Hunt et al., 2013), appears to be sensitive  

to the chlorophyll concentration in the green parts of plants and is able to extract green parts well from 

other vegetation (Hunt et al., 2013). This procedure seems to be effective in case of typical hop garden 

row structure. 

The data processing for the calculation of vegetation indices has limits in the choice of threshold for the 

detection of green object and bare soil. These problems help to eliminate the Otsu´s method, which is 

based on automatic threshold selection for picture segmentation. This procedure results in a binary im-

age that can improve the final results obtained from vegetation indices (Otsu, 1979). Pádua et al. 2018 

used this method for binary image extraction in vineyards, but the use of remote sensing data is chal-

lenging in hop gardens due to the row structure and plant canopies. It is the challenge to use similar 

methods to vineyard monitoring to derive the green vegetation of hop gardens and calculate its volume. 

That is why the main aims of this study were to compare the hop gardens in two following years with 

other meteorological condition in terms of calculating the green area of canopy and structure, vigor and 

chlorophyll content with the help of selected spectral indices.

MATERIALS AND METHODS 

The 1.72 ha study field is located near to Kněževes village (50.1491481N, 13.6205150E), in the Czech 

Republic, where Premiant hop variety was grown. The monthly precipitation and temperature during 

the main vegetation season was measured with Agrometeorological station located near to the study site 

(see Table 1). 
 

Tab. 1 Monthly precipitation and temperature measured during the main vegetation season 2020 and 

2021 at study site 

Year 2020 2021 

Months May June July August May June July August 

Temperature (°C) 11.3 16.8 18.4 19.6 10.8 19.4 18.8 16.6 

Precipitations (mm) 43.4 85.0 40.4 68.4 70.0 131.0 68.8 70.6 

 

Premiant is a hybrid semi-late variety with a growing season of 128 to 134 days. This variety is charac-

terized by increased demands on nitrogen fertilization as well as tolerance to lack of water during veg-

etation. The yield is in the range of 1.8 to 2.5 t/ha.  

The hop garden was scanned in two terms – 1st July 2020 and 7th July 2021 using eBeeX fixed wing 

drone with built-in RTK-PPK functionality (senseFly SA, Cheseaux-Lausanne, Switzerland) equipped 

with MicaSense Red Edge MX camera (MicaSense, Inc. Seattle, WA, USA) consists of five spectral 

bands: Blue band (with central wavelength of 475 nm and 20 nm bandwidth), Green (560 nm, 20 nm), 

Red (668 nm, 10 nm), Red Edge (717 nm, 10 nm), NIR (840 nm, 40 nm). The flights were performed 

at 75 m above ground with resulting 0.06 m spatial resolution of images, and 75% longitudinal and 

lateral overlaps. The obtained images were pre-processed in eMotion SW with the help of postflight tool 

in order to refine the georeferenced. Orthophotos and spectral indices were derived in Pix4D SW during 

the photogrammetric procedure. Normalised Difference Vegetation Index (NDVI), Green Normalised 

difference Vegetation Index (GNDVI), Chlorophyll Vegetation Index (CVI), Triangular Greenness In-

dex (TGI) (details in Table 2) were then analysed in ENVI (version 5.6.1), ArcGIS Pro (version 2.9.2) 

and QGIS (version 3.16.8) SWs. The data extracted from images were then analysed in Statistica (ver-

sion 13.5.0.17) SW. 
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Tab. 2 Vegetation indices derived for hop growth evaluation 

Spectral Index Algorithm Used for: References 

Normalized Difference 

Vegetation Index 
𝑁𝐷𝑉𝐼 =

𝑁𝐼𝑅 − 𝑅

𝑁𝐼𝑅 + 𝑅
 Biomass, structure, vigor Rouse et al. (1974) 

Green Normalized Differ-

ence Vegetation Index 
𝐺𝑁𝐷𝑉𝐼 =

𝑁𝐼𝑅 − 𝐺

𝑁𝐼𝑅 + 𝐺
 Chlorophyll Gitelson et al. (1996) 

Chlorophyll Vegetation In-

dex 
𝐶𝑉𝐼 =

𝑁𝐼𝑅

𝑅𝑒𝑑 𝐸𝑑𝑔𝑒
− 1 Chlorophyll Gitelson et al. (2005) 

Triangular Greenness Index 𝑇𝐺𝐼 = 𝐺 − 0.39 × 𝑅 − 0.61 × 𝐵 
Chlorophyll, nitrogen, green 

leaves detection 

Hunt et al. (2013) 

R = red reflectance, G = green reflectance, NIR = near-infrared reflectance, Red Edge = red edge 

reflectance. 
 

TGI spectral index was used for deriving binary model with the help of Otsu threshold method (Otsu, 

1979). The resulting vector layer exactly delimited the green area of the crop, where a value of 0 meant 

green crop parts and a value of 1 meant bare soil or another surface. The layer of green vegetation was 

then smoothed in order to delete errors. The individual selected rows were bounded, and zonal statistics 

were calculated with the help of raster analysis and geoprocessing tools. The area and vigor  

of green crops in individual rows were calculated and evaluated. 

In 2020 were analyzed the first ten rows from the eastern edge of the hop garden. Because in 2021 it 

was not possible to do in-situ analyzes of the same crop rows as in 2020 due to high precipitation totals 

and the subsequent flooding of part of the hop garden with water, the rows 14, 15, 20 and 21 were 

selected for a more detailed in-situ analysis in 2021. The UAV campaign covered the entire hop garden, 

regardless of the flooded parts of the hop garden (Fig. 1). 

 

 
Fig.1 The difference between of the hop garden for 2020 and 2021 (GNDVI = Green Normalized Dif-

ference Vegetation Index and TGI = Triangular Greenness Index) 
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RESULTS AND DISCUSSION  
Calculated area of green crops and selected variables (mean, standard deviation (StDev) and range)  

of zonal statistics for NDVI, GNDVI and CVI vegetation indices in individual rows are given in Table 

3 for 2020 and in Table 4 for 2021.

 

Tab. 3 Calculated area and spectral indices values (NDVI = Normalized Difference Vegetation Index, 

GNDVI = Green NDVI and CVI = Chlorophyll Vegetation Index) for selected hop rows and in aver-

age (Avg) in 2020. 

Row Area NDVI GNDVI CVI 

 (m2) Mean StDev Range Mean StDev Range Mean StDev Range 

1 113.2 0.75 0.11 0.51 0.73 0.06 0.31 1.30 0.37 2.44 

2 202.8 0.79 0.10 0.52 0.76 0.05 0.32 1.57 0.40 2.55 

3 238.0 0.77 0.11 0.56 0.75 0.06 0.40 1.49 0.44 2.61 

4 282.6 0.79 0.11 0.52 0.77 0.06 0.32 1.63 0.47 2.63 

5 208.0 0.78 0.11 0.55 0.76 0.06 0.34 1.56 0.45 2.82 

6 156.4 0.76 0.12 0.52 0.75 0.06 0.33 1.51 0.46 2.43 

7 220.5 0.78 0.11 0.51 0.76 0.06 0.34 1.56 0.43 2.83 

8 223.9 0.78 0.11 0.51 0.76 0.06 0.33 1.59 0.45 2.55 

9 249.3 0.78 0.11 0.56 0.76 0.06 0.35 1.59 0.46 3.00 

10 310.4 0.80 0.11 0.53 0.77 0.06 0.35 1.69 0.48 3.15 

11 243.8 0.79 0.11 0.57 0.77 0.06 0.36 1.65 0.48 3.05 

20 304.9 0.79 0.10 0.55 0.76 0.06 0.36 1.61 0.46 3.18 

21 293.7 0.78 0.11 0.54 0.76 0.06 0.38 1.58 0.48 3.17 

Avg 435.4 0.78 0.11 0.53 0.76 0.06 0.35 1.56 0.45 2.80 

 

Tab. 4 Calculated area (absolute values in m2 and comparison to 2021 in %) and spectral indices val-

ues (NDVI = Normalized Difference Vegetation Index, GNDVI = Green NDVI and CVI = Chloro-

phyll Vegetation Index) for selected hop rows and in average (Avg) in 2021. 

Row Area 

Area 

to 

2021 

NDVI GNDVI CVI 

 (m2) (%) Mean StDev Range Mean StDev Range Mean StDev Range 

1 18.5 16.3 0.76 0.12 0.51 0.63 0.10 0.46 1.05 0.47 2.32 

2 113.8 56.1 0.80 0.07 0.55 0.65 0.06 0.51 1.00 0.30 2.26 

3 119.1 50.0 0.76 0.10 0.59 0.60 0.09 0.57 0.82 0.36 3.35 

4 198.6 70.3 0.73 0.13 0.67 0.58 0.11 0.55 0.73 0.37 2.66 

5 146.6 70.5 0.65 0.15 0.68 0.49 0.12 0.54 0.47 0.35 2.19 

6 131.4 84.0 0.69 0.14 0.62 0.52 0.12 0.56 0.56 0.34 1.99 

7 153.1 69.4 0.74 0.11 0.61 0.58 0.10 0.56 0.73 0.32 2.27 

8 137.3 61.3 0.76 0.09 0.56 0.60 0.08 0.51 0.77 0.25 2.05 

9 118.5 47.5 0.77 0.08 0.54 0.62 0.06 0.45 0.83 0.26 2.28 

10 125.0 40.3 0.80 0.07 0.49 0.65 0.05 0.41 0.97 0.30 2.46 

11 147.3 60.4 0.78 0.08 0.57 0.63 0.05 0.42 0.86 0.25 1.99 

20 140.1 45.9 0.78 0.10 0.54 0.65 0.07 0.45 1.00 0.37 2.68 

21 157.2 53.5 0.79 0.09 0.51 0.66 0.07 0.48 1.04 0.38 2.56 

Avg 131.3 55.8 0.75 0.10 0.57 0.60 0.08 0.50 0.83 0.33 2.39 
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The results showed that the area of the selected rows in 2021 was in average 55.8% (from 16%  

to 84%) smaller than in the previous year 2020 due to higher precipitation totals in 2021, which caused 

the subsequent flooding of the hop garden with water (details in Table 4). The green area extraction 

method used proved to be useful in terms of the possibility of calculating for a larger area and in case it 

is not possible to evaluate the vegetation in-situ. For example, Andújar et al. (2019) found that the use 

of aerial imagery techniques resulted in positive net returns, whereas the on-ground technologies needed 

a faster time of acquisition in order of them to be profitable. 

NDVI as an indicator of vigor and structure of the canopy (Rouse et al., 1974) showed lower values in 

the year 2021 when the crop hops were damaged. On the other hand, the standard deviation was lower, 

and the range was higher in 2021 than in 2020. 

The results of GNDVI and CVI values were contradictory in standard deviation and data range, although 

both indices are often used as indicators of chlorophyll content in leaves (Meng et al., 2015). This could 

be probably caused due to the use of other spectral bands in the calculation (Lorencs et al., 2014). While 

GNDVI worked with reflectance values of GREEN and NIR bands, the CVI index used the NIR and 

RED EDGE spectral bands. This agrees with the findings of Segarra et al. (2022) that Greenness sensi-

tive indices such as CVI had different results in contrast with the biomass sensitive indices (GNDVI). 

Mean GNDVI value was much higher in 2020 with lower standard deviation and data range than in the 

year 2021. A very high difference between the mean CVI values in 2020 and 2021 confirmed the lack 

of chlorophyll in leaves and poorer crop vigor in 2021. On the other hand, the canopy had higher varia-

bility in 2020, when the crops were in better condition. 

 

CONCLUSIONS 
This study addressed the hop gardens in two following years with other meteorological condition.  

The results showed that the area of the selected rows in 2021 was in average 55.8% smaller than  

in the previous year 2020 due to higher precipitation totals in 2021. NDVI as an indicator of vigor and 

structure of the canopy showed lower values in the year 2021 when the crop hops were damaged.  

On the other hand, the standard deviation was lower, and the range was higher in 2021 than in 2020. 

The results of GNDVI and CVI values were contradictory in standard deviation and data range. Mean 

GNDVI value was much higher in 2020 with lower standard deviation and data range than in the year 

2021. A very high difference between the mean CVI values in 2020 and 2021 confirmed the lack  

of chlorophyll in leaves and poorer crop vigor in 2021. On the other hand, the canopy had higher varia-

bility in 2020, when the crops were in better condition. The selected common spectral indices were 

possible to use for calculation leaf area, structure, vigor and chlorophyll content of hop gardens.   
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Abstract 

This study investigates the potential of applying artificial neural networks (ANNs) to describe the drying 

kinetics of linden leave samples during infra-red drying (IRD) under different drying temperatures of 

50˚C, 60˚C and 70˚C and samples thickness (0.210, 0.220, and 0.230). Kinetic models were developed 

using selected thin layer models, and ANN methods. The statistical indicators of the coefficient of de-

termination (R2), and root mean square error (RMSE) were used to evaluate the suitability of the models. 

The effective moisture diffusivity varied between 4.13 x 10-12 m2/s and 5.89 x 10-12 m2/s and the activation 

energy was 16.339 kJ/mol. The thin-layer models illustrated that all used models (Page, Midilli et al., 

Henderson and Pabis, Logarithmic, and Newton models) can adequately describe the drying kinetics of 

linden leave samples with R2 values (> 0.9900) and lowest RMSE (<0.0200). The ANN model showed 

R2 and RMSE values of 0.9986, and 0.0210, respectively. Also, the ANN model shows the significant 

prediction for the linden chemical attributes for Total phenolics content (TPC), Total flavonoids assay 

(TFA), DPPH, and FRAP of R2 and RMSE values of 0.9975, 2.6100, 0.9891, 0.1346, 0.9980, 2.9317, 

0.9845, and 0.9808, respectively.  

 

Key words: linden leaves, infrared drying, artificial neural network model; total phenolic content; total 

flavonoid, DPPH, FRAP content. 

 

INTRODUCTION 

Linden (Tilia platyphyllos Scop.) is a medicinal plant with a pleasant taste in its tea which has several 

dozen different species and varieties (Chmielewska & Sadowska, 2010). It is rich in polyphenols and 

presents high antioxidant activity against DPPH radicals (Wissam, Nour, Bushra, Zein &Saleh, 2017; 

Siger, Antkowiak, Dwiecki, Rokosik & Rudzińska, 2021). The high agricultural value of linden in terms 

of many valuable elements it contains is emphasized in many articles (Yıldırım, Mavi, Oktay, Kara, 

Algur & Bilaloǧlu, 2000; Buřıčová & Reblova 2008; Kowalski 2017; Kelmendi, Mustafa, Zahiri, Nebija 

& Hajdari, 2020). 

The drying of agricultural products causes the enzymatic reactions to be inactivated as a result of heat 

and mass transfer leading to a reduction of the moisture content inside the product (Rodríguez, Clemente, 

Sanjuan & Bon, 2013). Drying methods such as hot-air drying (HAD), infrared drying (IRD), vacuum 

drying (VD), and microwave drying (MWD) have been used in drying agricultural crops (Onwude, 

Hashim, Abdan, Janius & Chen, 2018; Si, Wu, Yi, Li, Chen, Bi & Zhou, 2015; Tekin & Baslar, 2018). 

Amongst these drying methods, the IRD is the most common commercially used drying method as they 

provide a more uniform dried product, naturally harmless and nontoxic (Onwude, Hashim, Janius, Nawi 

& Abdan, 2016).  

IRD radiation had been implemented in food processing, reducing energy consumption and time spent 

in the process, securing and ensuring the quality of foodstuffs processed. There are some studies, related 

to the IRD process, reported in the literature on mint (Ertekin & Heybeli, 2014), pepper (Soysal, Keskin, 

Arslan & Sekerli, 2018), and kiwifruit slices (Doymaz, 2018). Computational intelligence tools such as 

artificial neural networks (ANN) are considered complex tools for complex systems and dynamic mod-

eling (Khaled, Aziz, Bejo, Nawi & Abu Seman, 2018). The application of ANN offers many advantages 

compared to conventional modeling techniques due to the learning ability, improved flexibility, online 

non-destructive measurements, reduced assumptions, suitability to the non-linear process, and tolerance 
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of incomplete data (Bai et al., 2018). For instance, ANN is inspired by the biological neural system as 

a useful statistical tool for nonparametric regression (Khaled, Aziz, Bejo, Nawi & Abu Seman, 2018).  

The objectives of this study are to investigate the drying characteristics of linden leave samples at dif-

ferent temperatures (50˚C, 60˚C, and 70˚C) using IRD, to evaluate the likelihood of applying ANN 

modeling as a non-destructive technique in describing the drying behavior of linden leave samples under 

different drying conditions and to compare the results with mathematical thin-layer models. 

 

MATERIALS AND METHODS 

Samples preparation  

Linden leaves (T. platyphyllos Scop.) were collected from the campus area of Ondokuz Mayıs Univer-

sity under open-air conditions located in the Samsun city coastline, Black Sea region, Turkey.  

 

Drying experiments 

The IRD technique was carried out using a laboratory-scale drying unit (Radwag balances and scales, 

Warsaw, Poland). This device has transmitting electromagnetic radiation in the range of medium to 

shortwave IR (radiator). The linden leave samples were dried at three temperatures (50˚C, 60˚C, and 

70˚C). During drying, the amount of evaporating water was designated in about 3-min intervals at each 

drying temperature. Trials were replicated three times and average weight loss was reported.  

 

Drying kinetics 

The variation in moisture content during the IRD technique was expressed in the form of moisture ratio 

(dimensionless) as described in Equation 1. 

MR =  
(Mt −  Me)

(Mo −  Me)
 (1) 

where Mt, Me and Mo are the moisture content of the samples at time t, equilibrium moisture content 

and initial moisture content, respectively. According to Aghbashlo et al. (2009) Me values did not change 

because they were relatively low compared to Mt and Mo values, resulting in negligible error during 

simplification, thus in this study, the moisture ratio was expressed as shown in Equation 2: 

MR =  
Mt

Mo
 (2) 

Effective moisture diffusivity and activation energy 

Fick's diffusion equation as a dimensional approach was applied due to its simplicity to describe the 

mass transfer of drying samples. The effective moisture diffusivity of samples for IRD was estimated 

using Crank's solution of Fick's diffusion equation as described in Equation 3 (Erbay and Icier, 2010). 
∂Mt

∂t
= ∇ .  (Deff ∇ Mt) (3) 

Assuming constant diffusion and uniform initial moisture distribution, the Crank's solution for cylindri-

cal shaped sample is shown in Equation 4. 

MR =  
8

π2
∑

1

(2n + 1)2
 exp (−

(2n + 1)2Deff t

r2 )

∞

n=1

 (4) 

where Deff is the effective moisture diffusivity (m2/s), r is the radius of the sample (m), n is the positive 

integer, and t is the drying time (s). For the sake of mathematical simplicity, Equation 4 was restricted 

to the first term, resulting in Equation 5: 

MR =  
8

π2
 exp (−

π2Deff t

r2 ) (5) 

The activation energies for IRD were calculated from the relationship between effective moisture diffu-

sivity and the average temperature of the samples based on the Arrhenius equation as shown in equation 

(6). 

Deff =  Doexp (−
Ea

R(T + 273.15
) 6) 

where, Do is the pre-exponential factor, Ea is the activation energy (kJ/mol), R is the universal gas con-

stant (8.3143 × 10-3 kJ/mol) and T is the average temperature of the sample (K). The values of Ea for 
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IRD method for different linden leave thickness levels were measured from the resulting slope values 

by plotting the fitting curve between lnD and 1/(T + 273.15) (Equation 7). 

Slope = − 
Ea

R
 (7) 

 

Mathematical thin-layer modelling 

The selected mathematical models namely: Page, Midilli et al., Henderson and Pabis, Logarithmic, and 

Newton model as listed in Table 1. The mathematical models applied based on non-linear least squares 

regression analysis using Sigma plot software (Version12.0, Systat Software Inc., California, USA). The 

application of these models gives better prediction with fewer assumptions (Khaled, Kabutey, Selvi, 

Mizera, Hrabe & Herak, 2020).  

 

Tab. 1 Mathematical thin-layer drying models. 

Model no. Model name Model expression 

1. Page model MR = exp(-ktn) 

2. Midilli et al. model MR=aexp(-kt)+bt 

3. Henderson and Pabis model MR = a exp (-kt) 

4. Logarithmic model MR = a exp (−kt) +c 

5. Newton model MR = exp (−kt) 

 

Artificial neural network 

The structure of a neural network is in the form of interconnected layers. Haykin (1999) divided an ANN 

into 3 clusters of structures based on their connection called: (1) single layer feed-forward network, (2) 

the multi-layer feed-forward network, and (3) the recurrent network. A back-propagation algorithm was 

applied in the training of the model and sigmoid function was used in all cases as illustrated in Equation 

8. 

f(x) =  
1

1 +  e−x
 (8) 

The datasets were prepared by randomly dividing the data into training and testing datasets of 70%, 

30%, respectively. The chosen hidden layer architectures were [3], [6], [9], [3, 3], [6, 6], [9, 9], [3, 3, 3], 

[6, 6, 6] and [9, 9, 9] matrix, where for example, [3, 3] and [3, 3, 3], represents the 2 and 3 hidden layers 

with 6 and 9 neurons each (Figure 1). The software (Weka 3.6, Hamilton, New Zealand) was used to 

analyze the ANN model.  

 

 
Fig. 1 Artificial Neural networks topology applied for this study 
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Extract preparation of the chemical characteristics  

The powdered sample was extracted with methanol/distilled water (80:20, v/v) for 12 hours at room 

temperature by the maceration method, and centrifuged for 20 min. The supernatant was used for the 

estimation of antioxidants and antioxidant activity. The total phenolic content (TPC) was determined by 

applying the Folin-Ciocalteu method (Singleton and Rossi, 1965). For the total flavonoids content (TFC) 

was measured using an AlCl3 colorimetric assay according to Gao et al. (2014).  

Free radical scavenging activity was measured using the stable DPPH free radical, according to the 

method described by Brand-Williams et al. (1995). The scavenging activity on the DPPH free radical 

was compared with that of the Trolox, a water-soluble vitamin E analog. Results were expressed in 

mmol Trolox equivalents (TE)/g of powder. The ferric reducing/antioxidant power (FRAP) assay was 

conducted according to Benzie and Strain (1996).  

 

Statistical analysis for mean comparison 

Statistical analysis was performed using the Statistical Analysis System software (SAS version 9.2, In-

stitute, Inc., Cary, N.C.). ANOVA at 5% level of significance and 95% confidence interval was per-

formed using the Duncan test to compare the mean significant differences between different drying time 

intervals at the IRD technique. These statistical indicators are the coefficient of determination (R2) and 

root mean square error (RMSE). They are computed mathematically as highlighted in Equations 9 and 

10: 

R2 = 1 −  
∑ (Vpred − Vexp)2N

i=1

∑ (Vpred − Vm)2N
i=1

 (9) 

 

RMSE =  √
∑ (Vpred − Vexp)2N

i=1

N
 (10) 

where Vpred is the predicted value, Vexp is the actual observation from experimental data, Vm is the mean 

of the actual observation, and N is number of observations.  

 

RESULTS AND DISCUSSION  

Drying process behavior  

The variations of moisture ratio with time for the IRD technique at different temperatures (50˚C, 60˚C, 

and 70˚C) is presented in Figure 2. According to Figure 2, the moisture ratio values of 0.20 and 0.42 

were determined at a drying time of 10 min and at temperatures of 60˚C and 70˚C. At a drying time of 

37 min was found the moisture ratio of 0.20 at 50˚C. Also, results showed that higher drying temperature 

resulted in a greater slope and the drying time is reduced by about 250%. The results are in agreement 

with other researchers on the drying behavior of various varieties of materials (Ayadi, Ben Mabrouk, 

Zouari, Bellagi, 2014; Khaled, Kabutey, Selvi, Mizera, Hrabe & Herak, 2020).  

 

 
 

Fig. 2 Drying characteristics of linden leave samples 
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Effective moisture diffusivity and activation energy  

The values of the Deff are presented in Table 2. The Deff values were varied between the range of 4.13 x 

10-12 m2/s and 5.89 x 10-12 m2/s. The values of Deff  obtained in this study were within the general range 

of 10-6 to10–12 m2/s for drying of food materials. The values of Deff are comparable with previous works 

for strawberry drying (2.40-12.1 x 10-9 m2/s), apple drying (2.27-4.97 x 10-10 m2/s), persimmon slices 

(1.330-9.221 x 10-9 m2/s) and pumpkin drying (1.19-4.27 x 10-9 m2/s) (Xiao, Pang, Wang, Bai, Yang & 

Gao, 2010; Abbaspour-Gilandeh, Jahanbakhshi & Kaveh, 2020; Sacilik & Elicin, 2006).  

On the other hand, the diffusivity constant in other words “pre-exponential factor” of the Arrhenius 

equation (D0) was predicted as 1.746 × 10−9 m2/s for linden leaves. The activation energy (Ea) of linden 

leave samples was calculated from the values of effective moisture diffusivity. The relationship between 

Ea and Deff was described by an Arrhenius-type equation (Equation 6). The values of activation energy 

were obtained by plotting ln(Deff) versus 1/(T+273.15) for the IRD method (Figure 3).  

 

Tab. 2 Values for Deff  and Ea of linden leave samples during IRD technique. 

Drying Temperature (˚C) Deff (m2/s) D0 (m2/s) Ea (kJ/mol) 

50 4.13 x 10-12   

60 4.47 x 10-12 1.746 x 10-9 16.339 

70 5.89 x 10-12   

 

 
 

Fig. 3 Arrhenius-type relationship of Ea versus temperature for IRD method 

 

A Comparison between mathematical thin-layer models 

The mathematical thin-layer models were applied to describe the drying kinetics of linden leave samples 

during the IRD method. Table 3 shows the selected mathematical models that fitted the experimental 

moisture content data in relation to the sample.  

 

Tab. 3 Statistical evaluation of the mathematical drying models for linden leaves samples of IRD 

Drying 

Temperature (˚C) 

Model 

no 
Model parameters R2 RMSE 

50 

1 k= 0.0472, n= 1.0381, 0.9992 0.0090 

2 
k= 0.0413, n= 1.0933, a= 0.9998, b= 

0.0003 
0.9999 0.0025 

3 a= 1.0128, k= 0.0538 0.9990 0.0098 
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4 a= 1.0096, k= 0.0547, c= 0.0053 0.9991 0.0099 

5 k= 0.0532 0.9988 0.0104 

60 

1 k= 0.0955, n= 0.9915 0.9935 0.0257 

2 
k= 0.0716, n= 1.1305, a= 0.9984, b= 

0.0009 
0.9992 0.0102 

3 a= 1.0032, k= 0.0937 0.9935 0.0256 

4 a= 0.9844, k= 0.1028, c= 0.0286 0.9969 0.0188 

5 k= 0.0934 0.9935 0.0245 

70 

1 k= 0.2584, n= 0.7815 0.9931 0.0269 

2 
k= 0.1300, n= 1.1340, a= 0.9914, b= 

0.0013 
0.9984 0.0152 

3 a= 0.9935, k= 0.1625 0.9896 0.0330 

4 a= 0.9611, k= 0.1866, c= 0.0405 0.9998 0.0055 

5 k= 0.1635 0.9896 0.0312 

 

Results of artificial neural network  

Time, temperature, and linden leave thickness levels were used to predict moisture ratio using the ANN 

model at IRD technique. Tables 4 show the statistical results related to training and validation of the 

multilayer feed-forward network structure of samples drying experimental data for the IRD method.  

 

Tab. 4 Statistical results of drying kinetics of linden leaves samp. for the ANN model using IRD 

No. hidden layer No. Neurons 
Training Testing 

R2 RMSE R2 RMSE 

1 3 0.9620 0.0654 0.9978 0.0152 

1 6 0.9602 0.0666 0.9943 0.0194 

1 9 0.9717 0.0566 0.9866 0.0302 

2 3,3 0.9549 0.0706 0.9974 0.0132 

2 6,6 0.9769 0.0546 0.9986 0.0210 

2 9,9 0.9743 0.0568 0.9974 0.0327 

3 3,3,3 0.9424 0.0795 0.9962 0.0215 

3 6,6,6 0.9672 0.0616 0.9971 0.0163 

3 9,9,9 0.9704 0.0587 0.9961 0.0412 

 

Comparison between artifitial neuron networks and mathematical thin-layer models 

The highest results obtained from the computational intelligence (ANN) and the top two mathematical 

thin-layer (page, Midilli et al, and Logarithmic) models of prediction moisture ratio is summarized in 

Table 5. The best results found by applying ANN in the case of IRD method were R2 of 0.9986 and 

RMSE of 0.0210 at 2 hidden layers with 12 neurons.  

 

Tab. 5 Statistical results of drying kinetics of linden leave samples for artificial neural networks and 

mathematical thin-layer models using IRD 

Model R2 RMSE 

Computational intelligence ANN 0.9986 0.0210 

Mathematical model Logarithmic 0.9998 0.0055 

differences 0.9992 0.0090 

Midilli et al. 0.9999 0.0025 
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Total Phenolic Content (TPC) and Flavonoids (TFC) 

The results are given by calculating dry matter values to prevent errors arising from dry matter diffe-

rence. The total phenolic content (TPC) of fresh leaves material was significantly (p < 0.05) higher than 

dried leaves. Table 6 presents the TPC and TFC content of the linden leaves under different temperatures 

process.  

 

Tab. 6 Total phenolic and flavonoid content of the fresh and dried linden leaves. 

Temperature (˚C) TPC (mg/g, DW) TFC (mg/g, DW) 

Fresh 12.773 ± 0.76 b 0.567 ± 0.015 b 

50 95.184 ± 0.47 a 2.790 ± 0.150 a 

60 99.756 ± 0.63 a 2.631 ± 0.084 a 

70 99.756 ± 0.63 a 2.583 ± 0.145 a 

Significance <0.001 <0.001 

The total phenolic content (TPC), total flavonoid content (TFC), a, b: Different letters within same co-

lumn shows the statistical difference (p < 0.01). 

 

To analyze the data, a non-parametric permutation test was used because of heteroscedasticity. TPC and 

TFC values were corrected and evaluated based on dry matter values to prevent errors arising from dry 

matter differences. Table 6 shows that the TPC of linden leaves was significantly different between fresh 

and dried samples and the values ranged from 99.756 ± 0.63 mg/g to 127.73 ± 0.76 mg/g. The TPC in 

the dried leaves (for 50 ◦C, 60 ◦C, 70 ◦C) was significantly (p<0.001) lower than that in the fresh.  

On the other hand, as can be seen in Table 6, the Duncan test indicates no statistical difference among 

temperatures (50 ◦C, 60 ◦C, and 70 ◦C). This means that linden leaves seem to be thermostable in the 

studied temperature range.  

The TFC in linden leaves is shown in Table 5; it varied significantly between fresh and dried samples 

and ranged from 0.567 ± 0.015 mg/g to 2.790 ± 0.150 mg/g. The reason for this may be the decrease of 

the solution viscosity due to the increase in temperature as the lime leaves change from a wet state to a 

dry state, and the increase of solubility, accordingly. In this study, depending on the type of flavonoids 

and the number of substituents, there could be no change in the flavonoid contents. In addition, the TFC 

results obtained in the present study correlated with Olsson et al.  

This finding suggests that besides the Midilli drying model, a simpler Page model can also be preferred 

for linden leaves under an IR thin layer drying process. In addition, 50 ◦C will be sufficient in terms of 

phenol content and flavonoid content in a thin layer lime leaf drying process with IR.  

 

Results of artificial neuron networks to predict chemical properties of linden leave samples 

Temperature and linden leave thickness levels were used to predict total phenolics (mg/g, DW), Total 

flavonoids (mg/g, DW), DPPH (mmol/g, DW), and FRAP (mmol/g, DW) using ANN model. Tables 7 

illustrate the statistical results from the four chemical properties of the multilayer feed-forward network 

structure of samples drying experimental data. The ANN data set were used to assess the optimum nu-

mber of neurons and hidden layers for multilayer neural network modelling for determining the best 

predictive power. In the case of total phenolics, total flavonoids, and FRAP, the results found that ar-

chitecture with 2 hidden layers with 6 (3, 3 neurons), obtained the best results of R2 (0.9975, 0.9891, 

and 0.9845) and the lowest RMSR of (2.6100, 0.1346, and 0.9808) as compared to those of 1 hidden 

layer (3, 6 and 9 neurons), 2 hidden layers (12, 18 neurons) and 3 hidden layers (9, 18 and 27 neurons), 

respectively (Table 6). While, DPPH, the highest results were found that architecture with 3 hidden 

layers with 18 (6, 6, 6 neurons), obtained the best results of R2 (0.9980) and the lowest RMSR of 

(2.9317) as compared to those of 1 hidden layer (3, 6 and 9 neurons), 2 hidden layers (6, 12, 18 neurons) 

and 3 hidden layers (9 and 27 neurons), respectively (Table 7).  
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Tab. 7 Statistical results of chemical characteristics of linden leave for the ANN model using IRD.  

No. Hidden 

Layer 

No. 

Neurons 

Total phenolics 

(mg/g, DW) 

Total flavonoids 

(mg/g, DW) 

DPPH, mmol/g, 

DW 

FRAP, mmol/g, 

DW 

R2 RMSE R2 RMSE R2 RMSE R2 RMSE 

1 3 0.9969 2.8914 0.9884 0.1393 0.9977 3.1420 0.9816 1.0760 

1 6 0.9965 3.1026 0.9882 0.1404 0.9977 3.1396 0.9824 1.0485 

1 9 0.9965 3.0855 0.9877 0.1439 0.9975 3.3549 0.9839 1.0017 

2 3,3 0.9975 2.6100 0.9891 0.1346 0.9978 3.0660 0.9845 0.9808 

2 6,6 0.9974 2.6835 0.9890 0.1356 0.9978 3.0664 0.9840 0.9986 

2 9,9 0.9972 2.7533 0.9888 0.1370 0.9978 3.0894 0.9833 1.0197 

3 3,3,3 0.9970 2.8433 0.9881 0.1401 0.9979 3.0421 0.9826 1.0402 

3 6,6,6 0.9968 2.9741 0.9876 0.1439 0.9980 2.9317 0.9818 1.0690 

3 9,9,9 0.9965 3.0873 0.9873 0.1460 0.9979 3.0024 0.9812 1.0906 

 

CONCLUSIONS 
This study investigated the potential of using the ANN as a modeling tool for predicting the drying 

process and the chemical characteristics of linden leave samples. The results showed that IRD had a 

significant effect on the drying kinetics, moisture diffusivity, and activation energy of linden leave 

samples. An increase in drying temperature and sample thickness influenced the drying kinetics and 

moisture diffusivity of samples. The effective moisture diffusivity varied between 4.13 x 10-12 m2/s and 

5.89 x 10-12 m2/s and the activation energy was 16.339 kJ/mol. The mathematical thin-layer modeling 

results showed that page, Midilli et al., and Logarithmic models can adequately (R2 > 0.9900) describe 

the drying kinetics of linden leave samples. The highest R2 value of 0.9986 was observed for ANN (2 

hidden layers with (6, 6) neurons) model. ANN tool as a computational intelligence method produced 

closer results compared to mathematical thin-layer. Also, the ANN model shows the significant pre-

diction for the linden chemical attributes for Total phenolics content (TPC), Total flavonoids assay 

(TFA), DPPH, and FRAP of R2 and RMSE values of 0.9975, 2.6100, 0.9891, 0.1346, 0.9980, 2.9317, 

0.9845, and 0.9808, respectively. Therefore, the ANN model can describe a wider range of experimental 

data whereas the application of theoretical models is limited to specific experimental conditions in most 

cases. Thus, ANN may be considered a suitable alternative modeling method for describing the drying 

behavior of linden leave samples.  

A universal method for appropriate estimation of wire diameter of helical compression spring was de-

termined. The estimation can be based only on the amount and type of load and selected wire material. 

This procedure can be useful when only force and deflection of spring are specified. 
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Abstract 

The paper deals with the principle of precise seed dosing using a high - frequency pneumatic nozzle. 

Design of equipment for testing and measurement in order to achieve the highest possible accuracy of 

seed frequency. Transport the seeds to the places of their germination in the soil. The seed hopper, the 

conveyor to the high-frequency sorting mechanism, the sorting nozzle and the output from the seed con-

veyor to the row were tested. The measurement results are given in this publication. The tests were 

performed on the seeds of black lentils and red lentils. 

 

Key words: precision sowing, two-segment sowing device, high-frequency pneumatic nozzle. 

 

INTRODUCTION 

The seed for sowing contains not only the seed, but also protective pickling and growth-promoting sub-

stances. In order to reduce the cost of buying seeds for sowing and increase yields with regard to soil 

quality, controlled sowing is necessary (Ram, Lohan, Singh, 2014). The sowing frequency depends on 

the seed type and ranges from 30 to 400Hz. This frequency also depends on the travel speed of the seed 

drill or the towing device. The device can be imagined as a two-segment device. The segments are 

relatively independent. The first segment sets the number of seeds to the length, or otherwise the fre-

quency with which the seeds are to be placed in a row. The second segment ensures the seed output 

speed, such that the relative travel speed of the seed drill and the seed output speed are equal. The impact 

velocity of the seed relative to the soil should be equal to 0 so that the name does not jump in the row 

(Parrish, 2014). The aim of the study was design of high frequency precision seeding mechanism. 

 

Tab. 1 Sowing frequency depending on the travel velocity of the seeder 

Type of seed 
Sowing speed  

10 km/h 

Sowing speed 

15 km/h 

Sowing speed 

20 km/h 

Sugar beet 11-17 Hz 17-26 Hz 22-35 Hz 

Soybeans 75-100 Hz 112-150 Hz 150-200 Hz 

Peas dry 78-106 Hz 116-160 Hz 155-213 Hz 

Rye 173-312 Hz 260-468 Hz 347-625 Hz 

 

The highest values of the required sowing frequency are for flax, even over 2600 Hz and a seeder speed 

of 20 km/h. The principle of the proposed device is based on a high-frequency pneumatic nozzle reach-

ing a frequency of up to 600 Hz. The valve must be lubricated with oil contained in the compressed air. 

 

MATERIALS AND METHODS 

The seed is added to the 5-liter hopper 3, Fig. 1. The inlet opening of the screw conveyor 2 is immersed 

below the seed level in order not to distort the tests by reducing the amount of seed transported. The 

inclination of the two-pass screw conveyor was adjusted to suit the required transported quantity as 

much as possible. The transported seed at the end of the conveyor descends along a sheet metal chute to 

its edge, which is hit by a pulse of air flow from the nozzle 1. Several types of chutes 4 have been 

designed, manufactured and tested with regard to sowing different crops. It is important that the seed 

has the lowest possible forward speed at the end of the slide, ie low kinetic energy. This changes the 

direction of the seed by rotating over the breaking edge of the chute. At the end of the rotation, some of 

the seeds should be struck by an air pulse. The other seeds (about 70%) fall back into the hopper after 

the slide 6. 
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Fig. 1 Principle of model operation      Fig. 2 Stationary device for parameter verification 

 

The position, distance and inclination of the nozzle from the chute edge have been optimized. The opti-

mal diameter of the nozzle orifice and the shape of its edge were also sought. The nozzle was redesigned 

several times during the tests. It was necessary that the air flow was not constant even for higher nozzle 

frequencies. If the seed is hit, it flies over the edge 7 to the seed transport system 5. If it is not hit by the 

air stream, it slides back into the seed hopper after the slide 6. Tests with lentil, rape, radish and pea 

seeds were performed on the device of Fig. 2.  

The control system of the unifying device must allow the setting of the following parameters: 

1. Nozzle valve frequency from 0 - 600Hz. 

2. Air pressure in the nozzle 0.01 - 0.8 MPa. 

3. Screw feeder speed 0.2-10 rpm. 

4. Nozzle opening percentage in the cycle - air pulse length. It is a parameter that sets the per-

centage of nozzle valve opening during one cycle. 

5. Single seed conveyor speed in the line 2-50 rpm. 

6. Counts the pulses sent to the air nozzle valve 

7. Lists the number of seeds passed through the sensor. 

Fig. 3 is a copy of the control system settings screen. It was taken with the following parameters: 

Nozzle valve frequency 70 Hz, air pressure in the nozzle 0.6 MPa, screw feeder speed 6 rpm, nozzle 

opening percentage 50% in one cycle. 

 

.  
 

Fig. 3 Screenshot of the control system       Fig. 4 Used seed count sensor 

 

The data in Fig. 3 are at a frequency of 70 seeds per second. Sensor of number of seeds is in Fig. 4, It is 

possible to obtain a match between the number of pulses on the nozzle and the number of seeds passed 

through the sensor by setting the parameters. The picture shows 4457 pulses and 4399 seeds registered 

by the sensor. In case the data would differ, the parameters would have to be changed so that they could 

be balanced. Tests have shown that the error can be kept at 5%. Fig. 4 shows a seed count sensor in a 

row. 
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RESULTS AND DISCUSSION  
The results of measuring the number of seeds over time are shown in Fig. 5. The horizontal axis shows 

the time in seconds, the vertical axis the number of seeds sensed by the sensor every tenth of a second. 

At the beginning of the graph is the start-up of the machine and the setting of the quantities so that the 

required seed frequency of 50 Hz is achieved. Due to the possible error of the sensor, which must round 

the seed numbers at the time limits, a moving average of three measurements (solid line in the graph) 

was made. The polynomial trend line (dotted line in the graph) corresponds to the setpoint.  

 

 
Fig. 5 Time distribution of the number of seeds at a sowing frequency of 50 Hz 

 

The results of measuring the number of seeds over time at a frequency of 90 Hz are shown in Fig. 6. 

The time in seconds is plotted on the horizontal axis and the number of seeds scanned every hundredth 

of a second on the vertical axis. The control of the air pressure in the nozzle, the speed of the feeder, 

and the percentage of the nozzle opening was switched on so that the required frequency of 90 seeds per 

second was achieved. Due to the possible error of the sensor, which must round the seed numbers at the 

time limits, a moving average of three measurements was made (solid line in the graph). The polynomial 

trend line (dotted line in the graph) corresponds to the setpoint.  

 

 
 

Fig. 6 Time distribution of the number of seeds at the sowing frequency of 90 Hz - onset of regulation 

 

The results of measuring the number of seeds over time at a frequency of 90 Hz are shown in Fig. 7. 

The time in seconds is plotted on the horizontal axis and the number of seeds scanned every hundredth 

of a second on the vertical axis. The control of the air pressure in the nozzle, the speed of the feeder, 

and the percentage of the nozzle opening was switched off so that the value of the required frequency 

of 90 seeds per second could be seen. The graph shows how stable the process of steady state regulation 

is. Due to the possible error of the sensor, which must round the seed numbers at the time limits, a 
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moving average of three measurements was made (solid line in the graph). The polynomial trend line 

(dotted line in the graph) corresponds to the setpoint.  

 

 
 

Fig. 7 Time distribution of the number of seeds at the sowing frequency of 90 Hz - end of regulation 

 

CONCLUSIONS 
The seeds from the unifying device fall between the belts of the transport device. The straight-line speed 

of the conveyor belts is 5.5 m/s at 20 km/h when the seed drill travels (Shannon, Clay, Kitchen, 2020). 

The speed of the sorted seed from the energy of the compressed air of the nozzle is approximately 0.1 

m/s. If the seed hits the fast-moving belt at low speed, it will gain a large acceleration, which will cause 

its uncontrolled rebound. (Virk, Fulton, Porter, et al., 2020). This had to be managed structurally. Many 

tests and adjustments have been made to reduce the difference between seed and conveyor speeds. Me-

chanical rebound barriers of various shapes were also made. However, the desired result was not 

achieved. (Akhalaya, Shogenov, & Starovoitov, 2021). 
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Abstract 

The article focuses on the use of computer process simulation and MTM-1 analysis to improve the pro-

duction process of handmade black glass eyes. The eyes are produced for taxidermy or toys. The pro-

duction process was analyzed, and based on observation and measurement, the simulation model was 

created to search for improvement in material flow, identify bottlenecks, and find the optimal batch size. 

The MTM-1 was used to analyze movements in production and change the order or optimize the micro-

layout of the workplace to reduce production time and improve the ergonomics of the operation. By 

combining improvement opportunities from simulation and MTM-1, the proposed processing time has 

been shortened by more than 3%. 

 

Key words: process improvement; MTM; simulation; micro-layout; glass production.  

 

INTRODUCTION 

Using different and new approaches can be beneficial in improving the production system or just one of 

the production processes. If only one approach (tool or method) is used,  some aspects of the production 

process can be missed. Only specific parameters of the process would be improved. That is why the 

used tools should be changed or used in combination.  

The benefits of the use of different methods in combination are discussed and described by many au-

thors. For instance reducing the lead time in chemical manufacturing by combining TOC (Theory of 

Constraints) and Lean by (Lopez-Osorio et al., 2022). The combination of Lean with agile principles is 

described by (Ding et al., 2021), Lean and green principles for sustainable improvement are combined 

in (Teixeira et al., 2022). Authors in (Gupta et al., 2022) combine TOC, Lean, and Six sigma. Other 

examples such as the combination of SMED (Single Minute Exchange of Dies) with Production Sched-

uling (Parwani & Hu, 2021), or with FMEA (Failure Mode and Effects Analysis) (Yazıcı et al., 2021). 

A combination of FMEA with computer simulation is shown in (Leeftink et al., 2021). More examples 

of tools and methods combined can be found in (Apornak et al., 2021; Lizarelli et al., 2021; Purusho-

thaman & Ahmad, 2022; Rihar & Kušar, 2021). 

One of the new approaches to combining two tools for process improvement could be the use of com-

puter simulation together with movement measurement tools. The idea is that simulation can provide a 

broader point of view on the system. Simulation can focus on improving material flow, identifying bot-

tlenecks, searching for the optimal batch size, and others (Al-zqebah et al., 2022; Kormin et al., 2021; 

Murugesan et al., 2021; Pekarcikova et al., 2021). The movement measurement method such as MTM 

or MOST can provide a more focused point of view on the detail of each activity. These methods are 

based on the research and measurement of many movements in industrial processes. The movements 

are categorized into types, and by the lengths, the time needed to execute the movement is found. From 

tables of movement codes, opportunities for improvement can be found. The result of using these meth-

ods can be an improvement of ergonomics, reducing unnecessary movements, redefining the order of 

movements, and others (Gorobets et al., 2021; Hernandez Moreno et al., 2022; Riedel et al., 2022). 

This paper aims at the description of the use of the computer process simulation together with the MTM-

1 method for improvement of the manual process of black glass eyes production.

 

MATERIALS AND METHODS 

The process of the manual production of black glass eyes can be divided into several main steps. Firstly 

the wired loop is attached to the glass tube. Then a body of the eye is formed in the flame using several 

actions such as melting the glass, rotating it, and forming it in the metal mold. The diameter is also 

checked. Then the eye must be slowly cooled down to avoid tension in glass that can lead to breaks. 

After the eye is cooled down, it is broken off from the glass tube. Residual glass from the tube is attached 
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to the loop, so the loop is then cleaned up by the use of pliers. Just one person makes all operations in 

the process. Changes of material between process steps are shown in the figure (Fig. 1) below. 

 

 
 

Fig. 1 Material change during the process 

  

In a real production, activities were measured, and from the measured data, probability distribution was 

set using a goodness of fit testing in the software Statgraphic 18. The Kolmogorov-Smirnov test of the 

equality of probability distributions described by equation (1) below was used. 

 

)()(sup xxFD n
x

n 


                    (1) 

 

Where Fn is the distribution function of the sample, and Ф is the reference distribution. The Probability 

distribution fitting for the whole production process is described in (Sojka & Lepsik, 2021). The figure 

(Fig. 2) shows plots of fitted probability distributions. 

 

a) b) 

 

c) d) 

Fig. 2 Distribution fit from Statgraphic 18: a) loop joining; b) eye forming; c) tube breaking; d) loop 

cleaning 
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Using simulation software Siemens Tecnomatix Plant Simulation 14, the production process model was 

created. The probability distribution chosen from Statgraphic software was used for the times in the 

model steps. The process model can be seen in the figure (Fig. 3) below. 

 

 
 

Fig. 3 Process model in Siemens Tecnomatix Plant Simulation 

 

Several ideas and improvement opportunities were found from the simulation model and experiments 

that were run on it.  

The workplace was measured, and a digital micro-layout was created. Based on observations and cap-

tured video records of processing, the MTM-1 analysis for each process step was made. The lengths of 

movements were measured from a digital model of the micro-layout of the work table. See figure (Fig. 

4). 

 

 
 

Fig. 4 Real work table and model of the micro-layout for measurement 

 

From the MTM-1 analysis, several more improvement ideas and opportunities were found. Also, VA 

(Value added) analysis of the process activities was done to see what process activities should be focused 

on improving efforts. 

Based on the findings from the simulation and MTM-1 analysis, improving changes to the process were 

proposed. 

Another MTM-1 analysis was applied to the newly proposed process state. From these times, relatively 

to the analysis of MTM-1 of original state and real determined probability distributions of the process 

times. A shift of distribution means was determined. These shifted distributions were used in de new 

simulation model for overall comparison. 
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RESULTS AND DISCUSSION  
As the main result, a new process proposal was developed. Findings in the MTM-1 analysis lead to the 

re-design of the micro-layout of the work table. Positions of materials were slightly changed to shorten 

the length of movements. The steps of breaking off the tube and cleaning the loop were integrated to-

gether. Using a special tool in a proposed method worker can break the tube with one hand, and directly 

after the break, the loop can be cleaned by pliers in a second hand. A comparison of micro-layouts is 

shown in the figure (Fig. 5). 

 

  
 

Fig. 5 Comparison of micro-layouts original state (left), and proposed state (right) 

  

From the simulation, findings about the process were learned. The bottleneck of the process is cooling. 

Unfortunately, there is impossible to speed up the cooling process because more defects would occur by 

speeding up the cooling time. Due to this cooling procedure, the bigger the batch size, the faster the 

production. Because when a new batch starts, no eyes are cooled, and overall time is longer. Based on 

that, there is a recommended to make all the requested eyes as one batch, to reduce stops in the cooling. 

A comparison of the original state and the proposed one is summarized in the table (Tab. 1) below. 

 

Tab. 1 Comparison of production time by simulation and MTM-1, comparison of VA-index 

Process state 
Simulation MTM-1 VA-index 

50 pcs. min/pcs. min/50 pcs. - 

Original process 1:19:31.2310 1.04130 52.065 0.10558 

Improved process 1:16:52.6474 0.98082 49.041 0.10810 

 

From the table (Tab. 1), there can be seen that the time of manual processing was improved. Measured 

by computer simulation, the production time reduction is 3.33%. Time reduction by MTM-1 analysis is 

by 5.81%. VA-index of the process was increased by 2.39%. The real improvement rate should be me-

asured after the realization of the improvement proposal. These values are just approximations. 

The benefits of using the simulation and MTM together are clear; if only simulation would be used, a 

bottleneck of the process would be found, and the information about the relation between batch size and 

production time. See simulation case studies (Kutin et al., 2018; Rosova et al., 2022). On the other hand, 

if only MTM would be used, there would be found and improved lengths of movements and handling, 

but there would be no information about the batch size or bottleneck step. See case studies using MTM 

or MOST (Bedny et al., 2019; Bures & Pivodova, 2013). 

These particular improvements also positively affect other production processes since all types of eyes 

are made at one workstation. Improved micro-layout reduces time and improves handling in other simi-

lar eye production processes. The findings of the beneficial use of MTM-1 with computer simulation 

can be used in any production process with manual operations. By using both methods, we focus on the 

process details and worker comfort, but we also see a broader point of view on the production system 

and material flow. There are studies where the MTM or MOST principles are used together with simu-

lation software. However, the software is focused on the ergonomic aspects of the production (Kim et 

al., 2021; Santos et al., 2007).  
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CONCLUSIONS 
The production process of the glass eyes was described, and improvement opportunities were identified 

based on experimenting with computer process simulation and the use of MTM-1 analysis, improvement 

opportunities were identified. Based on that findings new process state was proposed and again analyzed 

by computer simulation and MTM-1 analysis. The main change in the process is re-layout of the micro-

layout to change the order of some activities and improve movement lengths. Also, two process steps 

were integrated to eliminate several handling activities. Overall improvement rate of production time 

was bigger than 3%, but it should be verified on the final improved process after implementation of 

changes. The improvement in the VA-index is by 2.39%. 

The use of simulation with MTM can be beneficial because, by this combination, the improvement focus 

is both on the overall process and on process details. Results of the use can bring improvements in 

material flow, bottleneck step improvement, batch size optimization, re-layout of the workshop, move-

ment improvement, better ergonomics, movement elimination or integration, and others. 
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Abstract 

Landfilling of organic waste generates landfill gas. Landfill gas is primarily made up of greenhouse 

gases and its release into the atmosphere is undesirable. Despite the obligation to capture landfill gas 

from the landfill, emissions to air may occur. With this in mind, since 2015, legislation has restricted 

which organic waste can be landfilled. Therefore, instead of landfilling, organic waste is diverted to 

facilities for its further use, such as composting facilities. Despite this pressure to reduce landfilling, 

the organic component is increasing. This is mainly due to the increasing amount of mixed municipal 

waste being landfilled, which, according to regular analyses by EKOKOM, a.s., contains up to 25 % 

organic content. Despite the increasing share of the organic component within the landfill body, the 

amount of landfill gas has been decreasing year by year. It appears that the amount and production of 

landfill gas is therefore dependent on more than just the quantity of waste, but mainly on the moisture 

content and composition of the organic material.  

 

Key words: waste, waste management, landfill, landfill gas, emissions. 

 

INTRODUCTION 

Landfill gas is produced by the decomposition of organic materials inside the landfill body. Its for-

mation is conditioned by a sufficient content of organic material. Important factors are the moisture 

content of the waste, the volume of the landfill body, the degree of compaction, and most importantly, 

the overall composition of the disposed waste (Kumar & Sharma, 2014). Landfill gas must be extracted 

from the landfill body and its utilization must be ensured, e.g., in cogeneration units. With respect to 

environmental protection, there is a gradual pressure to reduce landfilling of biodegradable wastes and 

hence less generation of landfill gas, which has an impact on global warming (Sanjuan-Delmas et al. 

2021). 

Landfill gas is mainly composed of methane (CH4) and carbon dioxide (CO2). Other gases are minor 

(Cáb and Šeděnková, 2019). Landfill gas is produced in 2 phases - aerobic and anaerobic. During the 

aerobic phase, which lasts only a few days, growth of organisms and exothermic reactions occur. During 

the aerobic phase, mainly O2 is consumed, and CO2 is the main product of this phase and anaerobic 

environment is gradually formed. The anaerobic phase occurs in 3 successive phases (Williams, 2005). 

In the first phase, acetogenesis, there is a complete transition between the aerobic and anaerobic envi-

ronment. Gradual hydrolysis results in microbial conversion of biodegradable matter to produce volatile 

organic acids, hydrogen, ammonia nitrogen and carbon dioxide. The electron acceptor oxygen is dis-

placed by carbon dioxide and the electron acceptors become nitrates and sulphates. The second anaer-

obic phase is the methanogenic unsterilized phase. The acids formed from the acetogenesis phase are 

consumed by methanogenic bacteria to form methane and carbon dioxide (Obersky et al., 2018). The 

electron acceptors nitrate and sulfate are reduced to sulfide and ammonia. The third anaerobic phase is 

the methanogenic stabilized phase. The final phase of landfill stabilization. Gradually, the remaining 

substrate and nutrients are utilized causing a dampening of biological activity (Sel et al., 2016). 

Landfill gas is extracted from the landfill body using a degasification system. This is composed of 2 

parts - a collection and a conveyance network. The collection network collects the gas from the landfill 

body. The intake network diverts the gas from the collection network inside the landfill body to the 

landfill gas recovery facility (Zheng et al., 2018). The degasification system is either active or passive. 

The active method involves the collection of gas by means of a vacuum created by an external device. 

The passive method uses the pressurized gas inside the landfill body. The landfill gas is used as a fuel 
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due to its energy properties. It is most often burned in cogeneration units where electricity and heat are 

produced (Friesenhan et al., 2017). 

According to the above information, it is evident that the abundance of organic material in the landfill 

has a great influence on the generation of landfill gas. Due to the pressure to reduce the landfilling of 

biodegradable waste according to Decree No. 273/2021 on the details of waste management, it can be 

assumed that the amount of organic material in the landfill and the amount of landfill gas should de-

crease. The Decree allows the disposal of biodegradable waste only if it is a component of mixed mu-

nicipal waste (MSW). The organic component in MSW accounts for 17 to 26% of the total amount of 

MSW (Najfus, 2021). Considering the composition of MSW, it can be concluded that the amount of 

organic component in landfill will increase if more MSW is landfilled (Sel et al., 2016). The main 

objective of this work is to analyze the amount of organic material in MSW landfill and its effect on 

landfill gas generation. 

 

MATERIALS AND METHODS 

The analysis of the amount of landfilled organic material and its impact on the amount of landfill gas 

was carried out at a landfill in the Central Bohemia Region, where 93 000 tons of municipal waste have 

been landfilled on average since 2014. The landfill has separate sections from industrial and municipal 

waste. Data on the amount of municipal waste disposed between 2014 and 2021, by individual catalogue 

numbers according to the internal records of the company operating the landfill, were used. Data from 

cogeneration units that burn landfill gas were also used. The cogeneration units measure continuously 

the amount of electricity produced and the consumption of landfill gas. The data were processed using 

MS Excel. 

The amount of landfilled organic material and its percentage in the total amount of landfilled waste is 

evaluated. This quantity is then related to the consumption of landfill gas in the cogeneration unit. 

 

RESULTS AND DISCUSSION  
Ríos and Picazo-Tadeo (2021) state that landfilling is an undesirable method of waste disposal compared 

to waste utilization. Despite this fact, and legislative pressure, the amount of landfilled waste in the 

country is increasing. The amount of municipal waste landfilled between 2014 and 2021 is shown in 

Table 1. 

 

Tab. 1 Quantity and composition of landfilled waste 

Type of waste 
Year 2014 2015 2016 2017 2018 2019 2020 2021 

Weight kt 

Organic component 0.101 0.397 0.025 0.034 0.025 0.032 0.021 0.013 

Packaging (plastic, tetra-

pak, metals, glass) 0.325 0.237 0.265 0.333 0.392 0.356 0.243 0.281 

Hazardous waste 0.037 0.028 0.002 0.003 0.002 0.008 0.019 0.223 

Other materials 0.169 0.120 0.109 0.186 0.221 0.257 0.230 0.202 

Inert waste 18.876 24.425 24.888 26.615 30.659 27.462 31.170 31.759 

MSW 52.640 54.458 61.552 68.159 69.622 73.969 72.220 77.182 

Total 72.148 79.664 86.841 95.330 100.921 102.084 103.903 109.660 

 

Table 1 and Figs. 1 and 2 show the total production of the monitored waste components disposed in 

landfill. The total amount of waste disposed to landfill showed an increasing trend between 2014 and 

2021. Fig. 2 shows that the amount of directly landfilled biodegradable waste that must be reduced 

according to the waste ordinance is decreasing. These are mainly catalogue numbers (according to De-

cree No. 8/2021, on the Waste Catalogue and the Assessment of Waste Properties (Waste Catalogue)): 

- 20 02 03 – other non-biodegradable waste, 

- 20 02 01 – biodegradable waste. 
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Fig. 1 Quantity and composition of landfilled municipal waste between 2014 and 2021 

 

 
 

Fig. 2 Amount of directly landfilled organic waste, cat. no. 20 02 03 and 20 02 01 

 

The organic component of mixed municipal waste also contributes to a large extent to the development 

of landfill gas. The amount of landfilled MSW increased by 46.62% between 2014 and 2021 from 52 

640 tons to 77 182 tons per year. The analyses of MSW show that the share of the organic component 

is between 17 and 26% (Najfus, 2021). Considering the composition of MSW, it can be concluded that 

MSW contributes largely to the generation of landfill gas. 
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Fig. 3 Average composition of MSW 

 

Fig. 3 shows that the amount of the organic component in the MSW varies between 17 and 26 %. For 

the years not shown, the composition of the MSW is not provided and the same composition as in the 

previous year is considered. Table 2 shows the recalculation of the organic component in the MSW. 

 

 

Tab. 2 Conversion of the organic component in MSW 

Compo-

nent 

Year 2014 2015 2016 2017 2018 2019 2020 2021 

Amount t 

Organic compo-

nent in MSW 12 424 12852 10 956 12 132 17 823 18 936 17 911 19 450 

Organic compo-

nent directly land-

filled 
101 396 23 34 25 31 21 13 

Total organic com-

ponent 
12 524 13 248 10 980 12 167 17 849 18 967 17 932 19 463 

 

From Table 2 is notable, when the organic component in the MSW is included, the amount of organic 

material in the landfill is increasing, both as a unit and as a percentage of the total amount. Paper and 

cardboard have not been included in the organic component due to its unclear chemical composition. 

Despite the overall increase in the amount of organic material in the landfill, Fig. 4 shows that the 

amount of landfill gas that is used in the cogeneration unit is decreasing despite the larger amount of 

organic material. Sauve and van Acker (2020) also conclude that the amount of landfill gas decreases 

with time. 
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Fig. 4 Gas consumption in the cogeneration unit  

 

CONCLUSIONS 

Legislative restrictions on landfilling of organic material, excluding the organic component in MSW, 

can be seen in Fig. 2. The restriction is mainly due to the development of the collection network for 

organic waste and the diversion of previously landfilled waste to composting plants. Despite this legis-

lative pressure, the amount of organic material in landfill is increasing, mainly due to increased land-

filling of MSW. At the same time, the amount of gas consumption in the cogeneration unit has been 

decreasing gradually since 2014. The decreasing trend in gas consumption is probably due to the quality 

of the landfilled organic component. Directly landfilled municipal waste, i.e. waste catalogue numbers 

20 02 03 and 20 02 01, consists primarily of an organic component derived from plant production, i.e. 

grass, leaves, fruit and vegetables. Diversion of these materials from landfill may affect the amount of 

landfill gas. The organic component contained in the MSW is mainly made up of the living animal 

component, e.g., food residues, meat, etc. Considering the potential energy and environmental benefits, 

the use of organic waste in a biogas plant is better than landfilling (Mavridis & Voudrias, 2021).  

Furthermore, it can be concluded from the results that the amount of landfill gas depends not only on 

the amount of organic material but also on other parameters such as waste moisture, waste composition, 

waste age, quality of collection network and compliance with the landfilling procedure (Duan et al., 

2022). The results show that there is still a large amount of organic component in MSW. Therefore, in 

the future, it is necessary to develop a collection network for collecting organic waste, food residues 

such as meat, to reduce the amount of organic waste in MSW.  
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Abstract 

The article is focused on determining the effect of pressure on the filtration parameters of vegetable 

oils. The experiments were carried out with hemp oil on an experimental filter device. The main part of 

the filter equipment is the Farmet plate filter. The monitored parameters were measured online using 

sensors and the COMET MS6D measuring center. The filtration rate was mainly influenced by oil pres-

sure and filter pressure loss. It changed due to clogging of the filter membrane. A temperature change 

in the range of 15 - 25 °C had no effect on the filtration rate. 

 

Key words: vegetable oil; oilseeds; oil processing; filtration. 

 

INTRODUCTION 

The fibrous plants, which include seeded hemp, are traditional crops grown in Central Europe. Their 

importance historically consisted in the use of fibers suitable for further processing. By the experience 

(Mendel et al, 2020) hemp can be well used as part of phytoremediation procedures or as an energy raw 

material (Souček & Jasinskas, 2020; Malaťáková, J., et al., 2021). Currently, hemp seed is an important 

raw material. In practice, it is most often used as part of human nutrition, or feed. It is most often used 

in peeled form, or pressed in the form of hemp oil and crumbs. The high dietary value of hemp seeds 

and oil, which contains a significant amount of unsaturated fatty acids, is appreciated. Unfortunately, 

this advantage results in low oxidation stability (Kyselka et al., 2017). To obtain quality oil, the main 

operations are storage, pressing and filtration. The parameters of these operations have a fundamental 

influence on the composition and quality of the oil. 

According to the literature (Tura et al., 2022; Vitorovič et al., 2021), hemp oil is valued primarily for 

its nutritional properties, which are associated with beneficial health effects. Hemp seeds contain up to 

35% fatty acids, a high proportion of protein (25%), carbohydrates (30%) and fiber (10%). Hemp oil is 

rich mainly in linoleic and linolenic acid in a suitable ratio for nutrition. Linolenic acid gives hemp oil 

a higher nutritional value. The main production of hemp oil is concentrated in Canada, where, thanks to 

more modern procedures, the unwanted content of the psychoactive substance THC (Tetrahydrocanna-

binol) is reduced. 

The hemp seed can be stored relatively well if the right conditions are maintained. It is important to 

ensure the correct temperature and humidity of the storage atmosphere. It is advisable to aerate the stored 

seed layer regularly and prevent damage during handling. The next step in processing is pressing, usually 

on screw presses. The temperature of the oil at the outlet of the press should not be higher than 50 °C. 

Oxidative stability is most often defined in the literature (Bárta et al., 2021) by the value of the peroxide 

number and the acidity number.  

Virgin hemp oil has a high content of unsaturated fatty acids. If technological discipline is observed 

during its processing, it retains all nutritionally important substances and does not contain the psycho-

active substance THC. On the sensory side, hemp oil has a slightly nutty smell and a light green color. 

Aim of this research was to verify the effect of filtration conditions on the operating parameters and 

properties of the filtered oil and thus contribute to the improvement of the processing quality of vegeta-

ble oils. 
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MATERIALS AND METHODS 

Unfiltered hemp oil of the Bialobrzeskie variety grown in the village of Částrov (Vysočina region, Czech 

Republic) was used for the implementation of the experiment. The harvested seed was subjected to post-

harvest treatment and stored for 30 days. It was subsequently pressed on a low-tonnage screw press 

Farmet Duo (Farmet, s.r.o., Czech Republic) at an outlet oil temperature of 43 ± 3.5 °C. The pressed oil 

was stored for four days at a temperature of 8 ± 1.2 °C. During storage, the solid part (sludge) naturally 

separated from the liquid part by gravity. As part of the analytical analysis (elemental composition), 

these parts were analyzed separately and subsequently subjected to experimental filtration. 

For the experimental determination of the filtration curves of the investigated samples, the VÚZT ex-

perimental equipment was used (fig. 1). The basis of the device is the FARMET plate filter (Farmet, 

s.r.o., Czech Republic).  

 

 
 

Fig. 1 Experimental device for measuring filtration 

 

For the measured samples, the agrochemical laboratory of VÚZT determined their properties important 

from the point of view of further use. 

- Analytical composition (about EN 15297:2011, ISO 16948:2015) [38,39]. 

Microbiological analyzes of the total number of microorganisms, mold and yeast content (ČSN EN ISO 

4833, ČSN ISO 21527-1,2, ČSN ISO 16649-2 and ČSN EN ISO 7899-2). 

- Oxidative stability of the oil expressed by the value of the peroxide number (ČSN EN ISO 3960). The 

peroxide number value was determined in the stored oil before starting the experiments. In the tested oil 

before entering the filter and at the exit from the filter. 

- Determining the content of impurities microscopically. 

- Measurement uncertainties are determined according to documents ČIA European cooperation for ac-

creditation EA 4/02. Measuring devices meet the requirements of ČSN EN ISO/IEC 17 025. 

 

The experimental device enables the setting of operating parameters and online sensing of monitored 

physical quantities at nodal points. For uniform flow, the device is equipped with a system of adjustable 

static oil pressure in the range of 0-300 kPa (limited by the filter design). 

During the experiment, the oil is pushed through the membrane by static pressure into the plate filter. 

The pressure is set to the desired level before the start of the experiment. 

The flow rate is determined by mass using a KERN FTC 60K2 tensometric balance with a measuring 

range of 60 ± 0.002 kg with a digital on-line output. 

The oil pressure before the filter is measured using a Greisinger DMP 331 110 pressure transducer with 

a measuring range of 0...1600 ± 40 kPa. 
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The oil temperature is measured by jacketed thermocouples type K*0.25 mm with a time constant*1 s. 

The oil temperature is measured in the inlet reservoir, at the filter inlet, at the filter outlet and in the 

outlet reservoir. The relative humidity and temperature of the surrounding air is measured by the Testo 

6651 temperature and humidity converter (accuracy ± 0.5°C, ± 2.5% RH) during the experiments. All 

the listed gauges are connected to the COMET MS6D measuring and recording center as well as the 

weight measurement. 

All data were recorded using the COMET MS6D control unit with a set interval during online connec-

tion with a PC or in recording mode with subsequent data export to a PC.  

As part of the experiments, oil filtration curves at constant pressure were determined. A sample  

of 15 kg of oil was prepared when measuring the filter curves. The sample was released from the storage 

container by gravity into the inlet reservoir and after stabilization was released into the storage pressure 

vessel. After setting the desired pressure value, the filter inlet pipe was filled with the sample. If neces-

sary, excess air was removed with the help of a venting valve, and then the recording of values was 

started. The measured values could be monitored online on a PC connected to the measuring station. A 

sample of material was considered filtered if the measured oil flow was zero for 30 seconds. 

The measured data were processed in the MS Excel program and statistically evaluated in the 

STATISTICA program.

RESULTS AND DISCUSSION  
Table 1 shows the results of elemental analysis of oil and sludge. 

 

Tab. 1 Composition of hemp oil and sludge according to analytical analysis 

Parameters 
Value, % 

oil sludge 

amount of carbon, % 68.07 ± 1.12 77.86 ± 1.14 

amount of hydrogen, % 10.15 ± 0.45 11.31± 0.42 

amount of sulphur, % 0.26 ± 0.001 0.08± 0.001 

amount of nitrogen, % 1.82 ± 0.1 0.05± 0.001 

amount of chlorine, % 0.069 ± 0.004 26± 0.004 

amount of silicon % 0.80 ± 0.003 0.24± 0.004 

amount of calcium, % 0.253 ± 0.025 <0.07 

amount of magnesium, % <0.05 <0.04 

amount of potassium, % 0.814 ± 0.016 0.07± 0.020 

amount of phosphorus, % 0.650 ± 0.004 0.005± 0.002 

amount of zinc, mg/kg 0.002 ± 0.75 0.002 ± 0.75 

amount of cadmium, mg/kg <0.2 <0.2 

amount of lead, mg/kg <0.002 <0.002 

amount of chromium, mg/kg <0.002 <0.002 

amount of copper, mg/kg <0.001 <0.001 

 

The oil was subsequently subjected to microbiological analyses. These were carried out for the content 

of the total number of microorganisms, the number of yeasts and molds, Escherichia coli and intestinal 

enterococci. The results according to the analysis of the VÚZT microbiology laboratory are shown in 

Table 2. 
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Tab. 2 Results of the microbiological analysis of the oil 

Parameters 
Value 

 

total number of microorganisms, CFU/ml < 10 

yeast and mold count, CFU/ml < 10 

Escherichia coli, CFU/ml 0 

intestinal enterococci, CFU/ml 0 

 

The figures 2 and 3 graphically show examples of the filter curves at set pressure values of 200 and 250 

kPa. The pressure in the system was maintained at the set value using a pressure reducing valve with an 

accuracy of ± 10 kPa. The temperature of the sample increased slightly during filtration due to the in-

creased pressure. 

 

 
 
Fig. 2 Graphic representation of the course of oil pressure, flow through the plate filter and the weight 

of filtered oil within the experiment – 200 kPa 

 

 
 

Fig. 3 Graphic representation of the course of oil pressure, flow through the plate filter and the weight 

of filtered oil within the experiment – 250 kPa 
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It is clear from the graphs in Figures 2 and 3 that the greatest flow through the filter was recorded at the 

beginning of the measurement. During the experiment, it gradually decreased due to the sludge clogging 

of the filter plates. 

The filtration parameters for other pressure values in the range of 0-250 kPa were determined in the 

same way as in the given examples. The dependence of oil flow through the filter on its pressure is 

shown in Figure 4. 

 

 
Fig. 4 Dependence of filtered oil flow on pressure - filter N 15-25  

 
From the results in Figure 4, it is clear that the pressure change at a lower level (up to approx. 100 kPa) 

has a greater influence on the flow value. When the pressure changes above approx. 150 kPa, the change 

in the flow is no longer evident - it is so significant, as well as in literature (Guerrini et al., 2020). Minor 

discrepancies are caused by differences in the temperature of the filtered oil and the level of filter clog-

ging (pressure losses). This finding is consistent with (Yamamoto and, Toda, 2018). 

Another monitored parameter was the oil temperature, while in the monitored range of 15-25 °C, the 

temperature had no significant effect on the filtration rate. The stated temperature range was within the 

range also stated by According to the literature (Vitorovič et al., 2021). According to the literature 

(Kyselka et al., 2017), the temperature in the specified range has no effect on the quality parameters of 

the oil. Logically, however, it can be assumed that with larger temperature differences, the viscosity of 

the oil will change more significantly and the effect on the flow value will also be more pronounced. 

Verification will be the subject of further research. 

 

CONCLUSIONS 
The measurement results show that when filtering vegetable oils on plate filters, the oil pressure is a 

decisive factor for the filtration speed. Higher pressure is supposed to result in faster oil flow. In the area 

of lower pressures (up to 100 kPa), the effect of pressure on flow is more significant than at higher 

pressures. The upper limit of the applied pressure is given by the constriction solution of the filter. 

Another important aspect that affects the material flow is the gradual clogging of the membranes during 

the formation of the filter cake. With a higher layer, the pressure drop increases and the flow decreases. 

In the monitored temperature range of 15 – 25 °C, no statistically significant effect on the oil flow 

through the filter was recorded. 

The achieved results confirmed the predicted expectations. At this moment, the knowledge can be used 

and the conclusions can be drawn for operations processing plant sludge for technical purposes. In order 

for recommendations to be formulated also for the areas of food industry, pharmacy, etc., the experi-

mental activity will continue with the fact that the research will be focused on questions of the effect of 

the filtration process on the composition and oxidative stability of oils. 

 

y = 28.102ln(x) - 63.924
R² = 0.581

0
10
20
30
40
50
60
70
80
90

100

0 50 100 150 200 250 300

fl
o

w
, 
 l

/h

pressure, kPa

382



 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 

ACKNOWLEDGMENT 

This study was supported by the project of the Ministry of Agriculture of the Czech Republic No. 

QK21010151 Obtaining vegetable oils using modern methods and the project of long time development 

of Research Institute of Agricultural Engineering p.r.i. no. RO0618. 

 

REFERENCES 

 

1. P. Mendel , T. Vyhnánek , E. Braidot , A. 

Filippi , V. Trojan , M. Bjelková , M.D. 

Vaverková , D. Adamcová , J. Zloch , M. Brt-

nický & B. Đorđević (2020): Fiber Quality of 

Hemp(Cannabissativa L.) Grown in Soil Irri-

gated by Landfill Leachate Water., Journal of 

Natural Fibers,DOI: 

10.1080/15440478.2020.1843101  

2. Bárta, J.; Bártová, V.;Jarošová, M.; Švajner, 

J.; Smetana, P.;Kadlec, J.; Filip, V.; Kyselka, 

J.;Berčíková, M.; Zdráhal, Z.; et al. (2021). 

Oilseed Cake Flour Composition,Functional 

Properties and Antioxidant Potential as Ef-

fects ofSieving and Species Differences. 

Foods, 10, 2766.  

3. Souček, J., Jasinskas, A. (2020). Assessment 

of the Use of Potatoes as a Binder in Flax 

Heating Pellets. Sustainability, 12, 10481 

4. Kyselka et al. (2017). Antioxidant and antimi-

crobial activity of linseed lignansand phenolic 

acids. Eur Food Res Technol. 243:1633–1644  

5. Tura, M, et al. (2022). Evaluation of Hemp 

Seed Oils Stability under Accelerated Storage 

Test. Antioxidants. 11(3), 490. 

6. Vitorovič et al. (2021). Antioxidant Activity 

of Hemp (Cannabis sativa L.) Seed Oil in Dro-

sophila melanogaster Larvae under Non-

Stress and H2O2-Induced Oxidative Stress 

Conditions. Antioxidants. 10(6), 830. 

7. Malaťáková, J., et al (2021). Evaluation of 

Small-Scale Gasification for CHP for Wood 

from Salvage Logging in the Czech Republic. 

Forests. 12(11), 1448 

8. Yamamoto, K., Toda, Y. (2018). Numerical 

Simulation on Flow Dynamics and Pressure 

Variation in Porous Ceramic Filter. Computa-

tion. 52(2), 1-14. 

9. Guerrini L, Zanoni B, Breschi C, Angeloni G, 

Masella P, Calamai L, Parenti A. (2020). Un-

derstanding Olive Oil Stability Using Filtra-

tion and High Hydrostatic Pressure. Mole-

cules. 25(2). 420 

 

Corresponding author: 

Ing. Jiří Souček, Ph.D., Research Institute of Agriculture Engineering, 161 01 Prague 6 , Czech Repub-

lic; phone: +420 233022214, e-mail: jiri.soucek@vuzt.cz 

383



 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 

DEVELOPING OF CONTROL SYSTEM FOR INDOOR HYDROPONIC VERTICAL 

FARMING 
 

Miroslav STROB1, Jiří ZHOŘ1, Pavel OLŠAN1, Martin FILIP1 

 
1Department of Technology and Cybernetics, Faculty of Agriculture and Technology, University of 

South Bohemia in České Budějovice, Studentská 1668, 370 05 České Budějovice 

 

Abstract 

Vertical farming systems are engineering solutions aiming to increase agricultural productivity per unit 

area of cultivated land, on account of growing in multiple layers. This research focuses on developing 

of new control system, which is controlling individual factors, that have an effect on growth process and 

quality and yield of crops. To be able to monitor hydroponic solution, the electronic analyzer and con-

ductometer were assembled. The methods for proposed quantities verification and calibration were pro-

posed. To measure quantities such as concentration, and other ions, the ion selective probes (ISE) were 

chosen. To measure pH, DO and EC special measuring electrodes were used. The pH, EC and K+ 

probes were calibrated. 

 

Key words: vertical farm, hydroponics, control system, leafy vegetables. 

 

INTRODUCTION 

Vertical farming systems were designed as an engineering solution that aimed to increase agricultural 

productivity per unit area of cultivated land. Production in vertical farming systems takes place in ver-

tical dimension, which enhances crop production capacity, using less area. (Eigenbrod and Gruda 2014; 

Hochmuth and Hochmuth 2001; Resh 2012). Vertical farming system has shown potential for producing 

high-quality crops and high yields. Hydroponic cultivation is the most common method in vertical farms, 

as the system consumes 90% less water compared to conventional agriculture. This is considered as one 

of the biggest advantages, as it resolves one of the biggest challenges of agriculture in the drought-

affected areas (Farhangi et al., 2021). 

Leafy vegetables account for over half of the indoor farming operations worldwide (Wong et al., 2020), 

especially lettuce which is commonly used as a model plant (Safaei et al. 2015). Lettuce (Lactuca sativa 

L.) has short production cycle and is suitable for hydroponic growing. Moreover, lettuce is popular for 

tender taste, sweet and refreshing flavor, and nutritional and antioxidant compounds (Riga et al.; 2019). 

Environmental factors can be fully controlled in a vertical farm (Jin et al., 2022). However, there is a 

lack of precise data of the influence of different factors such as the concentration of the nutrient solution, 

light conditions, humidity, and temperature on the growth of different kind of plants in vertical farms 

(Sihombing et al., 2018).  

Concentration of dissolved nutrients that are absorbed by plant roots vary with temperature, light and 

growth stage. During the period of growth, plant roots are secreting several substances, whereas they 

are continuously absorbing specific nutrients. Therefore, some nutrients in the nutrient solution appear 

to be insufficient or excessive. Among the most commonly monitored parameters in the nutrient solution 

belong pH, electrical conductivity, dissolved oxygen and temperature. In the case the parameters exceed 

a threshold, relevant amount of nutrients should be supplied, in order to maintain the electrical conduc-

tivity and pH in the nutrient solution. Such system increases the workload (Chang et al., 2018). Most of 

hydroponic regulating systems are focused on changes in pH, EC, and DO of nutrient solution, whereas 

only a few studies considered adding ion concentrations and flow rate control methods (Genuncio et al., 

2012; Neto et al., 2014; Ban et al., 2021). 

Different light conditions (light quality, light intensity and photoperiod) induce various morphogenetic 

and photosynthetic responses in plants (Lin et al., 2013; Bian et al., 2018; Yan et al., 2019). Unfortu-

nately, electricity use for lighting in vertical farms causes high energy consumption, which is in the end 

substantially higher in comparison with conventional production (Kozai, 2013). Light conditions, espe-

cially light intensity, seem to have a strong effect on nutrient accumulation in plant tissues (Chen et al., 

2021). It has been proposed, that the light environment needs to be optimized in order to provide optimal 

conditions for growth and to reduce electricity consumption (Fan et al., 2013; O’Carrigan et al., 2014). 
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In indoor farms with controlled environment, CO2 is often supplemented, as research reports have shown 

that CO2 enhanced growth at CO2 enrichment concentrations (Kozai, 2018; Zheng et al., 2019).  

Many researches have focused on the advantages of individual factors (such as light conditions, hydro-

ponic solution, CO2 etc.) but fewer studies have focused on interaction and on separate controlling of 

those factors. The aim of this research is to propose various methods to automatically regulate and re-

plenish the nutrient solution, to measure and optimize light conditions and to supply the environment 

with higher CO2 concentration. This system will measure the concentration of individual ions (N, P, K, 

Ca, Mg, S) in a nutrient solution, with the aim of maintaining the appropriate nutrient composition by 

supplying relevant amounts of only insufficient ions. Systems will also measure light intensity and spec-

tra, same as CO2 level in all layers of vertical farm. 

MATERIALS AND METHODS 

Fundamental concept of the control system 

The control system of the indoor farm is designed to be modular, low-power consumption, easy to ex-

pand and reliable. The control system has to be able to serve also big farming areas, up to several thou-

sands of meters of farming technology. The proposed solution is based on custom made electronic which 

allows fulfil the specific requirement of concrete farm or experiment. For example, number of channels, 

type of power supply and variability of actuators, sensors required by the user etc. The basic concept of 

control system is shown in Fig. 1. 
Main parts of control system in developing progress are: 

 chemical analyzer with conductometer 

and pH measuring 

 CO2 probes 

 ambient conditions measuring (relative 

humidity, temperature, atmospheric 

pressure) 

 light switches 

 pump and valve switches 

 fan control 

 light spectrum meter 

 

 

Electrical parameters of whole control system match the standard 

industrial properties, such as supply voltage 24 VDC, standard 

bus wiring etc. The communication is based on the RS-485 single 

twisted pair (100 Ω impedance)  bus with proprietary protocol 

BeeCOM Hyperion, max. speed up to 1Mbaud.

 
Fig.1 Block schematics of proposed control system 

 
Fig. 2 Prototype of conduc-

tometer 
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Manufactured control system parts 

The fundamental part of the control system is central unit, Fig. 4. Central unit could be connected to the 

standard LAN network. Present network infrastructure could be used. Central unit communicates with 

all others parts of control system. 

The mail goal of the first stage of developing of the farm system is hydroponic solution monitoring. It 

means in-line measuring of these selected parameters: 

 

 pH 

 DO – dissolved oxygen 

 EC – electrical conductivity 

 NO3
-   – concentration of nitrate ions 

 NH4
+  – concentration of ammonium 

ions 

 K+   – concentration of potassium ions 

 P – phosphorus 

To achieve it, the elec-

tronic analyzer and con-

ductometer were pro-

duced, Fig. 2 and Fig. 5. It 

is possible to connect to 

the analyzer up to 4 ana-

logue outputs from ion se-

lective electrodes (ISE), 

pH probe or dissolved ox-

ygen (DO) probe and con-

ductometer. Because of 

temperature dependency 

of the most quantities, one Pt100 temperature sensor could be also connected. 

The principle of conductometer is shown in the Fig. 3. An electric conductivity probe with sink elec-

trodes is used. Principle of measuring is based on the voltage drop on the EC probe and known sensing 

resistor compared to oscillator voltage. When the oscillator voltage is used as reference voltage of AD 

converter, we can estimate the conductivity (admittance) of the measured solution between electrodes 

of EC probe as: 

𝑌 =
𝐴𝐷𝐶𝑟𝑎𝑛𝑔𝑒 − 1 − 𝐴𝐷𝐶𝑐𝑜𝑑𝑒

𝑅𝑠𝑒𝑛𝑠𝑒 ∙ 𝐴𝐷𝐶𝑐𝑜𝑑𝑒
 [𝑆] 

RESULTS AND DISCUSSION 

 

To verify the analyzer and the conductometer, the measuring chain was 

connected (PC, central unit and analyzer with conductometer). All 

quantities are converted to electric voltage. The verification was made on 

the level of electrical measuring 

without real chemical solution 

measurement. The result of 

verification is to determine the 

calibration polynom, it is 

assumed the 1st or 2nd order, end 

error fit estimation. 

In the case of Pt100 temperature 

probe and conductometer, the 

calibrational resistance decade 

was applied to the input. 

Resistance of decade was 

measured with laboratory 

ohmmeter with verified 

accuracy 10 mΩ. ISE analogue 

 
Fig. 4 Central unit 

 
Fig. 5 Chemical analyzer DPS with 

4 channels ISE connections, Pt100 

temperature probe connection and 

conductometer input 

 
Fig. 3 Block schematics of conductometer 
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input channel was verified by appliing 

DC voltage and, used voltmeter had 

verified precision 0.2 mV. 

Maximal absolute error of Pt100 temp 

probe after polynomial fitting, using 

minimalisation of root mean square 

error,  is |Δ𝑅𝑚|  =   18 mΩ, this value 

corresponds to the used ohmmeter 

accuracy. 

Maximal absolute error of 

conductivity measurement after 

polynomial fitting is |Δ𝐺𝑚|  =
  0.763 µS, this value corresponds, in 

resistance, to 275 mΩ. This 

corresponds also with accuracy of 

resistance decade 0.5 % and ohmmeter 

accuracy. 

Maximal absolute error of voltage 

(ISE) measurement after polynomial 

fitting is |Δ𝑈𝑚|  =   0.347 mV. The 

verification prooved, that accuray of 

analyzer (Pt100 and ISE measuring) 

and conductometer is appropriate, 

comparable to laboratory multimeter 

measurement. 

Ion-selective electrodes (ISEs) are 

promising technology as they can 

directly measure the analyte with a 

wide sensitivity range. Above that, 

they are are small and portable (Kim et 

al., 2013). Therefore, to measure 

quantities such as concentration  K+ , 

NH4
+ and other ions, the ion selective 

probes (ISE) were chosen. To measure 

pH, DO and EC also special measuring 

electrodes were used. To this time, the 

calibration of pH, EC, and K+  is done, 

other quantities will follow. 

Because of high internal resistance of 

pH probe (approx. 150 MΩ), the spe-

cial analogue buffer with precise oper-

ational amplifier with low input cur-

rent (pA) LMP7721 was designed. 

Also offset voltage was added to be 

able to measure negative probe volt-

age. See Fig. 6. The calibration of pH 

probe was based on the known pH of solution (pH puffers 4, 7 and 10). In Fig. 7 we can see the linear 

dependency of probe voltage on the pH of solution. The determined slope of electrode is 57 mV/pH. 

Electrical conductivity determines the amount of mineral salts dissolved in the hydroponic solution 

(Ashley, 2015). 

During the electrical conductivity measurement, the solutions with defined conductivity were prepared 

– 1491, 745, 497 and 372 µS/cm. These conductivities match with conductometer range 0.2 – 5 mS. 

 
Fig. 6 Analogue buffer 

 

 
 

Fig. 8 K+ calibration graph 

0

10

20

30

40

50

-0.800 -0.600 -0.400 -0.200 0.000

p
ro

b
e 

v
o
lt

a
g
e 

[m
V

]

log of concentration [g/l]

K+ ISE

10 MΩ input impedance preamplifier

 
Fig. 7 pH calibration graph 

-200

-100

0

100

200

2 3 4 5 6 7 8 9 10 11 12

p
ro

b
e 

v
o

lt
a

g
e 

[m
V

]

pH value

pH probe

387



 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 

In the case of ISE calibration of K+  and also for the other ions measuring, the calibration graph was 

drawn, see Fig. 8. The slope of ISE could be determined from the graph in accordance with the equation: 

𝑆 =
𝑈𝑐𝑜𝑛1 − 𝑈𝑐𝑜𝑛2

log (
𝑐𝑐𝑜𝑛2
𝑐𝑐𝑜𝑛1

)
 [𝑚𝑉 ∙ 𝑔−1 ∙ 𝑙] 

Where 𝑆 is slope, 𝑐 is ion concentration and 𝑈 is according ISE voltage. Two measurements were done, 

direct voltmeter measurement with 10 MΩ input resistance and with analogue buffer with analyzer. The 

internal resistance of ISE is also high, the measurement should be done with the high input resistance 

voltmeter (more than 10 MΩ) or with analogue buffer, e.g. from Fig. 6. The determined slope using 

analogue buffer is 57.5 mV ∙ g−1 ∙ l. 
The methods for proposed quantities verification and calibration were proposed. The uncertainty of 

measurement should be also determined in the next steps. 

CONCLUSIONS 
We carried out a comprehensive proposal of control system for indoor hydroponic vertical farming. Part 

of the chemical analyzer and conductometer were implemented. We verified the function of presented 

system and performed the basic calibration procedures. Currently, we are working on the testing part, 

that takes place in the phytotron at University of South Bohemia. Simultaneously, we adjust nutrient 

solution pumping control, in-line chemical analysis, lighting control, taking into account the qualitative 

analysis of plant biomass. Future studies with growing plants would provide the evidence of utility and 

applicability of control system for indoor hydroponic vertical farming. This would give us an overview 

on the whole process of vertical farming, so we will be able to implement technologies to a various 

farms, including different modifications. 
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Abstract 

The presented paper deals with the assessment of mechanical properties of pellets. Waste biomass in a 

form of wooden parts of vine prunings, spruce sawdust, and ground sunflower straw were utilized for 

the pellet production. Mechanical properties were observed by an experimental device Andilog Stentor 

1000, using a quasi-static test – compressive loading test between two pistons in the pellets’ axial di-

rection. Based on the measured values, loading curves between compress force F(ԑ) and compressive 

strain Ϭ(ԑ) were plotted, and moduli of elasticity were calculated for each of the materials. The maxi-

mum compressive force was 180.76 N for vine prunings pellets; 315.98 N for spruce sawdust pellets; 

239.89 N for sunflower straw pellets. The modulus of elasticity showed mean values of 70.83 MPa for 

vine prunings pellets, 47.37 MPa for spruce sawdust pellets, and 7.48 MPa for sunflower straw pellets. 

 

Key words: biomass; force; pellet; stress; modulus of elasticity. 

 

INTRODUCTION 

The change in climate conditions and the exhaustion of fossil fuels represent the basic arguments for 

changing the approach to heat production and biomass processing for energy purposes, whether it is the 

biomass from fast-growing trees or waste biomass. For its thermal properties, popularity of biomass is 

growing (Božiková et al., 2021); furthermore, the energy sector considers it an extremely important 

element in terms of reducing CO2 emissions and it can be seen as an ecological fuel (Mohanti et al., 

2014). Investigating the properties of fuels is the basis for their efficient utilization. In terms of solid 

biofuels, compacted biomass represents an alternative for reducing emissions and eliminating landfills 

(Malaťák et al., 2020). Biomass in a form of pellets and briquettes eliminates the disadvantages of so-

called raw biomass, which has an irregular shape, low bulk density, high moisture content, which results 

in issues during handling and storage (Puig-Arnavat et al., 2014; Zhou et al, 2016). The pellet quality 

is influenced by the basic properties of input biomass – particle size, moisture content and chemical 

composition – and operating conditions under which they are produced, such as die temperature, appli-

cation pressure, pressing time and mold geometry (Lestander et al. 2012). Leftovers from forestry and 

agricultural production sectors are considered an input biomass for the purposes of solid biofuel for-

mation process (Križan et. al., 2015; Liu et al., 2016; Nizamuddin et al., 2016). As a part of the policy 

for reducing emissions in energetics, significant efforts are made to produce high-quality pellets with 

utilization of different types of materials – the pellets can be produced from a single material or from a 

mixture of various types of biomass (Liu et al., 2013), by combining mineral raw materials with biomass 

(Tsuchia et al., 2017). Pelleting and briquetting are the most frequently utilized methods for solid biofuel 

production; mechanical properties represent the essential data on the quality of produced biofuel regard-

less of whether it is a pellet or a briquette (Stasiak et al., 2017). The goal of this paper was to determine 

the mechanical properties of pellets produced from waste biomass, which can serve as a substitute for 

fossil fuels.

 

MATERIALS AND METHODS 

The pellet samples were produced from waste biomass including vine prunings, spruce wood and sun-

flower straw. All materials were obtained locally. All materials were compressed to a pellet form using 

a MGL 200 pellet press (Kovo Novak, Czech Republic) without adding a binder. Pressing die hole size 

was 8mm. For the purposes of stabilization, the pellets produced were left on the mat for 48 hours at a 

constant environmental temperature and humidity. The length and weight of pellets did not change after 

this time. In order to subject the pellets produced to the experimental loading test to determine their 
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mechanical properties, the pellet contact surfaces were adjusted for the purposes of test requirements. 

Ten pellets made of each material were subjected to loading test.  

The mechanical properties of biomass pellets were assessed using a static loading test on an Andilog 

Stentor 1000 experimental device. A pellet was placed on the piston of the experimental device and 

compressed by the second piston at a speed of 10 mm.min-1 in the axial direction until the pellet strength 

limit was reached, destroying the pellet tested. The upper piston of experimental device automatically 

returned to its initial position after breaking the pellet. 

The test output is a compression diagram expressing the dependence of F(ԑ), where F represents the 

loading force and ԑ represents the pellet strain following the equation (1): 

ɛ = 
∆𝐿0

𝐿0
                                 (1) 

where ɛ stands for strain (-), L0 stands for original pellet length (mm), ∆L0 movement of the upper ex-

perimental device piston. 

The maximum loading force Fm and maximum strain ԑm were determined based on the compression 

diagram. 

Subsequently, the dependence was established, in which Ϭ represents the compressive stress calculated 

according to the equation (2): 

σ = 
𝐹

𝑆
               (2) 

where σ stands for compressive stress (MPa), F stands for force (N), S stands for cross-sectional area of 

the pellet (mm2). 

The pellet cross-sectional area was calculated based on the following equation (3): 

S = 
𝜋𝑑2

4
             (3) 

where S stands for cross-sectional area of the pellet (mm2), d stands for pellet diameter (mm). 

The maximum compressive stress Ϭm was determined based on the compression diagram Ϭ(ԑ). The 

modulus of elasticity was determined based on the startup part of the compression diagram. The linear 

regression method was used to calculate the modulus of elasticity, which is expressed by equation (4): 

σ = Eɛ + b           (4) 

where σ stands for compressive stress (MPa), E stands for modulus of elasticity (MPa), ɛ stands for 

strain (-), b stands for σ-intercept (MPa). 

 

RESULTS AND DISCUSSION  
Tab. 1 shows the statistical evaluation of observed parameters of pellets made of all investigated types 

of biomass.  

Considering the results of observed pellets from all materials, it was found that the mechanical properties 

of pellets produced utilizing an industrial press are quite variable, which is mainly due to the fact that 

the material is not pressed in a closed mold with a fixed bottom, but continuously pushed through the 

machine die.  

The highest loading force, and consequently pressure, was showed by pellets made of spruce sawdust. 

Gorzelány et al. (2020) achieved an average value of Fm = 222.85 N when testing spruce pellets, which 

is a value lower than the value observed in the experiment presented. On the contrary, the authors also 

achieved an average value of Ϭm = 7.88 MPa that is higher than the value found in the experiment 

presented, which is most likely due to the different diameters of tested pellets. The strength of pellets 

made of spruce sawdust was also investigated by Huang et al. (2017) who monitored the compressive 

strength of spruce pellets. The authors achieved significantly higher values of strength and modulus of 

elasticity, which was caused by application of higher pressure and temperature values during compac-

tion process.  

Lower mean force and pressure values were recorded for sunflower straw pellets. The median values of 

Fm did not differ significantly for spruce and sunflower pellets. 

The lowest values of Fm and Ϭm were showed by vine prunings pellets. Gallego et al. (2020) also dealt 

with the topic of determining the modulus of elasticity, observing the mean modulus of elasticity value 

of spruce pellets of 73.33 MPa, which might have been affected by the increasing moisture content in 

the samples. Very similar value was observed for the vine prunings pellets.  
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Tab. 1 Descriptive statistics of pellet compression tests  

 Fm  

N 

E  

MPa 

ɛm 
- 

σm 

MPa 

Vine prunings pellets 

Mean 180.76 70.83 0.12 3.17 

Standard Error 34.84 8.63 0.06 0.61 

Median 174.31 63.24 0.05 3.07 

Standard Deviation 104.53 25.88 0.19 1.84 

Minimum 86.86  37.23 0.02 1.53 

Maximum 437.49 123.80 0.63 7.71 

Spruce sawdust pellets 

Mean 315.98 47.37 0.18 5.58 

Standard Error 48.21 10.06 0.02 1.51 

Median 275.98 46.43 0.17 8.86 

Standard Deviation 144.64 30.17 0.07 4.52 

Minimum 117.78 17.00 0.07 2.09 

Maximum 548.72 111.60 0.34 9.67 

Sunflower pellets  

Mean 239.89 7.48 0.35 4.06 

Standard Error 37.27 1.61 0.04 0.66 

Median 208.65 6.09 0.33 3.43 

Standard Deviation 111.79 4.83 0.11 1.98 

Minimum 100.84 3.43 0.23 1.59 

Maximum 436.85 19.54 0.56 7.70 

 

Values of modulus of elasticity similar to the values presented were obtained by Matkowski et al. (2020) 

when investigating pellets produced from wheat straw with addition of calcium carbonate. The mean 

value of the modulus of elasticity of the mixture pellets examined was E = 7.42 MPa, which is approx-

imately the same value as in pellets made of pure sunflower biomass observed in this research.  

The mean maximum strain values ɛm were approximately the same for vine and spruce pellets. A higher 

value was recorded for sunflower pellets, which is due to the fact that the ground straw is culm plant 

material.  

  

CONCLUSIONS 
The work presented was aimed at determining the mechanical properties of pellets made of three types 

of wood and plant biomass. Based on the results obtained utilizing compression tests, it can be concluded 

that the mechanical properties of pellets produced by employing industrial technology are quite variable, 

yet it is possible that the plant waste biomass can be used for the production of pellets in the same way 

as wood biomass. Improving the mechanical properties of pellets produced from plant biomass will be 

the subject of future research.  
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Abstract 

Water is one of the most essential natural resources, which plays an important role in agriculture. The 

ever-increasing shortage of water and the continuous deterioration of its quality are evident in many 

countries of the world. The rational use of water in irrigation can be achieved by adopting scientific 

irrigation scheduling. Today, the traditional irrigation systems should be transformed to smart-irriga-

tion systems for sustainable water management. This highlights the importance of adopting a set of 

emerging technologies that promise minimising implications of water scarcity. An Internet of Things 

(IoT) system uses various enabling technologies, such as wireless sensor networks, cloud computing, 

big data, embedded systems, security protocols and architectures, communication protocols, and web 

services. In this paper is presented an IoT-based precision irrigation technology using wireless sensor 

network (WSN). The system was installed in hemp plots to monitor soil moisture and satellite images 

were analyzed to understand the impact of soil moisture on hemp canopy. The results showed that the 

soil moisture variability remained the same at each plot during the one-year experiment while canopy 

properties depended on other factors that will be studied next year. This emerging technology is prom-

ising to improve irrigation water use efficiency.  

 

Key words: irrigation scheduling; capacitance sensor; wireless technology. 

 

INTRODUCTION 

Water is one of the most essential diminishing natural resources. Farming is the dominant water con-

sumer because it uses the 70% of the available fresh water. The ever-increasing shortage of water and 

the continuous deterioration of its quality are evident in many countries of the world. Especially in 

Greece, where the largest consumer of available water resources is irrigated agriculture (70%), water 

demand is significant in the summer, when water availability decreases to meet irrigation needs. In 

Greece, the quantities of water per irrigated area of 1000 m2 amount to an average of 376 m3. The higher 

quantity is used by southern Greece, where the number reaches 576 m3. In contrast, northern Greece 

uses smaller amounts of water per 1000 m2, such as 248 m3. Irrigation in Greece is still applied by 

farmers after soil and plant observation without using scientific documentation and guidance resulting 

in the waste of water resources. Over-irrigation usually does not have a direct effect on the crops, thus 

farmers tend to "feel safe" by increasing   irrigation above the real plant needs, especially when the price 

of irrigation water is too low. It is estimated that of the irrigation water applied, only 65% is used from  

crops, while 8% is lost during transport, 7% during its application in the field and 20% is lost due to 

over-irrigation (Chartzoulakis & Bertaki, 2015). 

The rational use of water in irrigation can be achieved by adopting scientific irrigation scheduling (also 

known as irrigation water management). For this reason, it is necessary to calculate the irrigation needs 

as accurate as possible, using data from agro-meteorological station located in the near area. In addition, 

it is necessary to utilize sensors to monitor soil moisture in fields. Therefore, irrigation management is 

considered a vital component in agriculture, both for the environmental protection and for the stability 

of agricultural income. 

Nowadays, the traditional irrigation systems transforms to smart-irrigation systems for sustainable water 

management. This highlights the importance of adopting a set of emerging technologies - such as Inter-

net of Things (IoT) and precision irrigation models and controls - that promise minimizing implications 

of water scarcity. IoT refers to a system in which applications and services are driven by data collected 

from spatially planned and distributed remote sensing devices that sense and interface with the physical 

world. A typical IoT system architecture is based on three layers: a) device layer, b) gateway layer, and 
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c) platform layer. The device layer of IoT comprises of sensors and actuators for sensing and actuating 

the physical environmental conditions. The gateway layer is considered as the various communication 

protocols or computing devices that bridge the connection between the things layer and IoT platform 

layer. The IoT platform layer is a suite of cloud-based and/or on premise software components which 

facilitates data communication, flow, device management, and application support and management 

(Sheng et al., 2017; Boursianis et al., 2020).   

An IoT system uses various enabling technologies, such as wireless sensor networks, cloud computing, 

big data, embedded systems, security protocols and architectures, communication protocols, and web 

services (Sheng et al., 2017; Boursianis et al., 2020). A wireless sensor network (WSN) is a group of 

spatially distributed smart sensors for monitoring, and recording the environmental conditions (such as 

soil water content; swc), storing the collected data, and transmitting the gathered information at a central 

station (Liakos et al., 2017). The main building block of the wireless sensor network is the sensor node. 

The main components of a sensor node are a microcontroller, transceiver, external memory, and power 

source. WSN is an important tool that is used in numerous applications such as to perform precision 

irrigation, providing farmers with a detailed knowledge of the amount of water exists in the soil at rela-

tively low cost (Delin, 2002; Liakos et al., 2017).  

The objectives of this study are a) to present an IoT-based precision irrigation technology using wireless 

sensor network (WSN), b) to show how this technology can help farmers to improve irrigation water 

use efficiency and c) to study if soil moisture plays an important role on canopy properties. 

 

MATERIALS AND METHODS 

The study was conducted in six experimental plots located in the Department of Agrotechnology - Uni-

versity of Thessaly, Larissa, Greece (39°37′34.0′′ N, 22°22′52.8′′ E, elevation of 80 m above sea level). 

The size of each plot was 7m x 8m. 

Before the establishment of the crop, a soil sampling took place in the experimental site. Soil samples 

were taken from each plot at a depth of 0.3 m. The soil samples were then mixed to form a single 

composite soil sample, as representative as possible. The modified Bouyoucos method was used to de-

termine the soil mechanical composition (Gee and Bauder, 1986), while the field capacity (FC) and 

permanent wilting point (PWP) of the soil were determined according to Klute (1986). According to the 

above method, the soil texture of the plots is categorized as sandy clay loam (SCL). Further information 

for the particles size distribution and soil physical characteristics of the plots are presented in Table 1. 

 

Tab. 1 Particles size distribution and soil physical characteristics of the plots 

Properties  Depth 0 – 0.3 m 

Particles size distribution Sand  65 % 

 Silt  10 % 

 Clay  25 % 

Soil physical characteristics Dry bulk density 1.3 g/cm3 

 Field capacity  28 % 

 Permanent wilting point  14 % 

  

To develop a desirable soil structure suitable for seedbed, plowing with a depth of 25 cm was carried 

out, followed by secondary tillage with a rotary tiller at depth of 15 cm. A hemp crop (Cannabis sativa 

L.) was established on May 5, 2020 at the plots. The variety used for the experiment was Futura 75 and 

it was selected based on climate adaptation requirements and on seed and fiber yields potentials. Hemp 

plants were established in a row distance of 30 cm and plant distance of 3 cm. 

Irrigation of hemp is one of the most important factors in crop yield and quality (Tang et al., 2017a). A 

drip irrigation system was installed in the experimental site. It consisted of hardware (electrovalves, 

filters, pressure gauges etc.) and the driplines with connection fittings. The PE lateral lines were placed 

between the sowing rows, at a distance of 1.2 m. Each lateral line had in-line emitters which the dis-

charge rate was 3.6 L/h. The spacing between emitters was chosen as 1 m. During the growing season, 

irrigation was applied in total 487 mm. 
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The implementation of the Internet of Things (IoT) and wireless sensors (WS) in the proposed remote 

soil moisture monitoring and logging system consists of several parts as shown in Fig. 1. Wireless sen-

sors which are distributed on the experimental site collect field sensing data, process and communicate 

over wireless channel with the Internet. End user (farmer) can monitor soil moisture and weather station 

data by browsing the cloud web server. In addition, the IoT based soil moisture monitoring and logging 

system includes databases, information files and a friendly graphical user interfaces (GUI) for computers 

and mobile devices.  

The WS are an ecosystem of soil moisture sensors and a weather station placed in the experimental site. 

Air temperature, relative humidity, barometric pressure, rainfall, wind speed, wind direction, and solar 

radiation are standard measurements taken by the nearest weather station. Sensor nodes were developed 

by the Agricultural and Environmental Solutions (AGENSO), Athens, Greece. Each sensor node plays 

the role of a base station that transmitting its information through the Internet to cloud server. A node 

can support one soil moisture sensor, a weather station, and an external power unit (solar cell). The 

architecture for such node comprises of analog sensor channels, onboard digital signal processor (DSP), 

RAM and flash memory, GSM modem, global navigation satellite system (GNSS) receiver, LCD dis-

play, and power source. The hardware components are enclosed in an IP68 box, to protect them from 

damages and environmental conditions. These sensor nodes were developed to be power efficient and 

run by one rechargeable battery for a long period of time, since the whole system enters in deep sleep 

mode after collecting and transmitting the sensor information to save energy (Tsiropoulos et al., 2022).  

The measurements of volumetric water content (VWC) are essential for assessing the status of hemp 

crop available moisture in soil. Thus, six low-cost sensors (ECH2O probe model EC-5) were utilized to 

measure the volumetric swc under natural conditions in each plot. One sensor was installed in each plot 

horizontally in a depth of 25 cm from the surface. The EC-5 was selected because it is much less sensi-

tive to variation in texture and electrical conductivity as it runs at a frequency of 70 MHz. The EC-5 

sensor had dimensions 8.9 x 1.8 x 0.7 cm. It determines VWC by measuring the dielectric constant of 

the soil using capacitance/frequency domain method.  

Several researchers (Iwata et al., 2017; Dong et al., 2020) reported that the performance of the factory-

based calibrated EC5 sensors have shown overestimate or underestimate the soil moisture, depending 

on the characteristics of the soil. Thus, sensors should be calibrated for specific types of soil in order to 

improve their accuracy. The manufacturer has provided different calibration equations to describe the 

relationships between the output and VWC for the EC-5 sensor. This relationship (for non-METER data 

logger) is often linear as shown below: 

 

𝜃 = (11.9x10−4)(𝑚𝑉) − 0.401                                                                                                           (1) 

where θ is the volumetric water content, mV is the output of the EC-5 sensor when excited at 2.5 V.  

According to manufacturer this equation reaches a maximum at ~60% VWC in pure water. To display 

data on a scale from 0% to 100%, VWC should be modeled with a quadratic equation (which would 

result in a 100% VWC in water), but a linear equation fits the mineral soil VWC range as well as the 

quadratic, and linear equations are easier to deal with, especially since mineral soil typically saturates at 

~40% to 50% VWC.  

Ardeusi.gr web interface is graphical user interface (GUI) for farmers use. The user component includes 

a task/query management component that collaborates with task management on sensor node, forming 

a channel for information and control flow between the sensor node and the GUI. By this way the GUI 

provides the ability to send tasks or queries to a sensor node and to display the following results: soil 

moisture data, weather data (e.g. air temperature, relative humidity, barometric pressure, rainfall, wind 

speed, wind direction, etc.), soil water reservoir thresholds (field capacity - FC, permanent wilting point 

- PWP, maximum allowable depletion- MAD) and charge battery. Soil moisture and weather data up-

dates displayed as soon as they become available at the workstation and in the time sequence in which 

the measurements occurred.  
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Fig. 1 The wireless sensors (WS) placed in the experimental site 

 

Sentinel 2 satellite images were analyzed for the 2020 growing season as far as the Normalized Differ-

ence Vegetation Index (NDVI) and the Normalized Difference Water Index (NDWI). Additionally, swc 

maps created based on the data collected from sensors and descriptive statistics for swc were estimated 

utilizing the SPSS 16.

 

RESULTS AND DISCUSSION 

 

The descriptive statistics of swc are presented at table 2. It is worth mentioning that data follows normal 

distribution because skewness is higher than -1 and less than 1. Additionally, the mean swc is almost 

equal to median, which means that the bell curve of the dataset is symmetrical. The fact that the kurtosis 

is less than three means that there are no extreme high or low values (outliers). Moreover, the soil mois-

ture values did not varied too much thus the coefficient of variation is low (0.14). 

 

Tab 2. Descriptive statistics of swc during the 2020 growing season

Property Value 

Min 42.4 

Max 74.4 

Mean 59.6 

Median 59.9 

Standard deviation 8.5 

Variance 72.3 

Skewness -0.4 

Kurtosis -0.2 

Coefficient of variation 0.14 

 

Figure 2 presents the average values of NDVI and NDWI for each plot during the 2020 growing season. 

According to it, the NDVI was lower at the northwest plot and higher at the south west plot while the 

NDVI values at the rest plots was almost the same. On the other hand the NDWI was higher at the 

northwest and southeast plots and lower at southern central plot. At the rest plots the NDWI value was 

the same. Variability between NDVI and NDWI map has already mentioned at the literature (Hussain 

et al. 2019).  
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Fig. 2 Right: Normalized Difference Vegetation Index (NDVI) map, Left: Normalized Difference Water 

Index (NDWI) map. Both maps uses all the  data from the 2020 growing season. The darker the colour 

the  lower the value and the opposite 

 

Figure 3 shows the monthly spatial variability of the swc as it was recorded by the installed soil moisture 

sensors. The color of each plot is given based on the average swc during the 2020 growing season. 

Surprisingly, the swc variability was the same every month and the only noticeable changes are the 

values of swc. In overal, the plots at the east side of the site had higher average swc than the plots at the 

western side. Thus, it is clear that the spatial variability of the soil water content is high even if the plots 

are close to each other and the total area is small (Liang et al. 2016). This explains why yield variation 

is high even in small fields (Gemtos et al., 2005).

 

The comparison of the swc maps with the NDVI and NDWI maps does not reveal specific patterns or 

any correlation among them. This means that there are other factors than irrigation that affect the vigour 

of the plants (NDVI) and the leaf moisture (NDWI). On the other hand, the fact that the average monthly 

swc variability was the same every month demonstrates that soil variability is high even in small areas 

and promotes the importance of utilizing a system to monitor soil moisture and the necessity of using 

Variable Rate Irrigation systems to manage this variability increasing the farmers’ profit. 
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Fig. 3 Six experimental plots. One node was installed at each plot. Left: average swc in June, Center: 

average swc in July, Right: average swc in August. The grey scale color represents the average monthly 

swc in each plot. The darker the color the lower the swc and the opposite. 

 

 

CONCLUSIONS 
This study deals with sustainable irrigation and soil moisture monitoring systems. Thus, commercial 

soil moisture monitoring systems installed in six plots. The crop at the plots was hemp. The results 

demonstrated that swc variability remained the same in every growth stage of hemp. For this reason, it 

is very important to understand the soil moisture variability in every field using soil moisture monitoring 

systems. On the other hand, the vigor of the plants and the leaf moisture during the growing season did 

not depend on irrigation but on other factors that will be studied the following years. Finally, long-term 

soil moisture monitoring is needed to sufficiently clarify the results and conclusions of this study.
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Abstract 

The article deals with the fermentation process of rice wine and obtaining data during fermentation with 

the help of IoT. The process of converting D-glucose into ethanol together with the oxidation of reduced 

coenzymes is called fermentation. Ethanol fermentation takes place anaerobically, i.e. without access 

to air with the help of yeast. The fermentation process is gradually being improved with the help of 

acquired sensor data and the gradual possibility of automation. The main objective of this paper is to 

develop an experimental environment for measuring rice wine fermentation processes with the help of 

IoT. During the fermentation of rice wine, there are measurable attributes that can be measured with 

the help of sensors. These attributes affecting the final product quality, positively but also negatively 

(pH, temperature, humidity, etc.). It is therefore necessary to select a given sensor that can monitor the 

attributes and then devices that can then manage and evaluate it. the correct selection and use of sensors 

and computing equipment, the acquisition and processing of data and the application of the resulting 

values to fermentation procedures, the resulting product quality increases. 

Key words: automation, IoT, fermentation, rice wine, senzors, ethanol 

INTRODUCTION 

The development of industrial technologies nowadays is moving forward relatively quickly, and that is 

why sensorics can be applied to a wider extent in the food-agricultural complex. The Internet of Things 

includes technologies that present themselves as a network of physical objects that are connected using 

the Internet and acquire data, then send them via the Internet to compute units that process them. It is a 

relatively demanding architecture, which must be properly designed, connected, and equipped with 

suitable sensors and devices for communicating with each other (Gilchrist, 2016). 

Today, thanks to industrial technologies, the fermentation process can be monitored and tracked via 

programmed internet interfaces with the help of IoT. These measured data can then be processed and 

used in the food-agricultural complex for the subsequent improvement of processes and output products. 

In this case, to improve the resulting properties of fermented rice wine and thus minimize the resulting 

negative properties of the product (Lokman et al., 2020). 

One of the main units in systems designed for IoT are the sensors themselves, external devices designed 

to measure and collect the required data. Subsequently, these measured data are stored on computing 

units that are connected to the internet, and then these data are sent to storage, such as the Linux server. 

The measured data are in the fermentation processes about temperature, humidity, acidity etc. Complete 

information about the fermentation process is obtained and processed continuously in the fermentation 

process. Subsequently, they can be processed for various applications that can run locally or be presented 

to the world of the internet with the help of web interfaces (Tomtsis et al., 2016). 

Fermentation is the process in which D-glucose C6H12O6 is converted into C2H5OH ethanol along 

with the oxidation of reduced coenzymes (NADH, FADH) - called fermentation (Keot et al., 2020). 

Overall, fermentation processes are very demanding regarding the technological process, especially to 

ensure the inaccessibility of air, as there is a risk of mold attack. To improve the fermentation process, 

the process of automation, i.e. the IoT industry, is also suitable. The design of an autonomous stainless-

steel mixer can also be applied here. To better mix the released substances into the solution during the 

fermentation process, it is also advisable to use a stirrer, which mixes the so-called dead spots during 

the fermentation process. The aim of this arcite was measure and compare data during fermentation 

process using a stirrer and without stirrer (Uehara et al., 2018; Cai et al., 2019). 
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MATERIALS AND METHODS 

To realize the fermentation process of rice wine, an experimental environment was designed and 

assembled in which the specified fermentation process took place under constant conditions for all 

fermented products in Fig. 1. The fermentation process was fitted in two vessels with a designed and 

constructed stirrer and two vessels were not fitted with an experimental stirrer and here the fermentation 

process took place naturally. 

 

Fig. 1 Experimental fermentation environment 

The applied autonomous stirrer in the fermentation process was made of stainless food grade steel ČSN 

17240. AISI 304 in the Czech Republic in Fig. 2. Subsequently constructed, it was installed in two 

fermentation vessels.  

 

 

Fig. 2 Part of autonomic food stainless-steel stirrer 

Before the actual implementation of the fermentation process and production of the autonomous mixer, 

information was obtained about the individual types of sensors that can be used in the fermentation 

process. Subsequently, they were acquired and applied to the fermentation process. A Raspberry Pi 4 

model B 4GB RAM microcomputer was chosen as the main computing unit for the task of data 

collection and subsequent processing. This sensors had to be properly programmed in Python or C++. 

The first measurable attribute in rice wine fermentation was moisture, and this attribute was measured 

by the BMP-280. The program for this sensor was programmed using the Python language. Another 

well-measurable attribute is the temperature inside the container and the external temperature outside 

the container. For this purpose, the experimental environment was fitted with a DS18S20 sensor. The 

temperature sensor placed inside the container was made in a waterproof version and was placed directly 

in the solution. Another sensor that was also immersed in the solution was the E-201C-Bue solution pH 

probe, which was properly calibrated and programmed in C++.  

RESULTS AND DISCUSSION 

The best measurable quantity in the rice wine fermentation process is clearly the temperature of the 

solution in which the fermentation takes place. Heat is generated by the process of converting D-Glucose 

into the desired ethanol. The measured temperature before starting the fermentation process was, as in 

the previous project, 21 °C to obtain the most accurate results. During vigorous fermentation, i.e. when 

the highest amount of conversion of D-glucose by the yeast into ethanol occurs, lower temperature 

values were measured in vessels with a stirrer compared to fermentation vessels without a stirrer in the 

order of 2 °C. Later, after vigorous fermentation, the fermented solution began to gradually cool down 
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due to the gradually decreasing activity of the yeast. Here, the temperatures of 11.6 and 13.6 differed by 

1.85 °C, and on the other remaining days the temperature difference was in the order of tenths of a 

degree Celsius (up to 0.20 °C). Following the completion of the yeast fermentation process, consumption 

of D-glucose, the fermented solution was subsequently cooled to a constant temperature of 12 °C, 

corresponding to the previous project. The temperature was subsequently maintained by cooling boxes 

(with thermoregulation) at the mentioned temperature. The highest temperature reached during the 

fermentation process was reached on 10.6 at a temperature of 29.9 °C in the vessel without a stirrer and 

29.7 °C in the vessel with an experimental stirrer on the sixth day in Fig. 3. The rise in temperature in 

containers without a stirrer is higher in vigorous fermentation than in containers with a stirrer, but after 

vigorous fermentation, the solution cools down faster in containers without a stirrer than in containers 

with a stirrer. 

 

Fig. 3 The course of fermentation temperature 

The next well-measurable quantity during the fermentation process is the humidity in the fermentation 

vessels. The measured values in the same conditions as in the previous project were an average of 85% 

with a 5% deviation in all vessels measured by sensors. The percentage moisture during vigorous 

fermentation was 4.7 °C higher in the container with the fermented solution without a stirrer on the first 

day than in the container with the experimental 3D printed stirrer in Fig. 4. 

 

Fig. 4 The course of fermentation humidity 

A well-measurable aspect is the pH value, or the acidity of the fermented solution, which is indicated 

by the hydrogen exponent. The initial pH was measured to be 7.28 before fermentation started. As a 
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result of the gradual conversion of D-Glucose into the desired ethanol by yeast, the pH value in the 

fermented solution decreases. the acidity of the solution increases in Fig. 5. Throughout the fermentation 

of the solution, as in the previous measurement, the solution with the experimental self-sustaining stirrer 

showed lower pH values compared to the containers with solution, in which the experimental 

spontaneous stirrer was not applied. However, there was now a lower dispersion of values between these 

fitted and unfitted vessels with an experimental stirrer compared to the previous measurement, in the 

order of hundreds to tenths of units of the hydrogen exponent pH. 

 

Fig. 5 The course of fermentation acidity 

The value of the percentage content of sugar content with the applied additives was fine-tuned to a value 

of 23.5% sugar content with a minimal deviation (up to 0.66%). When the fermentation process starts, 

the sugar content in the solution is gradually consumed by the yeast up to 0 %. This means that all the 

sugar has been converted to alcohol. 

The alcohol value reached a value of 13.9% and in a container with an applied experimental stirrer, the 

value was 13.6%. The fermented rice wine reached low values for the typical alcohol range of rice wines. 

CONCLUSIONS 

The application of experimental stirrers affects, albeit in some cases minimally, the ongoing and final 

properties of fermented rice wine. 

The moisture percentages are higher in the vessels without the applied experimental stirrer in the vessels 

during the rampant fermentation process. After the vigorous fermentation process, the opposite effect 

occurs, with the vessels with the experimental stirrer reaching higher continuous values. 

In both cases, however, the percentage of alcohol met the criteria for the percentage of alcohol content 

in rice wine (lower limits). With a higher amount of initial sugar content in the solution, the resulting 

alcohol value would be higher. 

In vessels without an experimental stirrer, the value of both the continuous and the final pH was higher 

than in the vessels with an experimental stirrer printed on a 3D printer. The resulting pH value is 

desirable at lower values, as it indicates a better mixing of the individual ingredients into the solution. 
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Abstract 

In this paper new design solutions of a drum cutting unit are presented, which can be applied in agri-

cultural forage harvesters. The influence of the design features of the drum cutting unit on the perfor-

mance characteristics in the biomass cutting process, which is one of the most important stages in the 

harvesting of plant material for energy, feed and food purposes, was determined. The tests described in 

the paper were carried out on a test stand developed by the authors of the paper. This test stand ensures 

the realisation of the process under the conditions reflecting the real cutting process. The tests were 

carried out for cross cutting, traditionally used in forage harvesters, but the tests were also extended to 

diagonal cutting, carried out for three different angles of plant material feeding. At the stage of experi-

mental tests the influence of selected features and design parameters of the cutting drum on unit cutting 

resistance, cutting work, efficiency of the cutting unit and the degree of unevenness of the length of cut 

pieces was determined. It was found that the greatest influence on the energy consumption of the process 

of cutting stem plants has the cutting method, i.e. the material feeding angle, the cutting speed and the 

thickness of the blade. 

 

Key words: cutting of the material, biomass, drum cutting unit of the forage harvester, layer of plant 

material, cutting resistance, energy consumption, efficiency of the cutting process, degree of unevenness 

of the chopped material. 

 

INTRODUCTION 

The cutting units are the basic working units of machines for harvesting biomass for consumption, feed 

or energy purposes. Among these machines we can distinguish choppers, where the basic working unit, 

cutting a layer of material into pieces of a specified length (chopped material), is a drum cutting unit. 

Due to the selectivity of the tests carried out so far, it is not possible to unambiguously determine which 

features and design parameters of the cutting unit in question have a decisive impact on the cutting 

efficiency, and the balance of power (Sankey) consumed by the forage harvester with a drum cutting 

unit shows that the power consumed by the cutting unit clearly dominates over the power consumed by 

the other working units and amounts to 75-80% (Zastempowski & Bochat, 2020). Currently operating 

versions of cutting units in forage harvesters are characterised by a high energy-consumption of the 

cutting process, and as a result, their drive systems are equipped with high-power engines. This indi-

cates that the known design solutions have been developed largely on the basis of the designer's intui-

tion. The problem of cutting plant material is a current topic and has been dealt with by many authors. 

However, publications often deal only with the mechanics of cutting selected plants without considering 

the design of cutting units (Zhang et al., 2003; Zastempowski, Borowski & Kaszkowiak, 2013; Persson, 

1987;  Igathinathane et al., 2008, 2010) or the researchers in their publications provide test results with 

respect to cutting different materials or layers of materials (Igathinathane et al., 2009; Du &Wang, 

2016; Abilzhanov et al.,2017).  However, these results are often not comparable due to differences in 

the testing programmes. At the same time, very often there is also a lack of precise information on the 

material tested in laboratory tests. Therefore, the aim of this study was to determine the influence of the 

selected features and design parameters of the drum cutting unit on its performance characteristics.

 

MATERIALS AND METHODS 

The drum cutting unit is the basic working unit of a forage harvester. Its task is to cut plant material into 

pieces of a specific length (chopped material).  
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The use of this type of unit in forage harvesters makes it possible to achieve the required degree of 

material fragmentation. An exemplary design of a drum cutting unit is presented on fig. 1a. 

 

 

 

 

 

 

 

 

 

Fig. 1a Cutting drum of a forage harvester [Bochat, 2010]: 1- cutting drum shaft, 2 - counter cutting 

edge, called nib, 3 - cutting drum disc, 4 - knife vice, 5 - cutting knife 

Fig. 1b New design of the cutting drum [own elaboration]: 1 - shaft, 2 - external discs, 3 - knives, 4 - 

knife cutting edges, 5 - central disc 

 

Searching for more energy-efficient solutions for the construction of a drum cutting unit designed to cut 

plant material into chopped straw at the Department of Machinery and Technical Systems at the Faculty 

of Mechanical Engineering of Bydgoszcz University of Science and Technology, a new design of the 

cutting unit was developed, patented and manufactured. The essence of the new design of the cutting 

drum is that it consists of a driving shaft and three discs, of which the central one has a larger diameter 

than the side ones. Knives in V-shape with straight or curved blades along a helical line are bolted 

directly to the discs (Fig. 1b). Such a construction of the drum enables cutting the material in a slanting 

manner, which results in reduction of energy consumption of the cutting unit operation. 

For the purposes of conducting experimental research, a test stand was designed and constructed to study 

the process of cutting a layer of plant material, including rye straw (Dańkowskie Złote winter rye). The 

test stand allows the process to be carried out with the use of interchangeable cutting drums, such as 

cylindrical or double conical drums with the possibility of changing the cutting angle. 

 

 
 

Fig. 2 Test stand: 1-trough of the forage harvester, 2-material to be cut, 3-electric motor, 4-coupling, 5-

angle gear, 6-crosscutting edge, 7-gear belt transmission, 8-tension roller, 9-retracting-compacting roller 

upper, 10-gear belt transmission, 11-pinch roller, 12-retracting-compacting roller lower, 13-cutting 

drum, 14-electric motor, 15-computer (recorder of measuring system), 16-clutch, 17-torque and rota-

tional speed measuring system on the drum shaft 

 

In order to determine the influence of the selected features and design parameters of the drum cutting 

unit on its performance characteristics and to assess the possibility of applying an alternative design of 

the drum cutting unit for diagonal cutting, an experiment was planned according to the test scheme in 

Figure 3. 

a) b) 
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Fig. 3 Scheme of the experimental tests of the drum cutting unit (Błaszczyk, 2010): vc - cutting speed, 

δ - thickness of knife blade, h/ho - degree of plant material compaction, θ - angle of plant material feed-

ing, pc - unit cutting resistance, Lj - unit cutting work, λ - degree of chaff length irregularity, W - effi-

ciency of the cutting unit, Δ1 - instrument setting error, Δ2 - instrument inaccuracy, Δ3 - reading error, 

T- air temperature, w - moisture content of the cut material. 

 

RESULTS AND DISCUSSION  
The selected results from the conducted tests are summarised in the table 1 and presented graphically in 

the form of a diagram of the impact of material feeding angle on the unit cutting resistance (fig. 4.) 

 

Tab. 1 The selected experimental results for all the independent variables adopted in the research pro-

gramme 

Measure-

ment no 
θ […º] 

vc 

[m·s-1] 
h/ho 

δ  

[μm] 

pc  

[N·m-1] 

LS  

[J·m-2] 

W  

[kg·s-1] 

Lm  

[J·kg-1] 

λ  

[%] 

1 2 3 4 5 6 7 8 9 10 

1 90 3,85 0,65 40 4590 5354 0,078 6588 6,85 

… … … … … … … … … … 

30 75 3,85 0,65 300 7013 8179 0,077 10609 7,39 

… … … … … … … … … … 

60 60 3,85 0,54 300 7252 8458 0,077 10198 8,38 

… … … … … … … … … … 

90 45 3,85 0,47 300 8317 9700 0,075 12838 9,26 

 

In order to analyse the experimental results for all the independent variables included in the research 

programme, equations of a multivariate regression function were developed.  

The general form of the regression function applicable in the presented analysis is presented in the fol-

lowing equation (1): 

𝑌𝐸 = 𝑎1 + 𝑎2𝜃 + 𝑎3𝑣𝑐 + 𝑎4
ℎ

ℎ𝑜
+ 𝑎5𝛿 + 𝑎6𝜃2 + 𝑎7𝑣𝑐

2 + 𝑎8 (
ℎ

ℎ𝑜
)

2
+ 𝑎9𝛿2   (1) 

where  YE is the generalised dependent variable obtained as a result of the experimental tests, vc is the 

cutting speed (m·s-1), δ is the blade thickness (µm), h/ho  is the degree of compaction of the cut material, 

θ is defined as the angle of the cut material feed (…°),and an are the regression coefficients. 
 

Initially, for all the dependent variables, 9 regression coefficients were determined by solving a matrix 

equation. The significance of the regression coefficients was thus analysed at the significance level pi 

=0,05, for which tkr =1,98. The value of tkr was determined on the basis of Student's t-distribution for 

108-9-1 degrees of freedom. The analysis of significance of regression coefficients was conducted in 

stages.  In each stage, the least significant component, i.e. the one which met the inequality t < tkr was 

rejected from the overall regression function. If, in a given stage of the regression function study, the 
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significance test showed that the regression coefficients were significant, they were accepted for deter-

mining the function for a given variable. 

In this way, the final formulas for: 

- unit cutting resistance 𝑝𝑐, 

𝑝𝑐 = 21128 − 65,898𝜃 − 209, 3𝑣𝑐 − 45135
ℎ

ℎ𝑜
+ 0,7399𝜃2 + 32684 (

ℎ

ℎ𝑜
)

2

+ 0,03692𝛿2  (2) 

- unit cutting work related to the surface area of the cut 𝐿𝑆, 

𝐿𝑆 = 24321 − 75𝜃 − 244𝑣𝑐 − 51795
ℎ

ℎ𝑜
+ 0,849𝜃2 + 37409 (

ℎ

ℎ𝑜
)

2

+ 0,0429𝛿2    (3) 

- unit cutting work related to the weight of the material to be cut 𝐿𝑚, 

𝐿𝑚 = 27539 − 325,4𝜃 − 303,2𝑣𝑐 − 33512
ℎ

ℎ𝑜
+ 2,3𝜃2 + 30583 (

ℎ

ℎ𝑜
)

2

+ 0,05135𝛿2   (4) 

- capacity of the cutting unit 𝑊, 

𝑊 = −0,0186 + 0,0217𝜃 + 0,0399𝑣𝑐 + 2,55 ∙ 10−6 ℎ

ℎ𝑜
+ 2,16 ∙ 10−7𝛿 − 0,00011𝜃2 − 0,0293𝑣𝑐

2 +

12,97 (
ℎ

ℎ𝑜
)           (5) 

- the degree of unevenness of the length of the cut material pieces 𝜆, 

𝜆 = 18,61 − 0,05838𝜃 − 1,132𝑣𝑐 − 15,077
ℎ

ℎ𝑜
+ 1,333 ∙ 10−3𝛿 + 2,181 ∙ 10−4𝜃2 + +0,06978 (

ℎ

ℎ𝑜
)

2

+

12,97𝛿2            (6) 

Fig. 4 shows graphically the influence of the selected independent variables on the value of the unit 

cutting resistance pc based on the equation (2).  

 

 
 

Fig. 4 The effect of material feed angle θ  on the unit cutting resistance of rye straw pc for the values of 

cutting speed vc and the degree of material compaction h/ho contained in the table attached to the graph 

and a blade thickness δ=40µm 

 

From the diagram presented in fig. 4 it can be seen that as the material feed angle θ decreases, the unit 

cutting resistance pc, decreases, assuming the highest value for a transverse cut (θ=90°), and the lowest 

value for a diagonal cut at an angle θ=45°. 

From the tests carried out on the unit cutting resistance 𝑝𝑐  it can be concluded that: 

 for all the tested values of the angle 𝜃 the effect of the cutting speed vc on the specific cutting 

resistance pc is a linear function and the specific resistance decreases with the increase of the 

cutting speed. 

 with increasing the degree of material compaction h/ho the unit cutting resistance pc, increases, 

and the dependence is a quadratic function and has the same course for all tested values of the 

angle θ. 

 increasing the thickness of the knife blade δ also results in the increase of the unit cutting re-

sistance pc. The dependence is a quadratic function and takes a similar course for all the tested 

values of the angle θ. 
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On the basis of the conducted experimental tests and statistically elaborated mathematical models, a 

system of independent variables was established for the tested drum cutting unit, which corresponds to 

the minimum and maximum values of the dependent variables adopted in the testing programme, as 

shown in the table 2. 

 

Tab. 2 An arrangement of independent variables for the highest and lowest values of the dependent 

variables 
 Independent variable 

Dependent 

variable 

The highest/lowest value 

of the dependent variable 

obtained from the experi-

mental tests 

Material feeding 

angleθ […°] 

Cutting speed  

vc [m·s-1] 

Degree of 

compaction of 

the mate-

rialh·ho
-1 

Thickness 

of bladeδ 

[m] 

pc  11535 N·m-1 / 3212 N·m-1 90 / 45 3,85 / 8,20 0,47 / 0,65 300 / 40 

LS  13454 N·m-2 / 3746 N·m-2 90 / 45 3,85 / 8,20 0,47 / 0,65 300 / 40 

Lm  12838 J·kg-1 / 4971 J·kg-1 45 / 90 3,85 / 8,20 0,65 / 0,55 300 / 40 

W  0,167 kg·s-1 / 0,075 kg·s-1 90 / 45 8,20 / 3,85 0,65 / 0,55 40 / 300 

  9,26 % / 6,04 % 45 / 90 3,85 / 8,20 0,47 / 0,58 300 / 40 

 

The authors did not have the opportunity to directly compare their research results with those reported 

in the literature by other researchers. This is caused by the fact that the research results presented in this 

article mainly concern a new design of the drum cutting unit, which is covered by legal protection. In 

the specialist literature there is a lack of data describing the process of cutting rye straw into pieces of a 

specified length using a cutting drum of a forage harvester with a double-cut cone shape. The first pro-

posal for the design of a cutting drum of this shape, which can realise a diagonal cut in two directions, 

was presented by Bochat (Bochat, 2010). Other authors in their works provide only data related to com-

monly functioning design solutions of cutting drums realizing transverse cutting. The results presented 

above by the authors, concerning the classical design of the cutting drum, are comparable with the data 

presented in the literature in this field (Abilzhanov, 2017; Persson, 1987, Bochat & Zastempowski 2020). 

 

CONCLUSIONS 
This work resulted in the following conclusions: 

1. From the conducted experimental tests it results that the following factors have a significant influence 

on the unit cutting resistance 𝑝𝑐, unit cutting work 𝐿𝑗, efficiency of the cutting unit 𝑊 efficiency of 

the cutting unit  there have the following: the method of cutting ( transverse or diagonal), the cutting 

speed, the thickness of the blade of the knife, the degree of density of the cut material; 

2. In the design works on the drum cutting units it is necessary to take into account the possibility of 

performing a diagonal cut, which is a very important alternative to the traditional - transverse - way 

of cutting; 

3. In order to assess the quality of cutting plant material by the drum cutting unit, the degree of uneven-

ness of the length of the cut material was assumed. As a result of the experimental tests, the values 

of independent variables were determined for which this quantity takes the lowest values (θ=90°, 

vc=8,20 m·s-1, h/ho=0,58, δ=40 μm); 

4. On the basis of the results obtained for the diagonal cutting of the material layer, it can be concluded 

that it seems advisable to conduct works on the development of new designs of drum cutting units, 

implementing other than traditional ways of cutting; 
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Abstract 

Experiments were set up in vineyards in two different locations, Lednice and Velké Bílovice, in order to 

verify the effect of compost and compost enriched with Lignohumax applied to the areas around trunks 

on vine growth. The compost rates applied in autumn 2017 were 30 t∙ha-1. The purpose of the initial 

measurements was to compare the length of new shoots, indicating a predominantly positive effect in 

relation to the application of compost. At the Lednice site, the length of shoots was 8-16% longer in the 

fertilised variant, while at the Velké Bílovice site it was 4-10% longer compared to the unfertilised 

control variant. The applied compost also had a positive effect on soil moisture. 

 

Key words: Lignohumax; soil moisture; shoot length; viticulture; Vitis vinifera. 

 

INTRODUCTION 

Most wine-growing areas in Europe are currently facing a lack of rainfall and only 10% of vineyards 

are equipped with supplementary irrigation (Costa et al., 2016). The increasing scarcity of water is be-

coming an ever-growing problem for vines, even in relatively cooler and wetter European countries such 

as Austria, Germany, Luxembourg, Czech Republic etc. (Santos et al., 2020). This is probably caused 

by the increase in daily temperatures over recent years, which has been accompanied by more extreme 

weather events such as heat waves, long periods of drought, etc. (Fraga et al., 2020). The lack of water, 

combined with high temperatures during the growing season, may be the main limiting factor for the 

growth of shoots on vines and the production of grapes (Chacón-Vozmediano et al., 2020). In the long 

term, this condition leads to a general weakening of the growth of vines, which may result in their drying 

out. Another problem is the limited production of above-ground biomass, especially of shoots. Once 

they have matured, they are used to shape the vines and form canes in the following year (Gambetta et 

al., 2020). Therefore, in practice, it is very important to focus on ways of increasing water availability 

and limiting potential water stress in vines during the growing season without the use of supplementary 

irrigation (Ramos & Martínez de Toda, 2020). In this respect, innovative agrotechnical interventions 

that provide the desired effect, are easy to implement and economically viable can be considered prom-

ising solutions (Yang et al., 2021).  

One such promising solution in this context is the application of organic fertilisers to the soil profile in 

the spacing between vineyard rows. It is generally known that organic matter plays an indisputable role 

in improving the physical and chemical properties of soil, including improving its retention capacity 

(Nardi et al., 2002). Especially in older plantings (typically over 25 years old), we see a significant 

deficit of organic matter in soil. This is a consequence of the cultivation itself, which depletes the soil 

of organic matter, as well as the more difficult application and incorporation of organic fertilisers, and 

their unavailability due to the decline in livestock farming (Hudetzová, 2021).  

For that reason, viticulture is addressing issues related to the replacement of traditional organic fertilis-

ers, such as manure, new types of fertilisers (compost), digestates, green manure (Chou & Vanden Heu-

vel, 2019), etc. The advantage of quality compost is its favourable composition and relatively wide 

availability in terms of quantity and price (Pessina et al., 2019).  

In vineyards, traditional fertilisers as well as new types of fertilisers face the same problems associated 

with their application. Existing systems apply compost to the surface of the fertilised spacing between 

rows, followed by incorporating it shallowly below the soil surface (Burg et al., 2021). Other application 

methods are also being tested, e.g. application in a furrow pre-ploughed in parallel with the treated rows 

where the applied compost reaches a deeper depth where roots with the capacity to actively take up 

water and nutrients are distributed (Gaiotti et al., 2017). Another positive effect of this method of appli-

cation is related to the acidification of the soil, the creation of a drain groove for water and air exchange, 

414



 

8th TAE 2022 

20 - 23 September 2022, Prague, Czech Republic 

 

the partial removal of soil compaction in trackways, and the disruption of the root system with subse-

quent regeneration and renewal (Burg et al., 2021). 

The aim of this paper is to evaluate the effect of deep compost application in the areas around trunks of 

fertile vines on soil moisture and the growth of vines expressed by the length of shoots. 

 

MATERIALS AND METHODS 

The characteristics of the experimental site 

Experimental measurements were carried out in between 2018 and 2020 in two locations in the Moravia 

viticulture region that differ in paedological and micro-climate properties, under the wine-growing con-

ditions of the Czech Republic.  

 

Lednice Experimental Site (Mikulov´s subregion) 

With coordinates of 48° 47’ 30’’ north latitude and 16° 47’ 56’’ east longitude, the area of interest is 

located in a vineyard southwest of the Lednice village (Na Valtické vineyard track). For the needs of 

measuring meteorological data (monthly precipitation and temperature) a meteorological station with 

remote data transmission (AMET, Velké Bílovice, Czech Republic) was installed at the experimental 

sites. The measured values of precipitation and temperature during the monitored years at the Lednice 

site are shown in Fig. 1. 

The predominant soil types are modal chernozem and carbonate chernozem; the parent substrate is loess. 

The Sauvignon Blanc variety is planted in the vineyard, grafted on the rootstock Kober 5BB, and shrubs 

are cultivated using high-culture training with a cut to a single cane. The support structure formed of 

steel columns reaches a height of 1.8 m. The plantation was established in 2012; shrubs are planted in a 

clutch of 2.5x1.0 m. 

 

 
 

Fig. 1 Average month temperature rainfall and soil moisture under variant in Lednice 

 

Velké Bílovice Experimental Site (Velkopavlovic´s subregion) 

With coordinates of 48° 52’ 59” north latitude and 16° 53’ 5’’ east longitude, the area of interest is 

located northwest from the Velké Bílovice village (Úlehle vineyard track). The measured values of pre-

cipitation and temperature during the monitored years at the Velké Bílovice site are shown in Fig. 2. 

The predominant types of soil are chernozem and pelic chernozem; the parent substrate is loess. The 

soil is slitty; this is moderately heavy skeletonless soil, a very deep soil with a mainly favourable water 

regime. The vineyard is planted with a variety of Pinot Gris, grafted on the rootstock SO4, and shrubs 

are cultivated using high-culture training with a cut to a single cane. The plantation was established in 

2007; shrubs are planted in a clutch of 2.7×1.0 m. 
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Fig. 2 Average month temperature rainfall and soil moisture under variant in Velké Bílovice 

 

Compost characteristics and experimental variants 

The applied compost was made from biologically degradable garden waste. The main components were 

grass cuttings, vegetable and fruit waste, wood chips and grain straw. The input raw materials were 

composted in strip bases triangular profiles and a base widths of 1.5 m. In terms of composition, the 

applied compost met the requirements of the CSN 46 5735 – Composting standard. In Tab. 1 are the 

average values of selected parameters of the compost applied in the vineyards in year 2017. The compost 

was applied to the cultivated in-rows using a specially designed prototype of a device for deep placement 

of compost in the spacing between vineyard rows. The embedment depth varied between 0.25–0.30 m. 

 

Tab. 1 Selected physical and chemical parameters of the applied compost 

Parameter 
K Mg P Ca Dry matter NC COX pHKCL 

mg∙kg-1 mg∙kg-1 mg∙kg-1 mg∙kg-1 (%) (%) (%)  

Value 4256±240 1190±57 608±64 7605±282 67.85±1.63 0.87±0.08 4.01±1.13 7.05±0.07 

 

The experiment was based on the following variants: 

Variant I – control without compost 

Variant II – compost (dose of 30 t∙ha–1) 

Variant III – compost (30 t∙ha–1) + Lignohumax 20 (0,4 l∙ha–1) 

 

Each variant was based on the method of random blocks of 100 m length in three repetitions. The applied 

dose of compost was 30 t∙ha–1. Lignohumax 20 (Agrostim Biotechnologieprodukte, Saxony, Germany) 

was added to Variant III. This is a concentrated water solution produced by the hydrolytic-oxidation 

degradation of technical lignosulphonates made up of a mixture of humic and fulvic acids, including 

their salts. The application of Lignohumax increases the usage of nutrients contained in the soil, sup-

ports the development of the root system. 

 

Evaluation of the soil moisture 

Soil moisture was measured using “VIRRIB” (AMET, Velké Bílovice, Czech Republic) volumetric soil 

moisture sensors. These are mechanical sensors with a circular design, with a diameter of 280 mm, 

which were located at a depth of 0.1 m. Soil humidity was recorded to Datalogger,  every day at regular 

fifteen-minute intervals. 

 

Evaluation of the length of shoots 

The length of shoots was assessed at regular weekly intervals, using a non-destructive method, from the 

beginning of the growing season until the first pollination. For taking the measurements, 3 vines were 

randomly selected for each of the treatments, leaving 8 annual shoots. The length of each shoot was then 
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measured using a caliper from the base towards the growing point. The measurements were then aver-

aged. 

 

Statistical analysis  

Results were reported as averages and standard deviations at a significance level of α= 0.05. The soft-

ware package Statistica 12.0 (StatSoft Inc., Tulsa, OK, USA) were used.  

 

RESULTS AND DISCUSSION  
Fig. 1 and 2 show the evolution of the volume of moisture in the soil during the monitored period. The 

results show a positive effect of applied compost on soil moisture values compared to the unfertilised 

control variant. Moisture values at the Lednice site were higher each year by 1–3%, while at the Velké 

Bílovice site they were 2–4%. Perez-Alvarez, Garcia-Escudero, & Peregrina (2015) states that soil 

moisture conditions can impact subsequent plant growth and nutrition by effecting soil nutrient availa-

bility. Also, Cavagnaro (2016) and Burger et al., (2005) states that soil moisture impact on nutrient 

availability and cycle may be particularly important for systems where organic matter is the dominant 

nutrient source. This is caused by the nutrient cycle and release from organic matter sources being 

largely a microbially mediated process and the activity of soil microbes is strongly dependent on soil 

moisture. When compost is incorporated into the soil, it is mineralised, which ensures a sustained release 

of available nutrients that can be more readily available to plants (D’Hose et al., 2004). Meissner et al., 

(2019) also states that a sufficient supply of soil organic matter can significantly reduce competition for 

water and nutrients between vines under hot and dry conditions, especially when it occurs at sensitive 

stages (e.g. when flowering and building berries), which has a positive effect on vine growth and grape 

yield. 

Fig. 3 show the lengths of the shoots at the Lednice site and Fig. 4 at the Velké Bílovice site. The growth 

rate of vine shoots is mainly influenced by temperature and soil moisture (Pavloušek, 2011). 

Overall, the graphs generated at both sites show a shorter length of shoots in the unfertilised control 

variant. For the variant using compost and compost in combination with lignohumate, the lengths of 

shoots were greater. Pavloušek (2011) states that high temperatures cause the mobilisation of substances 

stored in the root system, the production of auxins, and an intense and rapid growth of annuals. The 

problem of evaluating the growth of shoots in relation to the application of composts of different origin, 

applied on the surface and at depth, was addressed, for example, by Gaiotti et al., (2017). The results of 

his experiments performed between 2009 and 2013 on the Cabernet Sauvignon varietal show that com-

post has a conclusive effect on the vegetative growth of vines compared to a control unfertilised variant. 

The length of shoots in the experiment variant with a fertiliser exceeded the control variant by more than 

50%. Nardi et al., (2002) state that in order to optimise production, it is necessary to find a balanced 

relationship between vegetative growth and vine fertility and the yield of grapes produced. Measure-

ments in this context were taken by Arrobas et al., (2022), who applied compost from municipal waste 

at a quantity of 20 tonnes per hectare in the vineyard. The cumulative grape yield increased by 28% over 

the three-year period in the experimental plot. 

 

 
Fig. 3 Average lengths of the shoots at the Lednice site (2018-2020) 
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Fig. 4 Average lengths of the shoots at the Velké Bílovice site (2018-2020) 

 

CONCLUSIONS 
The results of the measurements taken over a three-year period indicate a positive effect of the deep 

application of compost to the area around trunks, which is reflected in increased soil moisture and more 

substantial growth of vine shoots. The wider implications and effects of this method of applying fertiliser 

will need to be verified over a longer term. Based on the results to date, the deep application of compost 

in vineyards can be recommended as an important agronomic intervention associated with the enhance-

ment of sustainable viticulture aspects. In terms of future research activities, it would be advisable to 

focus more attention on variant verification of applied compost rates, verification of the possibility of 

adding soil improvers, expansion of the evaluation with emphasis on the assessment of vine nutrition, 

and yield and grape quality parameters in a wider range of grape varietals. 
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Abstract 

Municipal waste with more than 14 % share on total waste production in the Czech Republic plays 

important role. Understanding household waste sorting behaviour allows more effective design of mu-

nicipal waste system in accordance with the waste hierarchy. This article focuses on determination and 

quantification of municipal waste generated at household in the Czech Republic and studies its relation 

to the family size. Waste generation and separation at source was measured on a 14day basis in house-

holds. Results of this study proved a significant relation between waste production and household size. 

One-member family produce more waste (plastics, mixed and biodegradable waste) than families with 

more members. This knowledge in combination with population structure will help municipality to better 

set up its waste collection system and develop a system that is suitable for the inhabitants based on the 

demographic segmentation. 

 

Key words: waste composition; waste generation; family size; source-separation. 

 

INTRODUCTION 

Municipal solid waste is a long-term challenge for municipal authorities to face, especially due to the 

increasing pressure of the European Union on diversion of waste from landfill. In the Czech Republic, 

just 39 % of municipal solid waste (MSW) was reused or recycled in 2020, 13 % was recovered for 

energy consumption and 48 percent ended up in landfills. However, the priority of the Czech Republic 

are in the reverse order: waste prevention comes first, followed by reuse and recycling. Then follows 

energy recovery, and finally the landfill itself. The described situation was supported by the fact that the 

landfill ban was postponed from 2024 to 2030 and that the landfill fee remained unchanged for 12 years 

at CZK 500 per tonne of waste (NKU, 2022). Municipal waste with more than 14 % share on total waste 

production in the Czech Republic plays important role and households themselves can also make a sig-

nificant contribution to waste reduction (Suthar & Singh, 2015). Understanding household waste sepa-

rating behaviour is increasingly essential in waste collection planning and treatment strategies, and es-

tablishing policies toward a sustainable waste management system (Abbasi et al., 2013; Chen & Chang, 

2000). The aim of this study was to describe the household wastes (HW) generated by families of dif-

ferent sizes in order to identify the potential of the wastes for recycling.  

 

MATERIALS AND METHOD

Data of household waste production were collected during 2021. Over 100 families were included in 

this experiment to measure their waste production at home. The experiment was designed on assessing 

of household waste production including recyclable waste based on 14-day period with repetition. Fam-

ilies in this experiment sorted municipal waste into 7 groups: paper, plastics, glass, TetraPak, metal, 

organic waste (BIO), municipal solid waste (MSW). 

 

Produced waste was weighted using kitchen scale by each family and recorded by the end of day. After 

all repetitions, data were collected from households and entered in Excel form. Raw data were converted 

to unit ‘kilogram per capita per year (kg/pc/yr)’ in order to analyse the difference in waste production 

among different family size. Selected families were divided into 4 groups according to their size: one-

member, two-member, three-member and four-member family. Data from these families were converted 

and compared based on production in kilograms per capita per year.  
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During the statistical analysis, the data were tested with the normal distribution by Shapiros test (Shapiro 

& Wilk, 1965). The result has shown that variables of interest did not have normal distribution, therefore 

the non-parametric Kruskal-Wallis test for differences between those families was applied in our exper-

iment (Kruskal & Wallis, 1952).  

 

RESULTS AND DISCUSSION  
The total of 115 families were involved in this experiment to measure their 2-week period waste pro-

duction at home. Data from these families were converted and compared based on production in kilo-

grams per capita per year to study the differences between them. Table 1 demonstrates the composition 

of household solid waste generated by different groups. One-member family produced in average 157 

kg of municipal waste (MS) in total per capita per year according to this study. As compared with it, 

other sized families produced less MS in total. The same trend can be observed at level of particular 

waste types. All monitored waste types (plastics, glass, organic waste and MSW) except paper waste 

demonstrated a declining tendency in production with increasing number in family (Chyba! Nenalezen 

zdroj odkazů.). It suggests that multi-person family may generate less waste per person than family 

with single member (Fig. 3). This suggestion did not apply on paper waste, which’s average production 

did not indicate a clear trend among families. The statistical results of Kruskal-Wallis test have shown 

similar signs. Waste types i.e. plastics, glass, organic waste and MSW demonstrated that multi-person 

families (2-4 members) had different waste production than one-person families (p<0.05). Again, paper 

waste did not prove significant difference between variously sized families (p=0.5062).   

 

This connection between the waste generation and family size as one of the socioeconomic parameters 

is supported by other studies. For example, Rawat & Daverey (2018) have showed in their study that 

the amount of household waste produced per person declines as family size rises. Monavari et al. (2012)

have proved that family size as one of the socioeconomic parameters beside income and education level 

has direct effect on household waste generation.   

 

Due to their insufficient quantity and extreme values, Tetrapak and metals have been excluded from the 

overall statistical analysis and are depicted in a special chart (Chyba! Nenalezen zdroj odkazů.). The 

data so far demonstrate a similar trend as MSW in total or others, but Tetrapak and metals will need 

more data collection and evaluation to prove the significance.   

 

Tab. 1 Average waste production of municipal waste in families of different sizes 

Household 

Members 

PAPER PLASTICS GLASS BIO MSW TOTAL  

(kg/capita/yr) 

One 9.54 11.97 28.02 47.67 60.10 157.29 

Two 11.18 13.22 32.04 40.80 35.71 132.95 

Three 13.30 10.92 18.01 37.16 39.37 118.76 

Four 8.53 8.44 16.01 22.33 26.71 82.02 
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Fig. 3 Total waste production compared within fa-

milies with different number of members. 

 

CONCLUSIONS 

Results of this study proved relation between waste production and household size. It is a fundamental 

indicator for decision-making process to set up the waste system in the municipalities of the Czech 

Republic. Knowledge of population structure will help the municipality to better set up its waste system 

including logistics and the financial aspects. The authorities will have a better understanding of the waste 

situation and may implement a suitable system for the citizens according to the population structure. For 

the future studies, it is highly recommended to design a longer measuring time and include social – 

economic aspects into study.  
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