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Preface to “Engineering Innovations in Agriculture”

Nowadays, the expansion of people into intact primary areas has been observed alongside

an increase in land devoted to crops, pastures, etc., which has led to the destruction of natural

diversity. A solution to avoid disaster is increasing agricultural production efficiency to expand crop

harvest and livestock productivity, without deteriorating quality. This approach requires introducing

innovative engineering technologies to agriculture. Fortunately, technology is developing rapidly,

and new driving scientific forces are emerging in various fields of agriculture, which has allowed

significant inroads to be made in the development of all fields of agroengineering science.

This Special Issue, titled “Engineering Innovations in Agriculture,” consists of high-quality

articles from academics and industry-related researchers in the field of agricultural engineering,

covering the following topics: harvesting and planting crops, livestock production, livestock and

agrifood waste utilization, seed treatment and transportation, agricultural robotic applications,

solutions for digital and precision agriculture, energy efficiency and conservation in agriculture,

agriculture mechanization and electrification, harvest technologies, postharvest technologies,

renewable energy technologies, robotics, etc. The studies were carried out by scientists and

researchers from around the world, and have been held in high regard by peer reviewers in their

respective fields of knowledge.

The presented works contribute towards solving issues regarding the development, research,

and optimization of engineering innovations in agriculture, where their results will interest

specialists, researchers, and scientists in the considered areas. Of course, only a small area of the issues

that are relevant today are touched upon in this Special Issue; however, the authors have carried

out important work, which will significantly contribute to solving issues related to engineering

innovation in agriculture in the future.

Vadim Bolshev, Vladimir Panchenko, and Alexey Sibirev

Editors

xi





Citation: Bolshev, V.; Panchenko, V.;

Sibirev, A. Engineering Innovations

in Agriculture. Agriculture 2023, 13,

1328. https://doi.org/10.3390/

agriculture13071328

Received: 14 June 2023

Revised: 20 June 2023

Accepted: 28 June 2023

Published: 29 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Editorial

Engineering Innovations in Agriculture

Vadim Bolshev 1, Vladimir Panchenko 2,* and Alexey Sibirev 3

1 Laboratory of Power Supply and Heat Supply, Federal Scientific Agroengineering Center VIM,
109456 Moscow, Russia; vadimbolshev@gmail.com

2 Department of Theoretical and Applied Mechanics, Russian University of Transport, 127994 Moscow, Russia
3 Laboratory of Machine Technologies for Cultivation and Harvesting of Vegetable Crops in Open Ground,

Federal Scientific Agroengineering Center VIM, 109456 Moscow, Russia; sibirev2011@yandex.ru
* Correspondence: pancheska@mail.ru

Nowadays, the expansion of people into intact primary areas has been observed
alongside an increase in the area of land devoted to crops, pastures, etc., which has led to
the destruction of natural diversity. A solution to avoid disaster is to increase agricultural
production efficiency in order to expand crop harvest and livestock productivity without
deteriorating their quality. This approach requires introducing innovative engineering
technologies to agriculture. Fortunately, technology is developing rapidly, and new driving
scientific forces are emerging in various fields of agriculture, which has allowed significant
inroads to be made in the development of all fields of agroengineering science.

This Special Issue, titled “Engineering Innovations in Agriculture”, consists of high-
quality articles from academics and industry-related researchers in the field of agricul-
tural engineering, covering the following topics: harvesting and planting crops, livestock
production, livestock and agrifood waste utilization, seed treatment and transportation,
agricultural robotic applications, solutions for digital and precision agriculture, energy
efficiency and conservation in agriculture, agriculture mechanization and electrification,
harvest technologies, postharvest technologies, renewable energy technologies, robotics,
etc. The presented studies were carried out by scientists and researchers from around the
world and have been held in high regard by peer reviewers in their respective fields of
knowledge; the main objectives of the published works can be found below.

The first study [1] showed that, during the heating period, the application of the ceiling
fans helped to raise the air temperature and to reduce relative air humidity in the areas
where young stock is located, in accordance with the normative indicators. In [2], soybean
seed particles of three varieties with different sphericities were taken as the research objects.
Through the simulation analysis of repose angle and self-flow screening, it was shown
that the above two parameters needed to be accurately calibrated. In [3], the authors
investigated the effect of impulse (frequency 1000 Hz and duty cycle 67%), scanning (the
principle of running lights), and constant 16 h and 24 h modes of operation of white light
LED irradiators on the physiological, biochemical, and morphometric parameters of lettuce
with red and green leaves, in order to optimize the parameters of the mechanism, reduce the
pressure loss and improve the efficiency of pneumatic utilization. In [4], the principles and
types of pneumatic loss in different areas were defined, and the key parameters, including
the diameter of the horizontal air pipe, the angle of the air pipe, and the diameter of the
negative pressure aperture, which affect the pressure loss, were analyzed. The article in [5]
presents a methodology for conducting research to assess the influence of working bodies
on the magnitude of the force impact on potato tubers and soil clods during harvesting,
using a methodology for assessing the dynamic destruction of soil clods. In [6], the authors
synthesized Mn4+-doped CaSb2O6 phosphors using the conventional solid-state reaction
method for plant growth lighting applications. A counting method for red jujube based on
the improved YOLOv5s was proposed in [7], which realized the fast and accurate detection
of red jujubes and reduced the model scale and estimation error. In [8], the effects of the

Agriculture 2023, 13, 1328. https://doi.org/10.3390/agriculture13071328 https://www.mdpi.com/journal/agriculture
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working pressure and aspect ratio (L/D) of circular and non-circular nozzles (diamond and
ellipse) on water distribution and droplet kinetic energy intensity were investigated. In [9],
the authors first presented the “cut-and-paste” method for synthetically augmenting the
available dataset by generating additional annotated training images. In [10], the authors
investigated the optimal design for an agricultural mobile robot’s suspension system based
on a double wishbone suspension structure. In the work presented in [11], the authors
investigated the use of pyrolysis to recycle amaranth inflorescence wastes. The results
indicate that the application of pyrolysis will allow the efficient conversion of amaranth
inflorescence wastes into value-added products. The article in [12] presents the results of
developing and testing the air-cooling system of a combined climate control unit used in pig
farming. The authors found a water-evaporative system to be the most efficient for cooling
the air supply. The experimental studies presented in [13] using a developed harvester with
an experimental separating system made it possible to ensure the high-quality harvesting
of potato and onion tubers. In [14], a method for determining the degree of infected seeds
with Fusarium was developed. In [15], carbon emissions, customer satisfaction, customer
value, and cost were considered, and an optimization algorithm was established to solve
the time-dependent vehicle routing problem in urban cold chain logistics. In [16], each
biomass sample of the redroot pigweed (leaves, inflorescences, and stems) was pyrolyzed
in a lab-scale furnace, in a nitrogen atmosphere, under non-isothermal conditions. The
results will help us to better understand the thermal behavior of redroot pigweed biomass
and its utilization for fuels or chemicals. In [17], the authors propose a method to reduce the
feed rate by decreasing the feed length of the stalk and design a double-cutter bar combine
header. The purpose of the study presented in [18] is to identify and evaluate the effect of
high-voltage electrical pulses on the irreversible damage to the intracellular structures of
the plant tissue of weeds and unwanted grasses during electric weed control, characterizing
and evaluating the parameters and modes associated with such processing. The article
presented in [19] is devoted to questions of increasing the efficiency and attractiveness of
solar photovoltaic equipment for the purpose of ensuring the appropriate conditions for
widespread power supply to agricultural consumers through the use of solar energy.

Thus, the presented works contribute towards solving issues regarding the develop-
ment, research, and optimization of engineering innovations in agriculture, where their
results will be of interest to specialists, researchers, and scientists in the considered areas.
Of course, only a small area of the issues that are relevant today are touched upon in this
Special Issue, titled “Engineering Innovations in Agriculture”; however, the authors have
carried out important work, which will make a significant contribution to solving issues
related to engineering innovation in agriculture in the future.

Author Contributions: Conceptualization, V.B., V.P. and A.S.; formal analysis, V.P. and V.B.; resources,
V.P.; writing—original draft preparation, V.P.; writing—review and editing, V.B.; supervision, V.B.
and A.S.; project administration, V.B. and V.P. All authors have read and agreed to the published
version of the manuscript.

Funding: The studies cited in this review were funded by the National Natural Science Foundation
of China (No. 52130001); by the Ministry of Science and Higher Education of the Russian Federation
for large scientific projects in priority areas of scientific and technological development, contract
no. 075-15-2020-774; by the National Natural Science Foundation of China (Grant No. 52175260),
the China Agriculture Research System (CARS-03), the Key Research and development plan of
Hainan Province (Grant No. ZDYF2022XDNY184), Project of Scientific Research in Colleges and
Universities of Hainan Province (Grant No. Hnky2022-93), and Research Start-up Fund Project
of Hainan University (Grant No. KYQD(ZR)-22036); by the Russian Science Foundation Grant
No. 22-76-10002; by the Talent start-up Project of Zhejiang A&F University Scientific Research
Development Foundation (2021LFR066) and the National Natural Science Foundation of China
(C0043619, C0043628); by the Postgraduate Research & Practice Innovation Program of Jiangsu
Province, grant number SJCX22_1870, the Jiangsu Province and Education Ministry Co-sponsored
Synergistic Innovation Center of Modern Agricultural Equipment, grant number XTCX2018, the
Changzhou Key Research and Development Program, grant number CE20222024, Zhenjiang Key
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Abstract: A combined energy–saving heat supply system was proposed that included a combined
ETS unit and a ceiling fan, and provided the normative air parameters in a livestock room, with an
air temperature of −17 ◦C and air relative humidity (ARH) of −75%. A heat supply system of a
preventive maintenance premises for calves was chosen as the subject of the study. Comparative
analysis of the temperature and ARH distribution with height in the preventive maintenance premises,
was carried out, with and without a ceiling fan. The study showed that, during the heating period,
application of the ceiling fans helped to raise the air temperature and to reduce ARH, in the areas
where young stock is located, in accordance with the normative indicators. The energy-saving effect
was achieved by supplying warmer ventilation air, which accumulated in the upper zone of the
premises from the ceiling fan to the locations of the animals. At the same time, there was a decrease
in the consumption of electric energy for the heat supply system of up to 14%.

Keywords: microclimate; ceiling fans; electric thermal storage unit; energy–saving; heat supply system

1. Introduction

In the case of group housing for calves, animals must be kept in a rather limited space,
which may cause critically bad environment conditions, leading to the loss of livestock
that, in some circumstances, attains 30% to 40%. Besides, it is associated with productivity
reduction of 15% and with the growth of specific fodder consumption by 10% to 15% per
product unit [1,2]. This is why, in conditions of intensive animal housing, major attention
must be paid to maintaining the optimal microclimate (first of all, temperature and ARH).

Technical–economic studies show that, in case of group housing for calves (i.e., in
boxes, preventive maintenance premises, cages, etc.), it is advisable to use storage-type
electric units for air heating to serve as internal heat sources designed for small premises
operating on the principle of convective heat exchange [3].

Applications of electric thermal storage (ETS) units in combination with energy gener-
ating installations in a net-zero multi-energy system, including those designed for farms,
belong to the most effective solutions, as well. Such installations must be based mainly on
various renewable energy sources (RES), first of all, solar- and wind-power installations for
heat and water supply [4–8].

Simulation and tests on an electric thermal storage heating system with solid-state
heat storage materials (SS-ETSHSM) using electric energy generated by coal combined
heat and power (CHP) units [9] and wind, and solar power stations have been carried
out [10,11]. ETS unit are charged during the minimum load period of the energy system.
Then, this energy is transferred to the heat-carrier into the water-heating system with
the help of ‘air-water’ heat-exchangers. Sun Y. et al. [9] investigated the characteristics
of thermal processes and the regularities of temperature changes in different parts of
the heating system occurring in the modes of charging and heat emission ETS under
quantitative and qualitative regulation. Zhao H. et al. [10] investigated the heat transfer
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characteristics of SS-ETSHSM. The thermal calculation method for key parameters of the
electric heating system was proposed. Based on the experimental data, the amount of
accumulated heat was calculated along with the heat-exchange coefficient, in air channels
of various geometries. Amounts of thermal energy transferred from the heat-storage unit to
the heated air were estimated as well. The perational effectiveness of ETS unit installations
can be improved by a reasonable selection of the air channels number in ETS units, as
well as by optimizing their shape and dimensions. Correctly defining the optimal values
of air velocity, in channels, and location of air inlets and outlets is also important [11].
Xu G. et al. [12] developed a static-type ETS unit with a heat-storage phase change material
(PCM) in which heat-exchange occurs in air channels, owing to natural convection. The
proposed device is charged by the off-peak electricity. The dynamic process of the thermal
state under a fully charging/discharging cycle of the device was tested. The amount of heat
transferred in the air channels to the heated air and the heat given off by the ETS casing by
natural convection and radiation were determined as a percentage.

Klymchuk et al. [13] considered various schemes of arrangement of tubular heating
elements for the charging of heat storage cells. The temperature distribution over the
cross-section of the thermal storage battery at the key points as a result of mathematical
simulations was obtained. The obtained simulation results were tested on an experimental
installation consisting of four heat storage cells during the charging and discharging of the
thermal storage unit. The most effective arrangement of tubular heating elements was de-
termined, allowing for maximum use of the volume of heat storage material. Dependences
for determining the index and averaging coefficient of the heat flux were also found. An
algorithm for defining the design parameters of the thermal storage depending on the heat
supply system operating conditions was described by Klymchuk et al. [14] which made it
possible to calculate the optimal position of the heating elements in the heat-storage core,
their number, the thickness of the heat-storage layer, dimensions of the heat-storage core
and the specific heat flux upon the heated surface. Beknazarian et al. [15] developed a
method for selecting and optimizing the high-temperature thermal insulation that can be
applied in ETS units.

Theoretical studies of the heat-storage core thermal state of the dynamic-type ETS units
were performed by Janssen et al. [16], for both heat charging and heat emission operation
modes. Three-dimension models for the heat-exchange processes were developed and
the calculations for the non-stationary temperature field were carried out using the finite
element method.

When selecting a reasonable method of heat and air distribution in premises, one must
consider the requirements for providing the specified air–thermal conditions in work areas
where calves are kept, including those of cages.

Various design options for inflow-exhaust ventilation installations and systems, can
be implemented enabling solutions for the following assigned tasks, to a significant de-
gree: providing natural ventilation, conventional air distribution equipment (air-ducts
for uniform air distribution); sputtering heads, inflow exhaust installations of AHU type),
ejection-axifugal air terminal units, conventional air distribution units, etc. [17]. Also, in
order to improve the energy efficiency of heat supply systems when using the heat of
low-potential energy sources and environmental protection, it is possible to use heat pumps
with an eco-friendly refrigerants such as CO2 [18,19].

However, in such systems, non-homogeneous air temperature distribution with the
height takes place. Warm air, having lower volumetric density, tends to concentrate directly
under the ceiling, thus forming an airlock. On the other hand, cold and excessively wet
air is accumulated in the lower layers where young stock is located, creating unfavorable
conditions for animals. Air velocity in the area where calves are located should not exceed
0.3 m/s, during the cold and period of the year [20].

Based on the results of experimental studies, Bodrov [21] developed a method for
defining the required value of the heat transfer resistance, for unheated livestock premises
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depending on the individual biological characteristics of the particular animal type. Meth-
ods for calculating the natural ventilation, on an annual basis, were developed as well.

We assume that the maintenance and energy-related parameters of heat- and air-
distribution installations and systems can be improved substantially by application of
ceiling fans. Such fans, installed in addition to the conventional heating equipment, ensure
effective air circulation (within the permissible air velocity range, in areas where animals
are located). As a result, the air temperature distribution becomes more uniform with the
height, thus reducing the heat energy loss through the enclosing structures and increasing
the heat-exchange coefficient of heating devices. The ceiling fan speed control function
makes it possible to maintain its specified performance and, consequently, the air flow
velocity. Fans can be mounted in any area of premises making it possible to produce their
effect on the animals locally depending on their age and physical status.

A ceiling fan installed in the upper area of the premises draws in air from above and
directs the fan-twisted air jets having an internal vortex core towards the floor. These air
jets reach the ceiling in form of an overlapping flux that gets spread over the premises and
moves towards the walls, penetrating the areas where animals are kept.

In these conditions, the required air mobility is provided, and warm air is supplied
to the space where animals are located, including in zones under the cages, thus insuring
temperature equalization along the vertical axis. This technical solution makes it possible
to reduce the required heating system capacity and to save considerable amounts of energy.

Shah et al. [22] reported the results of a technical-economic effectiveness evaluation,
for various ceiling fan options, having optimized fan blade design and for wider application
of DC electric motors. Babich et al. [23] developed and verified a three-dimensional time-
dependent implicit model of the standard ceiling fan by simulation results comparison with
the experimental data. Present et al. [24] analyzed the results of the ceiling fans practical
application, in commercial premises. Liu et al. [25] and Raftery et al. [26] carried out a
series of experimental studies of air velocity fields formed with the use of the ceiling fans,
in enclosed areas. Based on the results of experimental data, parameters were specified
that, to a major extent, defined the air flow rate in premises, for the case when the ceiling
fans operate. Li W. et al. [27] have carried out numerical simulations and experimental
studies of air conditioning system and ceiling fans combined operation. Application of a
ceiling fan made it possible to reduce the density of airborne participates by more than
20% in the area of the human breathing zone, owing to a better dispersion of airborne
participates over the premises. Omrani et al. [28] have performed an incisive analysis of
the ceiling fan effects on the microclimate, i.e., air flow rate, thermal acceptability and air
quality and energy consumption. It was pointed out that the thermal acceptability and air
the flow rate belong to the most extensively studied parameters. Major attention was paid
to the air quality and electric energy consumption. Besides, that analysis has brought to
light the gap in our knowledge concerning the specifics of natural ventilation and ceiling
fans combined operation including their influence on the air quality, in premises, which is
vitally important during pandemic periods.

2. Materials and Methods

In this research area, previous works were devoted to simulations of the heat storage
cells thermal state of the ETS unit [29] and calculation of the ETS unit thermal characteris-
tics [30,31]. The results of experimental studies of the thermal state of heat-storage cells in
both heat-charging and heat-emission modes of ETS unit have been reported [32,33]. Also,
an energy-saving infrared heater (IR) for calves was developed for preventive maintenance
premises of cattle-breeding farm with an adjustable heat flux depending on the position of
the animal and an evaluation of the parameters of its operation was carried out [34].

The heat supply system for the preventive maintenance of an 8 m long, 4 m wide
and 4 m high premises, for housing calves, was chosen as the subject of research. The
recommended air temperature value in the premises was 17 ◦C, while the maximum
permissible relative humidity (ARH) of the air was 75% [20].
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In our research, the air heating combined type ETS unit [31] designed for operation
under the electric energy time of use price plan was chosen. A ceiling fan of the type
MR-1 [35] was applied for temperature equalization and uniform air flow distribution in
the premises.

As part of this work, field studies of the thermal and humidity parameters of the air
were carried out in two similar preventive maintenance premises of cattle-breeding farm.
Two variants of the operation of the heat supply system were investigated. In the first room,
air heating is carried out from the combined ETS unit without the use of ceiling fans, and
in the second, with their use. Experimental studies of the proposed heat supply system
were carried out in winter from mid-December to the end of March. The temperature and
ARH were measured along the height of the preventive maintenance premises at several
characteristic control points.

During the experimental studies, the consumption of electrical energy for heat supply of
the preventive maintenance premises was recorded for two variants of the system operation.

The results of measurements of the thermal and humidity parameters of the air in
the preventive maintenance were processed using the probabilistic-statistical method. A
calculation method was also used to justify the parameters and selection of the ceiling fan.

3. Calculating and Selecting the Ceiling Fan Parameters

At the present time, the most commonly applied air heating systems in cattle-breeding
farms are those with heated air distribution into the upper area of premises. In this case,
the air temperature becomes uniform, in the upper zone, within a short period of time
(there is no sensible temperature gradient) owing to the intensive turbulent air mixing. At
the same, air flows do not practically reach the lower (‘sluggish’) zone. It happens because
the temperature of air exhausted from the outlet into an unlimited area differs from that of
the ambient air in premises with anisothermal air jets. Therefore, air jet parameters, as well
as their trajectory, depend on not only inertial forces but also on those of gravity [33].

The following factors have an essential effect on the circulation of air flows produced
by the ceiling fans: the height of the premises, the length of suspension, the number fans
and their installation points, etc.

The reasonable length of fan suspension hf (see Figure 1) insuring the maximum air
flow rate in the operating area, can be defined from the following equation:

hf =
Hp − L

4
, (1)

where Hp is distance between the floor and the ceiling (m), L is that between the floor and
the animal shoulder (m).

Figure 1. Diagram for optimal ceiling fan installation: 1—ceiling fan; 2—cages for calves; 3—slatted
floor of the cage.
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In this case, fan blades diameter (D = 2R) shall not exceed 1/3 of the premises width [3].
As applied to up-to-date premises designed for calves housing, fans must be mounted
along the longer premises axis.

The number of fans Nf capable to ensure the required values of air velocity and flow
rate, for reasonable fan suspension length, can be found from the following expression
deduced using experimental methods [3]:

Nf = cfP2.91H−2.14
p ω4.43

av , (2)

where P is room perimeter (m), ωav is average air flow rate, in operation area, i.e., standing
or rest zone, (m/s); cf is coefficient depending on the ceiling fan design and its operation
conditions.

Since the air velocity field has practically uniform profile, we can assume ωave = 0.5
ω0 where ω0 is initial value of air velocity (m/s).

It has been found out that coefficient cf = 0.07, for premises having 4 × 8 m, in plain view,
and 4 m in height, for ceiling fans type MR-1. By substituting the variables in formula (2) with
their known values we obtained Nf = 1.3. One 60 W fan unit type MR-1 with controlled air
flow performance rate was chosen, having three 620 mm long blades [35].

4. Calculating Basic Thermal Characteristics of the Electric Thermal Storage Unit

Combined type ETS unit comprises two independently operating heaters, i.e., heat
storage core and convector heater (see Figure 2). The heat storage core is designed to be
charged with thermal energy during the lower electric power price rate period in order to
supply heat during periods of higher electric power price rates. The electric convector-type
heater serves as a direct heating energy source supplying heat mainly during the period
when the heat storage core is being charged. Technical parameters of the installation are
presented in Table 1.

 
Figure 2. Electric thermal storage unit.

Table 1. Technical characteristics of ETS unit.

Input voltage (V) 380/220
Heat storage capacity (kW) 4.8

Electric convector heater capacity (kW) 2.4
Minimum heat charging period (h) 4

Heat emission period (h) 48
Weight (kg) 200
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The required volume of ETS unit heat storage core can be calculated using the follow-
ing expression:

VHSC =
3600Qch_aveτhe

ρHSMcHSM(THSC,max − THSC,min)
, (3)

where Qch_ave is average heat capacity of ETS unit (W); τhe is duration of ETS unit heat
emission period (h); ρHSM is volumetric density of the heat storage core material (kg/m3);
cHSM is heat capacity ratio of the core material (kJ·kg−1·K−1); THSC,max and THSC,min are
temperature values of ETS unit heat storage core, in the initial (600 ◦C to 650 ◦C) and the
final (50 ◦C to 100 ◦C) moments of the heat charging period, respectively [36,37].

The maximum temperature of the casing outer surface, by the end moment of the ETS
unit charging mode is Tsh,max = 60 ◦C to 70 ◦C, while at the end moment of the heat emission
period it is in the range of Tsh,min = 25 ◦C to 30 ◦C which is in the reasonable compliance with
the requirements for ETS unit casing outer surface temperature specified in [36].

In view of the fact that there is, practically, no heat loss, in the beginning of the core
charging period, the average value of thermal energy Qloss emitted from the surface of the
ETS unit casing into surrounding space, in the course of charging, should be calculated for the
casing surface temperature value Tsh = (Tsh,min + Tsh,max)/2, using the following formula:

Qloss = kradαsh_aveFETS(Tsh − Tap), (4)

where αsh_ave is average value of the coefficient of heat-exchange between the electric thermal
storage outer surface and ambient air (premises), (W·m−2·◦K−1); Tap is ambient air tempera-
ture in premises (◦C); FETS is surface area of the ETS casing (m2); krad is coefficient taking into
account the heat loss by radiation from the surface of the ETS casing (value is 1.25).

When calculating thickness δins of the thermal insulation layer, it should be considered
as a single-layer plain wall. The required thickness of ETS unit thermal insulation layer
insuring compliance of the heat loss from the thermal storage unit with the specified Qloss
value can be defined from the following equation:

δins =
λinsFave(Tins,int − Tsh,max)

Qloss
, (5)

where λins is thermal-conductivity coefficient of the thermal insulation material (W·m−1·◦K−1);
Tins,int is temperature of the thermal insulation internal layer, by the end of the charging
period (◦C).

Fave =
Fins + FETH

2
, (6)

where Fins is surface area of the thermal insulation (m2).
Electric heater capacity Wunit of ETS unit is defined from the following equation:

Wunit = krQch_ave
τhe
τch

+ Qloss, (7)

where τch is duration of ETS unit charging period (h); kr is power reserve coefficient that
takes into account the aging of electric heating elements and changes in the supply voltage
(value is 1.2).

Quantity of the accumulated heat can be calculated from the following expression:

Qst = Qins + QHSM =
= cinsρinsVins(Tins,max − Tins,min) + cHSMρHSMVHSM(THSC,max − THSC,min)

(8)

where cins is heat capacity ratio of the thermal insulation (kJ·kg−1·◦K−1); ρins is its volumet-
ric density (kg/m3); Tins,max and Tins,min are temperature values of the thermal insulation
in the end moments of ETS unit charging and heat emission periods, respectively.

10



Agriculture 2022, 12, 1753

Quantity of heat Qst accumulated in ETS unit makes it possible to define time period
τwarm required for its heating to temperature value THSC,max:

τwarm =
Qst

3600(0.8Wunit? − Qloss,max)
, (9)

where Qloss,max is heat loss, for the maximum temperature of the casing surface Tsh,max of
ETS unit, at the end moment of the heat charging period (W).

In paper by [31] the method of the thermal and aerodynamic calculation of the basic
thermal characteristics has been described, for dynamic type ETS unit.

When calculating the average value of heat-exchange coefficient αsh_ave, for the outer
ETS unit casing surface, similarity criterion Gr should be defined from Formula (10),
following which similarity criterion Nu is calculated in accordance with expression (11).
After that, αsh_ave value can be determined [30]:

Gr =
βh3g(Tsh − Tap)

v2 , (10)

where β = 1
273+Tap

(K−1); h—is ETS unit height (m); g is gravity factor (m/s2); ν is air

kinematic viscosity (m2/s).
Nu = 0.695Gr0.25

dliq . (11)

In order to define the average value of the heat-exchange coefficient αch_ave, in air
channels of ETS unit heat storage cells, similarity criterion Nu has to be calculated using
Equation (12), with the account of the temperature difference θch = Twch/Tair_ch [38–40]:

Nu = 0.023Pr0.4Re0.8
(

Twch
Tair_wch

)−0.55
. (12)

Thermal-physical properties of solid heat storage materials (HSM) have been ana-
lyzed. Formulas for calculating temperature dependent values of the thermal-conductivity
coefficient and heat capacity ratio are presented in Table 2 [41].

Table 2. Thermal-physical properties of solid-state HSM.

Material c (kJ·kg−1·◦K−1) λ (W·m−1·◦K−1) ρave (kg/m3)

Magnesium oxide 1.05 + 0.29·10−3 THSM 4.7–1.7·10−3 THSM 3000
Chamotte 0.88 + 0.23·10−3 THSM 0.84 + 0.58·10−3 THSM 2200

Corundum 0.79 + 0.42·10−3 THSM 2,1 + 1.9·10−3 THSM 3300
Dinas 0.837 + 0.25·10−3 THSM 0.93 + 0.69·10−3 THSM 2200

Figures 3 and 4 shows the change of the thermal-conductivity coefficient and heat
capacity ratio, in temperature range from 50 ◦C to 650 ◦C. These are the minimum and
the maximum temperatures of the heat storage elements, in ETS unit heat emission and
charging modes, respectively.

Analysis of the obtained results provides the reason to conclude that chamotte, corundum
and dinas feature linear temperature dependence of the thermal-conductivity coefficient (see
Figure 3). Magnesium oxide has the highest values of the thermal-conductivity coefficient and
heat capacity ratio in the course of heating and cooling processes, compared to other materials
in the study (see Figures 3 and 4). It should also be noted that the thermal-conductivity
coefficient of magnesium oxide is inversely proportional to the temperature [42].
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Figure 3. Dependence of thermal-conductivity coefficient on temperature THSM.

c

Figure 4. Dependence of heat capacity ratio on temperature THSM.

5. Discussion

A comparative analysis of temperature and ARH distribution with height of the pre-
ventive maintenance premises was made for the ceiling fan switching on and off operation
modes in this study. An initial evaluation of the energy efficiency for the system with
ceiling fans was also carried out.

5.1. Experimental Studies of Thermal and Humidity Parameters of Air

Two system operation modes applied to preventive maintenance premises were stud-
ied. One of these operation modes involves inflow ventilation with heating internal air
from electric thermal storage units thus implementing the combined air heating method
(without the use of ceiling fans). In this case, there exists a temperature drop in the lower
areas and under the cage, i.e., directly under the slatted floor, and ‘no flow areas’ occur.
Besides, minimum required air temperature of 17 ◦C is not achieved in areas where animals
are located (area under the cage [20]). This means that either a heating installation of higher
capacity should be used during or the period of its operation should be extended.

In the other operation mode, air flows driven with the use of the ceiling fans circulate
with permissible velocity limited in accordance with the recommendations for technolog-
ical production design (not exceeding 0.3 m/s) [20]. Avoiding forming a heat cushion
directly under the ceiling helps to inject a certain amount of heat into the work area, thus
maintaining a required temperature environment. It also contributes to reduce the heat
loss through the enclosing structures, first of all through the ceiling.

Recommendations for technological production design [20] stipulate the optimal air
temperature for housing calves that must be maintained within the cage and under the
slatted floor.

Temperature conditions and the aggregate thermal energy consumption for heating
depend essentially on the temperature distribution over the space of the premises.
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Figure 5 shows vertical air temperature profile, in preventive maintenance premises
for calves.

It should be noted that operating ceiling fans ensure ARH reduction by up to 5% in
areas where animals are located because of the warmer air supplied into these areas (see
Figure 6).

Figure 5. Air temperature distribution, in preventive maintenance premises for calves.

Figure 6. ARH distribution, in preventive maintenance premises for calves.

5.2. Evaluation of the Energy Efficiency of the Combined Heat Supply System

Normally, internal air temperature is kept within a specified range with the use of the
on-off action control.

In case that heating-ventilation system is not equipped with ceiling fans the time
period within which air gets heated to a specified temperature equals to [43]:

τp1 =
cairGΔT

Qp
, (13)

where cair is air heat capacity ratio (kJ·kg−1·◦K−1), G is mass of air (kg), ΔT is specified air
temperature control interval in work zone (◦C), Qp is thermal energy production by the
heating installation (W).

In case of the ceiling fans application, time period τp2 within which air gets heated to
a specified temperature will be equal to:

τp2 =
cairGΔT

kteQp
, (14)
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where kte is coefficient that takes account of additional thermal energy incoming as a result
of the ceiling fans operation.

It was experimentally found out that the values of kf fall into the interval between 1.2
and 1.25.

Then it is follows from Expressions (13) and (14) that τp2 = 0.8τp1.
Let us consider the effect of the ceiling fans operation on the air-cooling rate in

premises. Evidently, air cooling time period is defined by the heat dissipation rate:

Qout = αes
(
Tap − Tes

)
Fes + Qair, (15)

where αes is heat-exchange coefficient of the enclosing structure internal surface (W·m−2·◦K−1),
Tap is ambient air temperature in premises (◦C), Tes and Fes are, respectively, temperature
(◦C) and area (m2) of the enclosing structure internal surface, Qair is thermal energy loss with
exhausted air (W).

Heat-exchange coefficient αfen comprises both convective αcon and radiant αrad energy
components:

αes = αcon + αrad, (16)

where the surfaces of the premises are blown by air flows there the forced and combined
convection operation mode takes place in which case the following expression is valid,
with regard to [44]:

αcon = 3.38
(ω

l

)−0.5
, (17)

where ω is air flow velocity (m/s), l is distance between the floor and arbitrary cross-section (m).
Studies carried out in [3] have shown that, in case of ceiling fans application, velocity

of air flows blowing onto the surfaces increases by the average rate from 0.15 m/s to
0.18 m/s, i.e., increases by a factor of 1.2. If we assume l = 1 m (area where animals are
located), then the coefficient of heat convective exchange is 1.1 times higher, for ceiling
fans active state, compared to their idle status. Coefficient αrad = const since it does not
depend on the air flow velocity and it can be assigned a value in the range of 4 W·m−2·K−1

to 4.5 W·m−2·K−1, for animal-housing premises [44].
Having performed the relevant transformations, we can deduce the relationship

between the time of air cooling, in premises, in case of ceiling fans application τo2 and
without ceiling fans τo1 (in the assumption that Qair = 0):

τo2 = τo1
αcon + αrad

1.1αcon + αrad
. (18)

With the account of optic and thermal-technical parameters of standard buildings [44]
designed for young stock housing, Expression (18) can be reduced to the following form
τo2 = 0.95τo1.

Therefore, in the case when no ceiling fan is applied, the period of self-sustained
oscillating process of maintaining a required air temperature in areas where animals are
kept is equal to:

T1 = τp1 + τo1. (19)

With operating ceiling fans, this parameter can be calculated as follows:

T2 = 0.8τp1 + 0.95τo1. (20)

The relative switching frequency of heaters without ceiling fans defined from
Expressions (19) and (20) equals to:

n1 =
τp1

τp1 + τo1
. (21)
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The same parameter defined for the case when ceiling fans are applied has the
following form:

n2 =
0.8τp1

0.8τp1 + 0.95τo1
. (22)

It is clear from Formulas (21) and (22) that n1 > n2. Consequently, the average heat
energy income, for Qp1 = Qpn1, exceeds that, for Qp2 = Qpn2. It means that the thermal
energy consumption is greater, in the first case.

Electric power consumption by ceiling fans is insignificant (its maximum input power
is just 0.06 kW). Besides, thermal energy dissipated by the electric motor remains in
premises thus contributing to the positive component of the thermal balance.

Results of a number of tests and initial technical-economic evaluation of the newly
designed heat supply system of preventive maintenance premises for calves have shown
that electric power consumption is 1760 kWh for a month-long heating period without
ceiling fans, while in case of ceiling fans application it is 1520 kWh. Therefore, electricity
consumption can be reduced by 14%.

6. Conclusions

The combined energy–saving heat supply system, which includes a combined ETS
unit and a ceiling fan, allows the provision of normative air parameters in the livestock
premises: air temperature and ARH.

Experimental studies of the heating–ventilation system carried out for preventive
maintenance premises of cattle-breeding farmin the winter period have shown that the
application of ceiling fans makes it possible to reduce the heating and cooling times of air in
the premises. At the same time, there was a decrease in the consumption of electric energy
for the heat supply system by up to 14%. The electric capacity of the ETS unit or the overall
time of its operation can be also reduced. The energy-saving effect is achieved by using
the heat of the air that accumulates in upper zone of the premises, when it is supplied by a
ceiling fan, to the locations of the animals.

Based on the results of tests, a comparative analysis of temperature and ARH distri-
bution with height of the preventive maintenance premises was made for the ceiling fan
switching on and off operation modes. An initial evaluation of the energy efficiency for the
system with ceiling fans was performed.

Application of combined type ETS unit for air heating makes it possible to reduce the
current end user’s annual expenditures on electricity by up to 30%, provided that the time
of use price plan for electricity is adhered to.

Moreover, it ensures more uniform daily electric power load schedules in power
networks, reduction of the equipment installed capacity, as well as that of nighttime electric
energy loss. Besides, a mass-scale implementation of ETS units in farming will not require
putting into operation considerable additional power-generating capacities.
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Abstract: In discrete element method (DEM) simulations, accurate simulation parameters are very
important. For ellipsoidal soybean seed particles, the rolling friction coefficient between seed particles
(RFCP-P) and the rolling friction coefficients between seed particle and boundary (RFCP-B) are
difficult to measure experimentally and therefore need to be calibrated. In this paper, soybean seed
particles of three varieties with different sphericities were taken as the research objects. Through
the simulation analysis of repose angle and self-flow screening, it was shown that the above two
parameters needed to be accurately calibrated. In addition, the sensitivity of the RFCP-P and RFCP-B
to the angle of repose was analyzed by simulating the repose angle test. The results showed that the
RFCP-P had a significant effect on the test results of the repose angle, and the RFCP-B had little effect
on the test results of the repose angle. Therefore, the RFCP-P was calibrated using a single-factor test
of repose angle, and the RFCP-B was calibrated using the repose angle test with soybean particles
mixed with organic glass spheres. The accuracy of the calibration parameters was verified by rotating
cylinder test and self-flow screening test.

Keywords: discrete element method; soybean seed; ellipsoidal shape; parameter calibration; rolling
friction coefficient

1. Introduction

The DEM is widely used in the field of agricultural engineering, and its parameters
are crucial to the simulation results [1–10]. For soybean seed particles, parameters play
a crucial role in the simulation results when DEM is used to analyze the movement of
the particles, the contact interaction between the particles, and between the particles and
the boundary.

Nguyen, et al. [11] studied soybean seed particles of one variety, which were approxi-
mated as being spherical. The physical properties of the soybean (particle size distribution
and weight properties) and the static friction coefficient between the particles and the
material surface were determined by test. The rest of the DEM simulation parameters were
calibrated by different particle flow tests. In fact, with such a calibration method, there
are multiple combinations of parameters that meet the requirements. The applicability of
such parameter results needs further analysis when the calibration is performed without
determining whether the calibration test is sensitive to only one of the parameters.

Bhupendra et al. [12] used a spherical soybean seed particle as their study object. A set
of calibration results were obtained by stacking tests, as follows: the restitution coefficient,
static friction coefficient, and rolling friction coefficient between the particles, and the
restitution coefficient, static friction coefficient, and rolling friction coefficient between
the particles and the boundary. However, the restitution coefficient and static friction
coefficient between the particles obtained by calibration were quite different from the actual
values. In order to make the simulation closer to the test and accurately analyze the particle
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population movement, the restitution coefficient and static friction coefficient between the
particles can be determined by the test method.

Some scholars [13,14] believe that non-spherical particles do not need to consider the
rolling friction coefficient, and only need to calibrate the corresponding sliding friction
coefficient to meet testing requirements. However, others believe that the effect of rolling
friction coefficient on the test results is significant even for non-spherical particles [15–17].
For soybean seed particles of ellipsoidal shape [18,19], how much the rolling friction
coefficient affects the particle population motion and whether the rolling friction coefficient
needs to be accurately calibrated requires further study.

Long Zhou [15] demonstrated that the rolling friction coefficient has a significant
effect on test results using sensitivity tests during the modeling of different shapes of
corn seeds, and further calibrated the rolling friction coefficients between particles, and
between particles and boundaries through a piling angle test. For soybean seed particles,
the sensitivity of the rolling friction coefficient to the test results needs to be determined
further, and the calibration method of the sensitivity parameter also needs to be studied
in-depth.

Based on the above problems, in this paper, we verified the importance of the parame-
ters for the first time, and a method for calibrating the above simulation parameters was
proposed and verified by tests. Three representative soybean varieties, SN42, JD17, and
ZD39, were used in this study. Some parameters of soybean seed particles were measured
by test methods. The effect of RFCP-P and RFCP-B on powder motion was analyzed by
a repose angle test and self-flow screening simulation. After analyzing the sensitivity of
parameters, the test method of parameter calibration was determined and parameter values
were calibrated. The accuracy of the parameters was verified using a rotating cylinder
test and self-flow screening test. This paper provides some reference for the calibration of
parameters for soybean seed particles.

2. Measurement of Soybean Seed Particle Parameters

In this section, the moisture content, triaxial dimensions, particle density, stiffness
coefficient, elasticity modulus, restitution coefficient, and static friction coefficient of soy-
bean seed particles are measured by test measurements; Poisson’s ratio is taken to be 0.4,
according to reference [20].

2.1. The Moisture Contents of Soybean Seed Particles

The moisture content of soybean seed particles was measured using XY-102MW type
halogen moisture meter (accuracy 0.001), and the test was repeated 5 times for each variety,
The moisture content was 10.31, 8.08, and 11.1% for SN42, JD 17, and ZD39, respectively.

2.2. Particle Density of Soybean Seed Particles

In this paper, the particle density of soybean seeds were measured by the pycnometer
method, and the calculation formula is as follows:

ρ0 = m0/V0 (1)

where ρ0 is the density of soybean seed particles, g/cm3; m0 is the mass of soybean seeds
particles, g; V0 is the volume of soybean seed particles, cm3. The formula for the volume of
soybean particles is as follows:

V0 =
(m2 − m1)(m3 − m1 − m0)

ρw
(2)

where m1 is the mass of the dry specific gravity bottle, g; m2 is the mass of the specific
gravity bottle filled with water, g; m3 is the mass of soybean seed particles, water, and
specific gravity bottle, g; and ρw is the density of water, g/cm3.
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2.3. Stiffness Coefficients of Soybean Seed Particles

The stiffness coefficients of the three varieties were measured using the compression
test method [21,22]. As soybean seed particles are ellipsoidal particles with three unequal
axes, their stiffness coefficients are different in all directions. Test measurements with three
different placement methods (horizontal, lateral, and vertical) are shown in Figure 1. The
average value was obtained and used as its final stiffness coefficient.

 

Figure 1. Placement of soybean seed particles.

Taking SN42 as an example, during the loading process, the test force was gradually
increased with an increase in deformation before the abrupt change of the test force. The
curve is divided into three sections for discussion. In the first section, the deformation
(0–0.01 mm) is very small, the test force is small and the growth trend is not obvious; in the
second section, the deformation (0.01–0.05 mm) is small, and the test force increases slowly
in this range; in the third section, the deformation (0.05–0.4 mm)is larger, and the test force
basically grows linearly, as shown in Figure 2.

Figure 2. The force–deformation relationship of SN42 soybean seeds.

In our study, the deformation caused by collision during particle movement were
within a small range of changes (0.01–0.05 mm) [21]. Therefore, the second section of
the curve in the range of smaller deformations was analyzed and processed in this paper.
This segment of data was processed in an Excel sheet and a straight line was fitted, as
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shown in Figure 3. The slope of this straight line is the stiffness coefficient of the soybean
seed particles.

 

Figure 3. The force–deformation relationship of SN42 soybean seeds when the deformation is small.

2.4. Elastic Modulus of Soybean Seed Particles

The elasticity modulus of soybean seed particles was measured by compression
tests [23]. Soybean seed particles are approximately ellipsoidal in shape, so the radii
of curvature of soybean seed particles in contact with the upper and lower surfaces of the
platen are the same. According to the standard ASAE S368.4 DEC2000 (R2008) [20], the
elasticity modulus was calculated as follows:

E =
0.338F(1 − μ2)

D3/2

[
2KU(

1
R
+

1
R′ )

1/3
]3/2

(3)

where E is the modulus of elasticity of soybean seed particles, Pa; D is the amount of
deformation, mm, which is the middle value of the deformation corresponding to the
previous measurement of the stiffness coefficient; F is the test force corresponding to
the current deformation, N, which can be directly found in the Excel database; μ is the
Poisson’s ratio, with a value of 0.4; R and R’ are the primary and secondary curvature radii
when soybean seed particles come in contact with the surface of the plate, m; and KU is
the coefficient.

2.5. Restitution Coefficient of Soybean Seed Particles
2.5.1. Restitution Coefficient between Soybean Seed Particles and Boundary

A drop test [24,25] was used to measure the restitution coefficient between the soybean
seed particle and boundary. Using SN42 as an example, the soybean seed particle is placed
vertically at the vacuum nozzle along its length and marked directly in front of the seed
particle, as shown in Figure 4a–c. A high speed camera is used to record the above test
procedure, while ensuring that the soybean seed particle is moving in a vertical direction.
The software accompanying the high-speed camera was used to analyse the experimental
results. Neglecting air resistance, the restitution coefficient was calculated as follows:

e =

√
h1

h0
(4)

where h0 is the distance between the initial position and coordinate origin of soybean
seed particles, as shown in Figure 4b, and h1 is the distance between the highest point
and coordinate origin of the first vertical rebound of soybean seed particles, as shown in
Figure 4c.
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Figure 4. PCC image analysis process: (a) coordinate origin selection and distance calibration, (b) the
distance between the initial position and coordinate origin of soybean seed particles, and (c) the distance
between the highest point and coordinate origin of the first vertical rebound of soybean seed particles.

2.5.2. Restitution Coefficient between Soybean Seed Particles

A single pendulum collision test [26,27] was used to measure the restitution coefficient
between soybean seed particles. A soybean was lifted with a straightedge to the position
shown in Figure 5a–c. The software that accompanied the high-speed camera was used to
analyse the experimental results. The equation for the restitution coefficient, ignoring air
resistance, was as follows:

e = (
√

h1 −
√

h2)/
√

h0 (5)

where h0 is the vertical distance between the initial position of soybean seed particles and
coordinate origin, as shown in Figure 5b, and h1 and h2 are the distances between the
highest point of the vertical rebound of the two soya beans and the origin of the coordinate
after the first collision, respectively, as shown in Figure 5c.

 

Figure 5. PCC image analysis process: (a) coordinate origin selection and distance calibration, (b) the
vertical distance between the initial position of soybean seed particles and coordinate origin, (c) the
distances between the highest point of the vertical rebound of the two soya beans and the origin of
the coordinate after the first collision.

2.6. Static Friction Coefficient of Soybean Seed Particles
2.6.1. Static Friction Coefficient between Soybean Seed Particles and the Boundary

The method for measuring the static friction coefficient between the particles and
boundary was the slope method [28,29]. Three soybean seed particles with an intact
appearance were fixed on a small square glass plate with glue. The boundary material
and inclinometer were fixed to the slope meter and the test material was placed on the
boundary material, as shown in Figure 6. For the trials, three test specimens of each variety
were used to produce three replicate experiments for each specimen. The specimens were
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made with the soybean in a random orientation with no fixed direction. The formula for the
coefficient of static friction between the soya seed pellet and the boundary is shown below:

μSP−B= tanα (6)

where μSP−B is the static friction coefficient between the soybean seed particle and boundary
and α is the indication of the inclinometer when the test specimen is just sliding, rad.

 

Figure 6. Static friction coefficient between soybean seed particle and boundary measured by the
slope method.

2.6.2. Static Friction Coefficient between Soybean Seed Particles

The slope method was used to measure the static friction coefficient between soybean
seed particles. The test specimens were made by fixing three intact appearing soybean
seed particles to a small square glass piece with glue. We fixed one specimen on the
inclinometer and placed the other on top, to ensure that the two test soybean particles were
in exact vertex contact, as shown in Figure 7. The equation for calculating the static friction
coefficient between soybean seed particles is as follows:

μSP−P= tanβ (7)

where μSP−P is the static friction coefficient between soybean seed particles and β is the
indication of the inclinometer when the test specimen is just sliding, rad.

 

Figure 7. Static friction coefficient between soybean seed particles measured by the slope method.

2.7. Soybean Seed Particle Model and Simulation Parameters

It was clear from our previous work that geometric models of soybean seed particles
with different sphericities can be built by 5-, 9-, and 13-sphere models [19]. In this paper,
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two hundred grains of each variety were selected and measured to obtain the average
triaxial dimensions, as well as the sphericity of soybean seed particles, as shown in Table 1.

Table 1. Triaxial dimensions of soybean seed particles of three varieties.

Variety Length, mm Width, mm Thickness, mm Sphericity, %

SN42 7.44 7.24 6.51 94.78
JD17 6.95 6.2 5.11 86.86
ZD39 7.36 6 4.73 80.6

The 13-sphere model was chosen for the simulation, as shown in Figure 8, with powder
generation performed according to volume normal distribution; the simulation parameters
are shown in Table 2.

 
Figure 8. The 13-sphere model of (a) SN42, (b) JD17, and (c) ZD39.

Table 2. Parameters used in the simulation.

SN 42 JD 17 ZD 39

Parameters Symbol Soybean Organic Soybean Organic Soybean Organic
Seeds Glass Seeds Glass Seeds Glass

Density,
kg/m3 ρ 1257 1800 1213 1800 1192 1800

Poisson’s
ratio ν 0.4 0.25 0.4 0.25 0.4 0.25

Elastic
modulus, Pa E 7.59 × 108 1.30 × 108 6.07 × 108 1.30 × 108 2.55 × 108 1.30 × 108

Static friction
coefficient μS 0.205 0.228 0.211 0.228 0.207 0.235

Restitution
coefficient e 0.627 0.542 0.562 0.642 0.607 0.705

3. Analysis of the Influence of the Rolling Friction Coefficient

This section analyses the influence of the RFCP-P on the angle of repose by means of a
repose angle test and the influence of the RFCP-B on the percentage passing by means of a
self-flow screening test. The results confirmed that accurate calibration of the above two
parameters is necessary.
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3.1. Repose Angle Simulation

The RFCP-B was set to 0.025 and the RFCP-P was set to nine values of 0, 0.025, 0.05,
0.075, 0.1, 0.125, 0.15, 0.175, and 0.2. The single factor test was conducted to analyze the
effect of the RFCP-P on the angle of repose.

The test procedures were same as in previous studies; the dimensions of the device
were 220*48 mm [19]. The EDEM (Version, 2018, School of Biological and Agricultural
Engineering, Jilin University, Changchun, Jilin, China) software with the parameters in
Table 1 was used to simulate the repose angle test. First, 4000 particles were generated
in the particle factory. After two seconds, the insert plate was pulled out and the seed
particles flowed out of the loading box; at the same time, the angle of repose was formed in
the loading box. The repose angle results were analyzed using image processing software,
as shown in Figure 9. The simulation tests were repeated five times for SN42, JD17, and
ZD39, respectively, according to the above steps.

Figure 9. Image of (a) repose angle simulation results and (b) processing diagram.

3.2. Self-Flow Screening Simulation

The RFCP-P was set to 0.025 and the RFCP-B was set to nine level values of 0, 0.025,
0.05, 0.075, 0.1, 0.125, 0.15, 0.175, and 0.2, respectively. A single factor test was conducted to
analyze the effect of the RFCP-B on the percentage passing.

The test procedures were the same as in previous studies [19].The inclination angle
and aperture sizes of the three varieties of self-flow screening simulation were 11◦ and 8
mm, respectively. The EDEM software with the parameters in Table 1 was used to simulate
the self-flow screening test. In the simulation, 1000 particles were generated in the particle
factory. After the particles were stable, we pulled out the insert plate, and the soybean
particles moved downward along the sieve. At the end of the movement, the particles were
present in the receiving area below or on the sieve deck. The numbers of soybean particles
in the corresponding areas were counted and numbered as 1–5, as shown in Figure 10.

Figure 10. The statistical areas of self-flow screening simulation.
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3.3. Analysis of Simulation Results

The relationship between the angle of repose and RFCP-P is shown in Figure 11. With
the increase in RFCP-P from 0 to 0.2, the increasing trend of the angle of repose of the three
varieties was obvious. For SN42, the angle of repose gradually increased from 19.33 to
37.57◦; for JD17, the angle of repose gradually increased from 24.8 to 37.02◦; and for ZD39,
the angle of repose gradually increased from 27.31 to 39.1◦. Analysis of the results shows
that the RFCP-P had a significant effect on the angle of repose. Therefore, an accurate
RFCP-P needs to be calibrated through calibration tests.

Figure 11. The relationship between angle of repose and RFCP-P for (a) SN42, (b) JD17, and (c) ZD39.

The relationship between percentage passing and RFCP-B is shown in Figure 12. For
SN42, due to its high sphericity, the percentage passing did not change much when the
RFCP-B gradually increased from 0 to 0.075, whereas the percentage passing tended to
significantly decrease when the RFCP-B gradually increased from 0.075 to 0.2, with a range
of 94.53 to 29.23%. For JD17 and ZD39, the percentage passing was significantly reduced
as the RFCP-B increased, with a range of 95.43 to 26.4% and 86.97 to 23.53%, respectively.
The analysis showed that the RFCP-B had a significant effect on the percentage passing.
Therefore, an accurate RFCP-B needs to be calibrated by calibration tests.

 

Figure 12. The relationship between percentage passing and RFCP-B for (a) SN42, (b) JD17, and
(c) ZD39.

4. Study on the Sensitivity of RFCP-P and RFCP-B

4.1. Comprehensive Simulation Test of Sensitivity Analysis

As mentioned before, the RFCP-P and RFCP-B need to be calibrated. If two parameters
are simultaneously calibrated, there are multiple sets of solutions. Therefore, the sensitivity
of RFCP-P and RFCP-B to the angle of repose was first analyzed by simulating pitch
angle tests. Seven levels of 0.01–0.07 were taken for both RFCP-P and RFCP-B, and a full
7*7 simulation was performed.
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4.2. Analysis of the Results

The results of the effect of RFCP-P and RFCP-B on the angle of repose for the three
varieties of soybean seed particles are shown in Figure 13. For the three varieties, the effect
of RFCP-P on the angle of repose was highly significant, whereas the effect of RFCP-B on
the angle of repose was insignificant.

 

 
Figure 13. Cont.
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Figure 13. Sensitivity analysis of RFCP-P and RFCP-B to angle of repose for (a) SN42, (b) JD17, and
(c) ZD39.

According to the above analysis, the RFCP-P can be calibrated by a single factor test of
the repose angle.

5. Calibration of the Rolling Friction Coefficient

5.1. Calibration of the RFCP-P

From the previous analysis, the angle of repose was only sensitive to the RFCP-P, so
the RFCP-P was calibrated by simulation of the repose angle. The RFCP-P was taken as
0.01, 0.02, 0.03, 0.04, and 0.05, and the RFCP-B was taken as 0.02 for the single factor test of
the repose angle. The RFCP-P was calibrated by comparing the simulation and test results.

5.2. Calibration of the RFCP-B

After the calibration of the RFCP-P, the repose angle test was also used to calibrate the
RFCP-B. In this paper, spheres with the same boundary material were processed, with a
radius of 5 mm. The soybean seed particles and organic glass balls were 350 g each. They
were uniformly mixed and poured into the loading box for testing, and the repose angle
was simulated and analyzed, as shown in Figure 14. The rolling friction coefficient between
the soybean seed particles and organic glass spheres obtained from the calibration was the
RFCP-B.

 

Figure 14. Test and simulation diagram of the repose angle of soybean seed particles mixed with
organic glass spheres.
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The static friction coefficient and rolling friction coefficient between the organic glass
spheres and boundary involved in the simulation were measured by the slope method, and
the restitution coefficient was measured by the drop test.

5.3. Analysis of Results
5.3.1. Calibration Results of the RFCP-P

The relationship between the angle of repose and the RFCP-P for the three varieties
are shown in Figure 15.

Figure 15. The relationship between the angle of repose and the RFCP-P for (a) SN42, (b) JD17, and
(c) ZD39.

For the three varieties, the angle of repose tended to increase as the RFCP-P increased.
The repose angle results for the three varieties (SN42, 23.86◦; JD17, 27.78◦; and ZD39,
38.97◦.) were obtained by measuring the repose angle test of the soybean seed particles.
Taking SN42 as an example, the relationship between the angle of repose and RFCP-P was
obtained by liner fitting, and the formula is shown as follows.

y = 174.2x + 18.398 (R2 = 0.9298) (8)

The result (23.86◦) of the repose angle test for SN42 was entered into Formula 8, and
the RFCP-P was calculated to be 0.031. The same method was used to calculate the RFCP-P,
which was 0.018 and 0.136 for JD17 and ZD39, respectively.

5.3.2. Calibration Results for RFCP-B

The relationship between the angle of repose formed by mixing the soybean seed
particles with the organic glass spheres and rolling friction coefficient between the soybean
seed particles and boundary (organic glass spheres) is shown in Figure 16.

Figure 16. The relationship between the angle of repose and the RFCP-B for (a) SN42, (b) JD17, and
(c) ZD39.

For the three varieties, the angle of repose tended to increase as the RFCP-B increased.
The repose angle results for the three varieties (SN42, 18.72◦; JD17, 26.16◦; and ZD39,
28.56◦.) were obtained by measuring the repose angle test of the soybean–glass ball mixture.
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Taking SN42 as an example, the relationship between the angle of repose and RFCP-B was
obtained by liner fitting, and the formula is shown as follows.

y = 188.29x + 17.344 (R2 = 0.9879) (9)

The result (18.72◦) of the repose angle test for SN42 was entered into the Formula 9,
and the RFCP-B was calculated to be 0.008. The same method was used to calculate the
RFCP-B, which was 0.037 and 0.028 for JD17 and ZD39, respectively.

6. Test Verification of Calibration Parameters

The accuracy of the calibration parameters was verified by rotating cylinder test and
self-flow screening test. At the same time, the difference between the test results and
simulation results when the rolling friction coefficient was ignored was also analyzed.

6.1. Rotating Cylinder Test

The rotating cylinder test apparatus is shown in Figure 17a, where the inner diameter
of the cylinder is 160 mm and the height is 40 mm. Taking SN42 as an example, the soybean
seed particles were first filled through the inlet, and when the height of the soybean seed
particle filling in the cylinder reached 40–50 mm, it met the particle filling requirements of
the rotating cylinder test, as shown in Figure 17b.

 
Figure 17. (a) The rotating cylinder test apparatus and (b,c) the screenshot of test process.

After the test device was installed, the power supply was connected, and the speed
controller was adjusted to make the drum speed 7.5 rpm. After the speed was stable, the
soybean seed particles in the drum formed a dynamic repose angle, such as Figure 17c,
recording the dynamic piling process for 30 s. The cylinder speed was adjusted to 11.5 and
15.5 rpm, respectively, and the dynamic stacking process was recorded for 30 s. At the end
of the test, the soybean seed particles were weighed for mass. Three replicate tests were
conducted for each variety.

For the simulated rotating cylinder test, the soybean seed particle model was equal
to the actual soybean seed particle mass. Taking SN42 as an example, the drum speed
was 7.5 rpm. Figure 18a,b shows the test photo and binarization image, respectively. Fig-
ure 18c,d shows the simulation screenshot using the calibration parameters and binarization
image, respectively. Figure 18e,f shows the simulation screenshot without considering the
rolling friction coefficient and binarization image, respectively.
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Figure 18. (a) The test photo of the rotating cylinder and (b) its binarization image; (c) simulation
result snapshot using calibration parameters and (d) its binarization image; and (e) simulation result
snapshot without considering rolling friction coefficient and (f) its binarization image.

Figure 19 shows the dynamic angle of repose versus cylinder speed for each variety.
For SN42, the relative errors between the simulation results using the calibration parameters
and experimental results were 2.28, 6.93, and 4.78% for rotational speeds of 7.5, 11.5, and
15.5 rpm, respectively, whereas the relative errors between the simulation results ignoring
the rolling friction coefficient and experimental results were 13.85, 17.08, and 12.83% for
rotational speeds of 7.5, 11.5, and 15.5 rpm, respectively, as shown in Figure 19a.

 

Figure 19. The relationship between dynamic angle of repose and rotational speed for (a) SN42, (b)
JD17, and (c) ZD39.

For JD17, the relative errors between the simulation results using the calibration
parameters and experimental results were 2.56, 4.1, and 2.84% for rotational speeds of 7.5,
11.5, and 15.5 rpm, respectively, whereas the relative errors between the simulation results
ignoring the rolling friction coefficient and experimental results were 7.15, 9.11, and 9.11%
for rotational speeds of 7.5, 11.5, and 15.5 rpm respectively, as shown in Figure 19b.

For ZD39, the relative errors between the simulation results using the calibration
parameters and experimental results were 2.43, 3.25, and 3.62% for rotational speeds of 7.5,
11.5, and 15.5 rpm, respectively, whereas the relative errors between the simulation results
ignoring the rolling friction coefficient and experimental results were 9.55, 6.94, and 7.28%
for rotational speeds of 7.5, 11.5, and 15.5 rpm, respectively, as shown in Figure 19c.

The analysis shows that the relative error between the simulation results using cali-
bration parameters and experimental results was small and within the error range of the
experimental results. The simulation results without taking the rolling friction coefficient
into account were much smaller than the experimental results, and were not within the
experimental error range.
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6.2. Self-Flow Screening Tests

According to previous studies, the inclination angles of the self-flow screening devices
were 7, 11, and 15◦ for SN42, JD17, and ZD39, respectively. The material of the device
was organic glass and the aperture size was 8 mm. Figure 20a–c shows the test photo for
self-flow screening, the simulation screenshot using the calibrated parameters, and the
simulation screenshot without considering the rolling friction coefficient, respectively.

 

Figure 20. (a) The test photo, (b) the simulation screenshot using the calibrated parameters, and (c) the
simulation screenshot without considering the rolling friction coefficient for self-flow screening test.

Figure 21a–c shows comparisons of the simulation results with experimental results of
the percentage passing into the five statistic areas for the three varieties. The analysis shows
that the simulation results using the calibrated parameters, simulation results without
considering the rolling friction coefficient, and experimental results have similar trends.

 

Figure 21. Comparisons of the simulation results with the test results of the percentage passing from
different statistic areas in the “self-flow screening” for (a) SN42, (b) JD17, and (c) ZD39.

Further analysis of the percentage passing of the simulation and experimental results
for the three varieties is shown in Figure 22.

For the SN42, the simulation results using the calibrated parameter was slightly smaller
than the experimental results, with a relative error of 0.7%. The difference between the
simulation results ignoring the rolling friction coefficient and experimental results was
larger, with a relative error of 3.3%.

For the JD17, the simulation results using the calibrated parameter was slightly smaller
than the experimental results, with a relative error of 0.1%. The difference between the
simulation results ignoring the rolling friction coefficient and experimental results was
larger, with a relative error of 4.9%.

For the ZD39, the simulation results using the calibrated parameter was slightly larger
than the experimental results, with a relative error of 0.27%. The difference between the
simulation results ignoring the rolling friction coefficient and experimental results was
larger, with a relative error of 5.23%.
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Figure 22. The percentage passing of the simulation and experimental results for three varieties.

Therefore, for the self-flow screening test, the simulation results using the calibrated
parameters were closer to the experimental results.

Through the comprehensive analysis of the simulated and experimental results of the
rotating cylinder test and self-flow screening test, our results showed that, for the three
varieties of soybean seed particles, the simulation results using calibrated parameters were
closer to experimental values than simulation results without the rolling friction coefficient.
At the same time, the simulation results using the calibrated parameters were within the
error range of the experimental results. Therefore, the results of the parameter calibrations
in this paper were high in accuracy.

7. Conclusions

In this paper, the physical parameters of soybean seed particles of different varieties
were tested, and the rolling friction coefficients, which could not be measured by test, were
determined by calibration methods. The accuracy of the calibration parameters was verified
by rotating cylinder test and self-flow screening test. The conclusions are as follows:

(1) The simulation of the repose angle demonstrated that the RFCP-P had a large effect
on the angle of repose. The simulation of self-flow screening demonstrated that the
RFCP-B had a large effect on the percentage passing. It showed that RFCP-P and
RFCP-B needed to be accurately calibrated.

(2) A comprehensive test of the repose angle demonstrated that the RFCP-P had a sig-
nificant effect on the angle of repose, whereas the RFCP-B did not have a significant
effect on the angle of repose.

(3) The RFCP-P was calibrated using a repose angle test. By mixing organic glass spheres
with soybean seed particles for the repose angle test, the RFCP-B was calibrated
further. The calibrated parameters were verified by means of a rotating cylinder test
and self-flow screening test. The results showed that the calibrated parameters were
accurate and valid. The RFCP-P and RFCP-B should be considered in the simulation
of soybean seed particles.

In summary, parameters are important for simulation. It is particularly important to
select and calibrate the relevant parameters accurately. Though the experimental apparatus
in this paper is not necessarily applicable to other research subjects, a similar research
methodology could be adopted. In addition, there are various methods for modelling
particles when the object of study is a different shape. Due to time constraints, only the
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multi-sphere method was used to model particles in this paper; therefore, other methods for
modelling particles and more in-depth analytical studies on the calibration of parameters
should be considered for the next step of research. This paper could provide some reference
for relevant areas of inquiry.
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Abstract: In city farming, when growing green crops, a significant part of the production cost is
the cost of electricity for lighting. The physiology, biochemistry, morphology and productivity of
plants can be affected by changing irradiation modes and these changes reduce electricity costs.
However, the results of studies in the literature are contradictory. In this work, we investigated the
effect of impulse (frequency 1000 Hz and duty cycle 67%), scanning (the principle of running lights)
and constant 16 h and 24 h modes of operation of white light LED irradiators on the physiological,
biochemical and morphometric parameters of lettuce with red and green leaves. The daytime integral
of light in all variants remained unchanged ~15.6 mol m−2 day−1. Daily electricity consumption also
did not differ significantly. Plants were grown on racks in a climatic chamber up to 35 days of age.
For lettuce with red leaves, the most optimal for biomass accumulation and synthesis of anthocyanins
was the impulse illumination mode, while for lettuce with green leaves, no statistically significant
differences in biomass were observed under different irradiation modes. For red-leaved lettuce, it
was found that the highest concentration of carotenoids in the leaf was observed under constant
(24 h) and scanning irradiation, which is associated with a more active reaction of the photosynthetic
system to prolonged irradiation and increased intensity during scanning irradiation. Also, increased
photosynthetic activity was found in both varieties of lettuce at 16 h of operation of LED irradiators,
which, however, did not affect their final productivity. The results may be useful for the development
of LED illuminators for use in rack growing.

Keywords: pulsed LED light; continuous LED; scanning LED light; energy saving; lettuce; vertical
farms; growth; cultivation

1. Introduction

During the cultivation of plants in vertical farms, the cost of electrical energy can be
quite high due to the many hours of operation of the irradiation system, which can be a
limiting factor for the development of technologies and the profitability of the farm. One of
the ways to reduce the cost of electricity for plant irradiation is the use of radiation sources
with an impulse mode, which saves up to 12% of electricity compared to the constant mode
without reducing plant productivity by varying the duration of working cycles and the
ratio of light and dark (l/d) periods in each cycle [1,2].

Energy savings are also achieved due to a slight increase in the light output of LEDs
with impulse power. For example, Cree LEDs of the X-Lamp XP-C series, when powered
by an impulse current with a frequency of 1 kHz with a duty ratio (D) of 5%, showed a
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10–15% higher light output compared to continuous mode [3]. Also, impulse irradiation
has an influence on plant physiology, biochemistry, morphology and productivity. Thus, in
basil plants, impulse irradiation caused a significant increase in biomass by 47% compared
to continuous light [4], while the overall rate of photosynthesis (Pn) did not significantly
decrease [5]. Interesting results were obtained while wheat was irradiated with impulse
light. Instead of a photoprotective reaction, an increase in photosynthetic carbon assim-
ilation occurred [6]. The use of intermittent illumination with a frequency of 1 kHz and
D = 50%, 70% and 80% and with the same intensity on wheat plants showed that at D = 80%
illumination, the plants showed the highest Pn, while the concentration of chlorophyll,
antioxidant capacity, yield index and the weight of a thousand grains corresponded to the
variant with constant illumination [7].

The etiochloroplasts defined from wheat leaves acquired green colour with repeated
flashes of light at intervals of 15 min in the dark. These plastids exhibited light-induced
decolourization of chlorophyll and carotenoids, and pigment stabilization occurred after
additional repeated flashes with short intervals of darkness (5 s). However, when com-
paring plastids with similar photochemical activity, stabilization was much lower than
under constant illumination [8]. Experiments carried out on pepper plants show that the
addition of impulse radiation to the flux of fluorescent lamps affects the functional state of
the photosynthetic apparatus—the efficiency of electron transport by open photosystem II
(PSII) reaction centres and the quantum efficiency of PSII increased. Additional impulse
irradiation contributed to an increase in the biomass and content of chlorophyll in the
tissues of the pepper leaf blade [9].

A study of the response of tomato leaves to impulse irradiation showed that all
light generated a photosynthetic photon flux (PPF) equivalent of 50 μmol m−2 s−1 from
5000 μmol m−2 s−1 pulses for 1.5 μs followed by periods of dark 148.5 μs (D = 1%, fre-
quency 6.6 kHz), did not affect photosynthesis compared to continuous illumination of
50 μmol m−2 s−1. When l/d pulses were extended to 2 ms of light and 198 ms of dark
(D = 1%, frequency 5 kHz), net photosynthesis decreased by a factor of two [10]. In this
work, the theory was also confirmed that the pigments of the xanthophyll cycle were not
affected by any of the impulse light modes.

There are quite a lot of works on the study of the effect of impulse light sources on the
physiology, biochemistry, and morphology of various varieties and species of plants [11–16],
but an all-round study of the effect on plant growth and their productivity has not been
previously conducted. The parameters of irradiation modes that allow to reduce the
consumption of electrical energy without loss in the quality of the grown products were
not shown.

Another way to reduce energy costs during the artificial irradiation of plants is the
use of scanning phytoemitters (Light-Mover). This is a device that combines a phyto-
illuminator mounted on a rail attached to the ceiling of a greenhouse or growing room,
along which the lamp is constantly moving electrically. The most popular and widespread
are the scanning phytoirradiators moved linearly. There are also systems with a circular
motion of the irradiators. To cover large areas, it is possible to use several parallel guides.
The advantage of scanning phytoirradiators is a more uniform distribution of radiation over
the growing area and a significant expansion of the irradiation zone of each phytoirradiator.

Manufacturers claim that such devices reduce lighting costs (for any type of lamp)
or increase yields for equal energy costs. It has been established that shade-loving plants
can quickly adapt to changing periods of diffuse and direct radiation under natural condi-
tions [17]. Relatively few experiments have been carried out on photophilous plants that
have shown the species-specific response of plants to scanning irradiation [18,19]. The
results of studies on the use of impulse and scanning radiation systems in crop production
are controversial and require further study. The effectiveness of such systems depends on
many factors, such as plant species and variety, planting frequency, intensity and spectral
composition of radiation. The purpose of this work is to study the time modes of LED
irradiation (constant, impulse and scanning) of lettuce grown on racks.
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The purpose of this work is to study the effect of impulse, scanning, and constant
16- and 24-h LED irradiation modes on the physiological, biochemical, and morphometric
parameters of lettuce (Lactuca sativa L.) grown in vertical farms. In contrast to earlier studies,
for the scanning mode of irradiation, we used LED irradiators, which have several advan-
tages over gas discharge lamps. They can be placed closer to plants without causing leaf
burns from excess radiation, have a longer lifespan, and are promising for vertical farms.

2. Materials and Methods

2.1. Characteristics of Lettuce Varieties

For our experiments, two varieties of lettuce were chosen—a semi-head green-leaved
variety called ‘Azart’ and a red-leaved variety called ‘Lollo Rossa’. These varieties belong
to different groups in terms of colour and structure, in addition, they are grown well in
hydroponic culture and have been tested by us in previous experiments [20]. The ‘Azart’
lettuce variety (“Prestige” company)—mid-season semi-head lettuce. The rosette of leaves
is semi-erect, 25–27 cm high, and 31–32 cm in diameter. The texture of the leaf tissue is
tender and semi-crispy. The mass of a head of cabbage reaches 230 g ‘Lollo Rossa’ lettuce
variety is a mid-season variety of leaf lettuce. The rosette of leaves is semi-erect, 20 cm high,
30 cm in diameter, weighing 200–350 g. Productivity is 3 kg/m2.

2.2. Cultivation Conditions

The research was conducted in a climate chamber for growing green crops. Plants
were grown in plastic trays on racks equipped with periodic flood hydroponic systems
(Figure 1a). Seeds were sown in cubes with a mineral wool substrate. To avoid the
negative effect of far-red radiation on seed germination, plant lighting was turned off
before germination in the climatic room. After the appearance of the cotyledons, the
lighting was turned on again. After seedlings were found and the first true leaves appeared,
three plants were left in each cube. For growing plants, seven light-insulated racks of
three tiers each were used. The cultivation area for each light treatment was 0.68 m2.
The planting area was 50 plants per 1 m2. The microclimate in the room was maintained
by an automatic system. The day/night air temperature was 25/22 ◦C with a relative
humidity of 75%. The ventilation system maintained the concentration of carbon dioxide
and corresponded to atmospheric values of 400–450 ppm. Additional CO2 was not used.
Nutrient solutions were prepared using Flora Series® hydroponic fertilizer complex (Terra
Aquatica, Fleurance, France). The electrical conductivity of the nutrient solution was
maintained within 1500–1600 μS/cm.

2.3. Irradiation Conditions

Irradiation of plants was carried out by irradiators based on white light LEDs with a
colour temperature of 4000 K Samsung LM281b+ 2835 (Seoul, South Korea). The specific
power consumption per one shelf of the rack 0.68 m2 was 90 W m−2. The daytime integral
of light (DLI) in all variants of the experiments was ~15.6 mol m−2 day−1. Measurements
of the photon flux density and the spectral composition of irradiation were carried out
using an MK350D Compact Spectrometer (UPRtek Corp. Miaoli County, Taiwan). The
spectral composition of the radiation is presented in Figure 1b.

On the first rack, round-the-clock irradiation of plants was implemented 24 h a day.
This mode was chosen because some studies on growing plants with a long photoperiod
show some potential advantages of a 24-h irradiation regimen [21,22]. The PAR irradiance
was ~180 μmol s−1 m−2. Daily electricity consumption was 5.7 kWh.

On the second rack, impulse irradiation of plants with a frequency of 1 kHz and
D = 67% was implemented since early studies showed the maximum efficiency of light
use in this mode of lettuce illumination [23]. The PAR irradiance (average value) was
~180 μmol s−1 m−2. Daily electricity consumption was 6.1 kWh.
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Figure 1. Climatic chamber with plants (a), the spectral composition of phytoirradiators radiation (b),
operating parameters of scanning irradiation (c).

On the third rack, scanning irradiation of plants was implemented with five irradiators,
which were switched on in pairs according to the “running lights” principle. The work
cycle was divided into five steps (Figure 1c). The duration of each step was adjusted so that
DLI for each plant on the shelf was ~15.6 mol m−2 day−1. The PAR irradiation at the plant
level varied from ~45 μmol s−1 m−2 to ~285 μmol s−1 m−2. Daily electricity consumption
was 5.8 kWh.

The lettuce of ‘Azart’ and ‘Lollo Rossa’ varieties were irradiated 16 h a day on the
fourth rack (control variant). The PAR irradiance was ~275 μmol s−1 m−2. Daily electricity
consumption was 6.0 kWh.

2.4. Biometric Measurements of Lettuce Plants

On the 25th and 35th days of cultivation, the fresh and dry mass of the aerial parts
of plants was weighed using a Sartorius LA230S balance (Laboratory Scale, Göttingen,
Germany). To obtain dry matter, the selected plants were dried to constant weight in an
oven at a temperature of 105 ◦C. The leaf area was determined on an LI-COR LI-3100 AREA
METER photoplanimeter (LI-COR, Inc., Lincoln, NE, USA). The nitrate concentration was
measured by an ionometric method using the ion-meter “Itan” (Tom’analit, Tomsk, Russia).

2.5. Spectrophotometric Measurements of the Pigment Composition of Leaves

Quantitative pigments were analysed by extracting them from plant tissues with
solvents. The optical density of the pigment extract was determined on a SPECS SSP-705
(Moscow, Russia) spectrophotometer at wavelengths 662, 644, and 440 nm using cuvettes
with an absorbing layer thickness of 10 mm. The concentration of chlorophylls a, b and
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carotenoids was calculated using the Holm–Wettstein formula for 100% acetone [24]. The
measurements were carried out on the 25th and 35th days of cultivation.

2.6. Reflection Measurements in Lettuce Leaves

Leaf reflectance spectra were measured using a portable PolyPen RP 410 UVIS system
(Photon Systems Instruments, Drásov, Czech Republic). Leaf reflectance measurements
were taken 35 days after the start of cultivation. The spectra of ten plants were measured
under each illumination and at each cultivation period. Three spectral measurements were
carried out on different leaves of each plant.

Using the PolyPen RP 410 UVIS software, the main reflectance indices were automati-
cally calculated. In this case, we analysed, first of all, the normalized difference vegetation
index (NDVI) [25], which is a widely used indicator of the photosynthetic biomass of plants,
the Zarco–Tejada–Miller index (ZMI) [26] and Gitelson–Merzlyak Indices 1 and 2 (GM1 and
GM2) [27], which are highly sensitive to the content of chlorophylls, carotenoid reflectance
indices 1 and 2 (CRI1 and CRI2) [28], which are sensitive to the content of carotenoids, and
anthocyanin reflectance index (ARI) [29], which is sensitive to the content of anthocyanins.

2.7. Measurement of Chlorophyll Fluorescence Parameters

To measure the activity of the light stage of photosynthesis, a portable fluorimeter
FluorPen FP 110/S (Photon Systems Instruments, Drásov, Czech Republic) was used to
detect active chlorophyll fluorescence and its further analysis using the PAM method or
the OJIP test. FluorPen FP 110/S includes a detector (PIN photodiode with a narrow band
filter, working optical range from 667 to 750 nm) and a blue LED emitter (maximum about
455 nm), an ambient light sensor. To assess Fv/Fm, the leaf was preliminarily dark-adapted
for at least 20 min [30].

2.8. Raman Spectroscopy of Lettuce Leaves

Analysis of the Raman spectra (RS) was carried out on the 25th day of cultivation, on
undisturbed samples of living tissues of lettuce plants. The measurements were carried
out on a Senterra II confocal Raman microscope (Bruker, San Jose, CA, USA) using a red
(785 nm) laser. Additional processing of the samples was not carried out, the accumulation
time and the number of additions did not change, and corrective substrates (SERS) were
not used in the measurements. The resolution was 4 cm−1. The measurements were carried
out in quadruple repetition.

2.9. Statistical Data Processing

All experiments were carried out threefold. Statistical processing of measurement
results and plotting were performed in Python 3.9 and MS Excel. To estimate the statistical
significance by the considered parameters the Independent two-sample T-test at p< 0.05
significant levels.

3. Results and Discussion

3.1. Morphological Parameters of Lettuce Plants

According to biometric indicators, the studied lettuce varieties had different responses
to irradiation regimes (Table 1). The indicator of the accumulation of a fresh mass of plants
for the semi-head ‘Azart’ variety had the highest value with continuous illumination for
24 h, and for the ‘Lollo Rossa’ leaf variety—when using impulse irradiation; at the same
time, the differences between these lighting options remained unreliable. The obtained
results are consistent with similar studies carried out on red leaf lettuce (Lactuca sativa L.
cv. ‘Sunmang’), the biomass of which did not differ significantly from the control with
continuous illumination at a duty cycle of 1 kHz (D = 75%) [2]. In general, the fresh mass
of both lettuce cultivars was somewhat less under scanning irradiation, as was the case in
studies conducted on rose and bluebells plants [18,19].
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Table 1. Morphological parameters of lettuce plant of ‘Azart’ and ‘Lollo Rossa’ varieties on the 35th
day of cultivation. Values represent mean SEM (n = 10). Letters indicate significant differences among
treatment and control samples (p < 0.05).

Irradiation Mode Fresh Mass, g Dry Mass, % Leaf Surface Area, sm2 Stem Height, sm

‘Azart’

Constant
(24 h)

42.17 (a)
± 11.46

6.31 (a)
± 1.05

954.74 (a)
± 188.3

3.65 (ab)
± 1.28

Impulse 36.22 (a)
± 9.17

6.56 (a)
± 0.65

816.66 (a)
± 174.68

2.75 (b)
± 0.69

Scanning 35.06 (a)
± 7.07

4.87 (b)
± 0.47

869.36 (a)
± 146.38

5.69 (a)
± 1.62

Constant (16/8 h)
(control)

36.77 (a)
± 7.61

5.12 (ab)
± 0.62

893.38 (a)
± 165.66

3.19 (b)
± 0.85

‘Lollo Rossa’

Constant
(24 h)

31.42 (ab)
± 7.22

6.48 (a)
± 0.55

937.51 (ab)
± 163.05

2.8 (a)
± 0.54

Impulse 40.39 (a)
± 10.2

6.53 (a)
± 0.56

1073.66 (a)
± 241.45

2.47 (a)
± 0.68

Scanning 25.76 (b)
± 5.33

5.9 (b)
± 0.33

747.13 (b)
± 145.44

1.53 (b)
± 0.29

Constant (16/8 h)
(control)

32.6 (ab)
± 5.84

6.04 (ab)
± 0.55

945.78 (ab)
± 158.25

1.36 (b)
± 0.44

According to the accumulation of dry mass, both varieties showed a similar reaction
depending on the lighting regime. In the control variant (16/8) and the variant with
the use of scanning irradiation, the ratio of dry to fresh mass did not have statistically
significant differences, however, in the variant with continuous illumination for 24 h and
using the impulse irradiation mode, the accumulation of dry matter of the ‘Azart’ variety
was significantly increased by 23% and 28%, respectively, and for ‘Lollo Rossa’ the increase
in dry weight was not statistically significant. The studied lighting regimes had a different
effect on the development of the leaf apparatus of plants of the ‘Lollo Rossa’ variety and
did not have a significant effect on changes in the area of the leaf surface of the ‘Azart’
variety. The greatest increase in the leaf surface area of the ‘Lollo Rossa’ variety (13.5%) was
observed in the variant with impulse irradiation, while scanning irradiation significantly
reduced this indicator compared to the control variant of illumination (by 21%). The head
lettuce variety ‘Azart’ in the variant with the scanning mode of lighting was significantly
extended, while the height of the stem increased by 1.8 times and the rosettes of the leaves
were non-compact, the plants acquired an unmarketable appearance. Studies of scanning
irradiation modes on flower crops showed a different effect: when growing a rose, the
height of the stem remained unchanged [18], and when growing a bell, it even significantly
decreased [19]. This difference is due to the fact that for these flower crops, scanning
irradiation was used as an addition to the main one, and in our case, it was the main one.
A significant elongation of the stem of the ‘Lollo Rossa’ lettuce variety was observed in the
variants with impulse and constant 24-h irradiation by 1.8 and 2 times, respectively.

3.2. Biochemical Parameters of Lettuce Plants

In the phase of active growth on the 25th day of cultivation, for ‘Lollo Rossa’ leaf lettuce
in terms of concentration and ratio of pigments, the options with constant illumination
16/8 and impulse were optimal. The plants grown under these light modes had the
highest content of total chlorophyll—1.2 mg per 1 g of fresh mass (Figure 2a). The ratio
of total chlorophyll to carotenoids was more than four (Figure S1b) which corresponds
to the period of active vegetation. As for the semi-head ‘Azart’ variety, there were no
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significant differences in the ratio of chlorophylls to carotenoids (Figure S1a,b), and the
highest concentration of pigments was observed in the control variant.

 
(a) 

 
(b) 

Figure 2. The concentration of pigments on the 25th (a) and 35th (b) day of cultivation. The solid
colour indicates the columns of the diagram related to the ‘Azart’ variety; the shading columns of
the diagram indicate data related to the ‘Lollo Rossa’ variety. Values represent mean SEM (n = 10).
Letters indicate significant differences among treatment and control samples (p < 0.05). Asterisk sign
near letters is used for the ‘Azart’ variety and apostrophe - for the ’Lollo Rossa’ variety. One sign is
used for Chlorophyll a, two signs − for Chlorophyll b and three signs − for Carotenoids.

On the 35th day of cultivation, the ‘Lollo Rossa’ leaf lettuce was distinguished by a
more intense accumulation of pigments (Figure 2b). This may be due to the screening effect
of anthocyanins [31]. It also accumulated more carotenoids in relation to the total content
of chlorophylls in the variants with Constant 24 and Scanning irradiation (Figure S1d),
what indicates increased stress level since carotenoids protect the photosynthetic apparatus
from negative light exposure [32]. Plants of the ‘Azart’ variety in the variant with the use
of impulse irradiation were distinguished by a reduced concentration of photosynthetic
pigments. The ratio of chlorophyll a to chlorophyll b (Figure S1c) in the half-head ‘Azart’
variety in all variants, except for the Constant 24, was below three, which indicates a slight
lack of illumination, and the total chlorophyll content ratio to the carotenoid content was
the highest under Impulse and Scanning irradiation modes. Thus, judging by the pigment
composition, both constant 16/8 and impulse irradiation modes are suitable for ‘Lollo
Rossa’ leaf lettuce and Constant 24 for the ‘Azart’ variety.
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It is known that the prolongation of the photoperiod can increase the fresh weight and
chlorophyll content, meanwhile, a decrease in the photoperiod helps to reduce the content
of nitrates in lettuce [33]. In this regard, we checked the content of nitrates in plants at the
time of green mass harvesting. The concentration of nitrates was minimal in the control
variant and the variant with the use of impulse irradiation (Figure 3). When using the
scanning and constant 24 modes, the concentration of nitrates was slightly higher but did
not exceed the maximum allowable concentrations for green products. For these lighting
options, the absence of a night period contributes to a greater accumulation of nitrates in
the leaves of crops. The observed results are a consequence of the influence of the light
environment on plant metabolism and carbon and nitrogen exchange processes. The data
presented in this article correlates with previous studies [33,34].

 

Figure 3. The concentration of nitrates on the 35th day of cultivation. Values represent mean SEM
(n = 5). Letters indicate significant differences among treatment and control samples of ‘Azart’ variety,
letters with asterisk sign–of ‘Lollo Rossa’ variety (p < 0.05).

3.3. Chlorophyll Fluorescence Parameters

At the next stage of the study, the influence of the illumination mode on the magnitude
of the photosynthetic electron flux through photosystem II (ETR) and non-photochemical
fluorescence quenching (NPQ) was studied.

It was shown (Figure 4a) that the lighting regime did not cause significant changes
in the ‘Azart’ lettuce variety; at the same time, there was a trend towards an increase
in ETR with increasing actinic light intensity in plants cultivated under continuous light
conditions (control). In the ‘Lollo Rossa’ variety, this increase in the ETR of plants grown
under continuous illumination was significant (Figure 4b). NPQ values at intermediate
light intensities were reduced in both ‘Azart’ leaves (Figure 4c) and ‘Lollo Rossa’ leaves
(Figure 4d); under conditions of low or high intensity of actinic light, the effect was absent.
At the same time, there were practically no differences between the studied photosynthetic
parameters in plants grown under other lighting conditions that were used in the work.
These results are consistent with data obtained from red leaf lettuce, where there was no
significant difference in the total rate of leaf photosynthesis under impulse illumination
with Kf = 75% compared to continuous illumination with LEDs [2], and on green lettuce,
where impulse irradiation did not significantly affect the concentration of chlorophyll and
fluorescence parameters, except for the lowest frequency (0.2 Hz) [16].
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Figure 4. Dependence of the rate of electron transport (a,b) and non-photochemical (c,d) quenching
of chlorophyll fluorescence on PPFD of lettuce plants on the 35th day of cultivation. Values represent
mean SEM (n = 6).

The obtained results suggest that it is the high ETR value and low NPQ that can
be the reason for the high productivity of lettuce plants under continuous illumination
(Table 1); however, they do not explain the high efficiency of impulse lighting, since the
photosynthetic parameters when grown under such conditions do not differ from the
options with scanning lighting or simulated daylight hours (l/d = 16/8 h).

3.4. Study of the Influence of the Light Regime during Cultivation on Leaf Reflectance Indices

Analysis of the studied reflectance indices (NDVI, ZMI, GM1, GM2, CRI1 and CRI2)
(Figure S2a,b) showed that their values were somewhat lower in the leaves of the ‘Lollo
Rossa’ lettuce variety compared to the leaves of the ‘Azart’ variety. This result was in
good agreement with the lower values of the chlorophyll index and the net productivity of
photosynthesis in the ‘Lollo Rossa’ variety (Table 1 and Figure 2) since the studied indices
correlate with the content of photosynthetic pigments.

Comparison of NDVI, ZMI, GM1, GM2, CRI1 and CRI2 indices in lettuce leaves of the
same variety grown under different lighting conditions did not show statistically significant
differences between the studied groups. At the same time, with the use of impulse and
scanning irradiation, the ‘Azart’ variety showed a tendency to decrease in several indices
sensitive to the concentration of chlorophyll in plants (NDVI, ZMI, GM1 and GM2), which
is consistent with a decrease in the content of chlorophyll (Figure 2). Similar trends were
also observed for carotenoid-sensitive indices CRI1 and CRI2 (Figure S2b), which correlate
with changes in carotenoid concentration (Figure 2).
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Even though the changes in the studied reflectance indices were not statistically signif-
icant, the observed trends corresponded well to changes in the content of photosynthetic
pigments under different lighting conditions: a decrease in the content of chlorophyll
a was accompanied by a decrease in the reflectance indices NDVI [25], ZMI [26], GM1
and GM2 [27], while a decrease in the content of carotenoids led to a decrease in CRI1
and CRI2 [28]. At the same time, small values and low significance of changes showed
a relatively weak effect of the lighting regime on the reflectance spectrum of the sheet;
Given the more pronounced differences in indices between the studied lettuce varieties
(Figure S2a,b), the variety factor seems to be more significant for reflectance indices than
the light regime during cultivation. On the other hand, Table 1 and Figure 2 show that
under different growing regimes, differences in morphometric parameters of plants were
observed, which suggests that such a difference may be associated with a change in the
anatomical parameters of the leaf. Such features can significantly depend on the illumi-
nation parameters [35,36] and modify the reflectivity of the sheet [37] by decreasing or
increasing changes in the reflectance indices.

For the “Lollo Rossa” lettuce variety, which has a high content of anthocyanins, the
anthocyanin content index (ARI) was additionally measured (Figure 5). It was shown that
the impulse lighting mode led to the increase in this index and has a positive effect on the
anthocyanin concentration in lettuce leaves.

 

Figure 5. Anthocyanin content index (ARI) of lettuce plants on the 35th day of cultivation. Values
represent mean SEM (n = 10). Letters indicate significant differences among treatment and control
samples (p < 0.05).

3.5. Raman Spectroscopy of Lettuce Leaves

Usually, as a plant culture in Raman spectroscopy, Lactuca sativa is used to determine
toxicants, plastics and heavy metals [38–40]. To identify the optimum points for collecting
the Raman spectrum for both varieties, spectral data were collected from the inner space of
the cell, the centre of the open stomata, and its valve. Based on the data obtained, the most
informative were the spectra of the intracellular space (Figure 6).

Most often, peaks associated with pigments, especially with carotenoids and chloro-
phylls, can be detected in the spectra of plant samples. The main pigment peaks are
observed in the range of 1500–1550 and 1150–1170 cm−1, this part of the range is associated
with in-phase stretching oscillations C=C and C-C of the polyene chain. In addition, swing
patterns in the plane of CH3 groups attached to the polyene chain can be identified as
peaks of average intensity in the range of 1000–1020 cm [41]. Assessing the average spectra
of ‘Azart’ and ‘Lola Rossa’ lettuce varieties, it should be noted that the overall colour
and content of pigments significantly affected the data: the leaves of plants of the ‘Lola
Rossa’ variety showed a higher and noisier spectrum, with isolated peaks characteristic
of photosynthetic pigments and organic acids (Figure S3). In general, the intensity of
the red-leaf ‘Lola Rossa’ lettuce variety detected by CR was more than two times higher
than that of the green-leaf ‘Azart’ variety, which is associated with an increased content
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of carotenoids and anthocyanins (Figure 2), which have the properties to raise the overall
intensity of the spectrum. A change in the illumination mode had little effect on the cell
biochemistry reflected in the spectral data. This was more pronounced in the leaves of ‘Lola
Rossa’ variety lettuce, which is explained by a change in the concentration of anthocyanins
with a change in daylight hours (Figure 7).

Figure 6. Measurement and selection of points on a lettuce leaf of the ‘Azart’ variety on the 35th day
of cultivation, where red is the intracellular space, purple is the centre of the stomata, and green is
the stomatal valve.

 

Figure 7. Varieties and variations in average intensity of significant peaks of the ‘Azart’ variety and
‘Lola Rossa’ on the 35th day of cultivation. Values represent mean SEM (n = 5). Letters indicate
significant differences among treatment and control samples of ‘Azart’ variety, letters with asterisk
sign–of ‘Lollo Rossa’ variety (p < 0.05).

As a result of the analysis of various types of lighting, it was found that the most
pronounced spectra are plants grown under the scanning and constant type of lighting,
which indicates a greater overall biochemical activity, expressed in an increase in the
concentrations of pigments, sugars and organic acids in plant cells. The spectral data for
both varieties of lettuce correlate with each other (Figure 7).
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4. Conclusions

For the semi-head ‘Azart’ lettuce variety, the largest accumulation of the fresh mass of
the plant was recorded on the stand with constant irradiation (24 h), and the smallest under
scanning illumination. For the red-leaved ‘Lollo Rossa’ lettuce variety, the accumulation of
fresh mass under constant (24 h), impulse and constant (16/8 h) were approximately the
same values with a slight advantage in impulse irradiation, and the smallest value was also
recorded for the scanning variant. From the point of view of qualitative analysis, the highest
concentrations of carotenoids in the ‘Lollo Rossa’ lettuce variety were found for constant
(24 h) and scanning irradiation, since carotenoids protect the photosynthetic apparatus
from negative and intense light exposure. The highest value of chlorophyll content was
found for plant variants under constant (16/8 h) and impulse irradiation. It was shown
that impulse lighting during plant cultivation led to a statistically significant increase in the
anthocyanin content index (ARI), which indicates a positive effect of impulse lighting on the
concentration of anthocyanins in lettuce leaves. For the ‘Azart’ lettuce variety, the minimum
value of the pigment concentration was found for impulse irradiation, for constant (24 h),
scanning and constant (16/8) irradiation, the obtained values did not differ significantly.
Thus, judging by the accumulation of fresh mass and the pigment composition, constant
(16/8 h) and impulse irradiation is suitable for the ‘Lollo Rossa’ lettuce variety.

For the semi-head ‘Azart’ variety, the options with constant (24 h) and impulse irradi-
ation are optimal. Further research will be aimed at researching and evaluating the modes
and methods for introducing impulse irradiation for growing leafy crops in greenhouses.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture12121988/s1, Figure S1: The ratio of the concentrations
of chlorophyll a to chlorophyll b on the 25th day (a) and the 35th day (c) of ‘Azart’ and ‘Lollo Rossa’
lettuce variety cultivation; the ratio of the concentrations of total chlorophyll to carotenoids on the
25th day (b) and the 35th day of cultivation (d) using different LED irradiation time modes; Figure S2:
Vegetation indices of lettuce leaves NDVI, ZMI, GM1, GM2 (a) and CRI1, CRI2 (b) of ‘Azart’ and ‘Lollo
Rossa’ varieties on the 35th day of cultivation using different LED irradiation time modes. Values
represent mean SEM (n = 10); Figure S3: Comparison of normalized Raman spectra of ‘Azart’ (a) and
‘Lola Rossa’ (b).
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Abstract: In order to optimize the parameters of the mechanism, reduce the pressure loss and improve
the efficiency of pneumatic utilization, the principles and types of pneumatic loss in different areas
were defined, and the key parameters, including the diameter of the horizontal air pipe, the angle of
the air pipe, and the diameter of the negative pressure aperture, which affect the pressure loss, were
analyzed. In addition, an orthogonal simulation experiment was carried out using Fluent software,
and determined the best parameter combination, which is as follows: the diameter of the horizontal
air pipe must be 15 mm, the angle of the air pipe must be 105◦, and the diameter of the negative
pressure aperture must be 34 mm. It can be concluded from the simulation results that the average
airflow velocity of the seed-sucking hole is 102.59 m · s−1, the minimum airflow velocity of the
seed-sucking hole is 101.58 m · s−1, and the airflow velocity standard deviation of the seed-sucking
hole is 0.54 m · s−1. The trend of the test results was consistent with the simulation results, which
verified the reliability of the numerical analysis. These results will provide theoretical guidance for
research on the obstruction effect of complex airways on airflow.

Keywords: pneumatic seeder; pressure loss characteristics; complex airway; airway optimization

1. Introduction

Single-seed precision seeding refers to a type of seeding technology that separates
crop seeds one by one and controls their distribution position precisely on the seedbed.
This technology encounters difficulties in the separation of seeds and in preventing the
formed uniform seed flow from being re-dispersed on the inner wall of the seed pipe
and seedbed [1–3]. To solve the above problems, a seeding-wheel-type pneumatic seeder
that works via pneumatic single-grain separation and orderly and stable casting in a low
position was designed. However, its internal airway structure is complex with many
branches, has a dense arrangement, variable cross-sectional areas, and displays long and
narrow bending, which will inevitably cause pressure losses, and lead to further problems,
such as low pneumatic utilization efficiency and energy waste [4].

Scholars have conducted extensive research on the airflow field associated with the
pneumatic seed-metering mechanism [5–8]. For example, Yazgi et al. [9,10] used the
CFD method to study the effect of a vacuum plate with different numbers of holes on
the uniformity of seed spacing. The highest performance was reported when 26 and
36 holes were used for cotton and corn, respectively. Ghafori et al. [11] analyzed the
pressure drop function during the suction and transport of corn and barley. The lowest
pressure drop for corn and barley occurred at the air velocity of 20 m · s−1 and 15 m · s−1,
respectively. Yang Shandong et al. [12–14] used the large eddy simulation method with
Fluent software to analyze the flow field of the positive-pressure air chamber inside a
seed-metering device, and studied the variation law of the internal flow field of the seed-
metering device under different parameters. It was shown that the seeding performance
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was better when the plate speed was lower than 18 r · min−1. Zhao Zhan et al. [15–17] used
Fluent software to calculate the force of seeds in the real seed suction airflow field and high-
speed photography technology to obtain the seed transient adsorption and falling trajectory.
The results showed that the average seed-spacing interval error reached its minimum
value at 1.5 kPa pressure and a −5◦ angle and that the error increased almost linearly with
increasing cylinder rotational speed. Xiaolong Lei et al. [18,19] carried out a numerical
simulation of seed motion in the distribution head and tracked the seed migration trajectory
and distribution behavior. The simulation results showed that, when the streamlined angle
increased from 10◦ to 50◦, the variation coefficient of seed distribution decreased initially
and then increased for an inlet diameter of 20 mm and an airflow velocity of 20 m · s−1.
Song shi et al. [20] calculated the gas–solid two-phase flow of a seed-metering device by
introducing the pressure gradient force model into the coupled analysis of EDEM-CFD.
The results were given as follows: the curvature coefficient of the seed guide groove curve
was 0.265, the depth of the seed guide groove was 2.57 mm, and the slope angle of the seed
guide groove was 15.33◦.

The above scholars all used the computational fluid dynamics method to simulate the
internal flow field that is difficult to measure, and the simulation results were similar to the
experimental results, which shows that it is an effective method to study the pneumatic
seed-metering mechanism. However, the above research mainly focuses on the large-
diameter pneumatic and intensive conveying air duct or the cylindrical chamber inside the
seed-metering device, which is characterized by a spacious air duct and simple structure.
There is no relevant research on long, narrow and complex air ducts with variable diameters.

Therefore, we focused on the fluid domain of seeding-wheel-type pneumatic seeders
and used the computational fluid dynamics method to explore the types and principles
of the pressure loss in each area. The key parameters that affect the pressure loss were
identified and the airflow field distribution and the airflow motion law in the seed-placing
device were defined to determine the best structure and working parameters. The results
show that it is possible to weaken the obstruction of the complex airway structure to the
airflow, reduce the pressure loss, and improve pneumatic utilization and the effect of
sowing. The results will also provide theoretical guidance for pressure drop analysis of
complex airways.

2. Structure and Fluid Analysis

2.1. The Structure and Working Principle of Seeding-Wheel-Type Pneumatic Seeder

Seeding wheels are the main carriers used for picking seeds, transporting seeds, and
casting seeds. Their structure and installation are shown in Figure 1 [21]. Several seed-
sucking holes are evenly distributed along the edge of the seeding wheel and are connected
to the internal pneumatic distribution center through a long and narrow airway with
variable diameters. The upper-end face of the pneumatic distribution center is connected to a
rubber sealing ring fixed with a pneumatic distribution cover, and they are press-fitted and
sealed. The inner air cavity of the rubber sealing ring is connected to the negative pressure
aperture to provide negative pressure force for the seed-sucking hole. During operation,
the pneumatic distribution cover remains stationary, the seeding wheel rotates with the
ground wheel, and the two are connected by thin-walled bearings. A spring in the locking
mechanism is used to press the seed wheel and air distribution cover together. The outer
wall of the seeding wheel, which is installed on both sides of the edge of the seeding wheel,
flattens the soil with a certain force, which makes a difference to the depth limit and level of
flattening. The seed-sucking boss can extend to the lower soil layer to complete the casting
of seeds at a suitable position.
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Figure 1. Schematic diagram and three-dimensional modeling of seeding wheel structure.
(a) Schematic diagram of seeding wheel structure: (1) seed-sucking hole; (2) airway; (3) thin-walled
bearing; (4) negative pressure aperture; (5) rubber sealing ring; (6) seeding axle; (7) locking mech-
anism; (8) positive pressure aperture; (9) outer wall; (10) seed-sucking boss; (b) three-dimensional
modeling of seeding wheel structure.

2.2. Fluid Domain Modeling

The function of the airway inside the seeding wheel is to transport the fan’s pneu-
matic supply to the seed-sucking hole, and try to reduce the pressure loss during convey-
ing [16,17,22], so that the seed-sucking hole has enough airflow velocity and negative
pressure to perform its function. In addition, the airway should demonstrate good pneu-
matic distribution, making the difference between negative pressure and airflow velocity
in each seed-sucking hole small, which is not significantly related to their location.

The negative pressure fluid domain inside the seeding device is the inner space
enclosed by the seeding wheel, rubber sealing ring, and pneumatic distribution cover.
The seeding wheel and the pneumatic distribution cover will rotate during operation,
thereby dividing the entire negative pressure fluid domain into two parts, the static part
and the moving part. The static part is the upper fluid domain surrounded by the pneumatic
distribution cover, which is the green part shown in Figure 1b. The moving part is the under-
fluid domain surrounded by the seeding wheel, which is the blue part shown in Figure 1b.
The seeding wheel has 16 sub-airways that are not connected, as shown in Figure 1a. Because
the inner pneumatic distribution cover is divided into areas with air and areas without air,
the seed-sucking hole at the end of the sub-airway has negative pressure only when the
sub-airway is connected to areas with air. These two parts will rotate during operation,
which contributes to the airflow’s on–off control by switching the corresponding position.
Using Space Claim software to extract the fluid domain, a simplified 3D model of the
seeding device was imported into the workbench of ANSYS, as shown in the central part
of Figure 2.
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Figure 2. Fluid domain division.

According to Figure 2, there are 12 lower sub-air channels connected to the upper
air chamber, and there is a lower sub-air channel at the edge of the domain (only about
half of this is connected to the upper air chamber at the top). The analysis below focuses
on the airway in the connected position only. The structure of the negative pressure fluid
domain is complex, involving various forms of airway structural changes, and it is difficult
to conduct an overall analysis. Therefore, the negative pressure fluid domain is divided
into the following four areas according to the different types of aerodynamic changes:
the variable-section panhandle area, the bending area of the air pipe, the air chamber
confluence area, and the connection area of the negative pressure aperture and air chamber.
These are shown in Figure 2.

2.3. Analysis of Pressure Loss in Airway
2.3.1. Aerodynamic Analysis of Variable-Section Panhandle Area

The energy loss of the fluid can be divided into the along-path loss and the local
loss [23] according to the difference in the airway geometrical boundary that causes the
fluid energy loss. The airflow velocity inside the airway is much less than the sound velocity,
so air can be regarded as an incompressible fluid. The pneumatic input is negative pressure.
The entire pneumatic system’s inlet is the 12 seed-sucking holes, and the outlet is a negative
pressure aperture. The analyses of the four areas were conducted using the airflow inlet.
The cross-sectional view of the variable-section panhandle area is shown in Figure 3.

Figure 3. Sectional view of the variable-section panhandle area: (a) the section with an unequal
diameter; (b) the section with an equal diameter.

The airway structure in this area is shown in Figure 3a. There are three cylindrical
cavities arranged from small to large. The first cavity is the seed-sucking hole, which is also
the executed structure for the terminal, and its cross-sectional area is mainly related to the
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performance of seed absorption. Its structure is not studied in this paper. The second cavity
is the airway section I, which is contained in the seed-sucking boss. Its cross-sectional area
is limited by the size of the seed-sucking boss and has a maximum size of 10 mm. The third
cavity is the airway section II, and its cross-sectional area is adjustable. When the diameters
of airway section I and airway section II are equal, the airway structure shown in Figure 3b
can be observed.

The variable-section panhandle area mainly involves two forms of pressure loss. When
the air passes from the seed-sucking hole to the airway section I and from the airway section
I to the airway section II (unequal diameter), the type of aerodynamic change that occurs is
the sudden expansion of the pipe. It is mainly caused by the local pressure loss; while in
the airway section I and II, it is caused by the pressure loss along the path.

2.3.2. Aerodynamic Analysis of Variable Diameter Transition

The type of aerodynamic change in the variable diameter is caused by diffusion
flow [24], which can be divided into the following two forms: sudden and gradual expan-
sion. The space with a variable diameter is narrow, and it is difficult to make a tapered airway
with a small angle and a long lead. Therefore, this is regarded as the sudden expansion type.
After the cross-sectional area of the sudden expansion pipe changes, the fluid will move
away from the wall and form a vortex, resulting in the loss of airflow energy. This part of
the local energy loss can be calculated as follows [25]:

pj1 = (1 − A1

A2
)

ρv2

2
(1)

where pj1 is the energy loss per unit volume of the gas in the form of sudden expansion
(pressure loss), Pa; ρ is the medium density, kg · m−3; A1 is the inlet cross-sectional area,
m2; A2 is the outlet cross-sectional area, m2; v is the inlet airflow velocity, m · s−1.

It can be observed from Equation (1) that the pressure loss here is mainly related to the
cross-section ratio and the velocity in the inlet. Under the condition of a given inlet with
negative pressure, the velocity in the inlet can be regarded as constant. Moreover, because
the diameter of the seed-sucking hole and the cross-sectional area of the airway section I
are not variable, A1 can be regarded as invariable. Therefore, the pressure loss of this part
is mainly related to the outlet cross-sectional area A2 (the cross-sectional area of the airway
section II). When the cross-sectional areas of airway section I and section II are equal, local
pressure loss occurs once. Otherwise, it will occur twice.

2.3.3. Aerodynamic Analysis of Long and Narrow Air Pipe

The size, shape, and direction of the flow cross-sections inside airway section I and
section II remain unchanged, so the fluid encounters only the frictional resistance provided
by the airway wall, which is the loss that occurs along the path [26,27]. The resistance loss
coefficient along the path (λ) is related to the fluid flow state and often is calculated using
the Reynolds number (Re). The Reynolds number calculation formula [28] is as follows:

Re =
ρvd0

μ
(2)

where μ is the dynamic viscosity of the fluid, Pa·s; d0 is the characteristic length of the
airflow section, m; v is the average flow velocity of the airway section, m · s−1.

Air is the fluid object studied in this paper and by taking the parameters under
normal pressure at 20 ◦C, ρ can be calculated as 1.205 kg · m−3 and μ as 1.79 × 10−5 Pa·s.
The characteristic length of the airflow section, which is also the diameter of the air pipe,
is 0.02 m. The average velocity of the airway section II after stabilization is calculated by
pre-simulation to be about 2 m · s−1. The Reynolds number (Re) is solved at 2692, which is
greater than the critical value of 2300. Therefore, at this time, the fluid flow state in the airway
is turbulent, but the value is less than 4000, indicating that the fluid in the airway is in the
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transition state between laminar flow and turbulent flow [29,30]. Therefore, the resistance
loss coefficient (λ) along the path in the area increases with the increase in Reynolds number
(Re) and has a weak relationship with the relative roughness of the wall [31].

p f 1 =
lgρ

3
4 Q

7
3

800d3
gμ

1
3

(3)

where lg is the length of the pipe, mm; Q is the flow rate, m3 · s−1; dg is the diameter of the
pipe, mm. pf1 is the pressure loss along the path of the long and narrow airway part.

It can be observed from the formula that the pressure loss (pf1) in the airway part is
mainly related to the length of the pipe (lg), the diameter of the pipe (dg), and the flow rate
(Q). The length of the pipe (lg) is the pneumatic conveying distance, which is determined
by the size of the seeding wheel. The flow rate (Q) is mainly related to the given negative
pressure. Therefore, in order to reduce air resistance in design, one must adjust the diameter
of the pipe (dg). The larger the diameter of the pipe, the smaller the pressure loss along the
path in the long and narrow airway.

Therefore, according to the above research, there are three kinds of design schemes in
this area, which are as follows:

Scheme 1. The diameter of airway section II is equal to the diameter of section I, that is,
the diameter of airway section II is 10 mm, so there is only one instance of local
pressure loss in this area, but the pressure loss along the path is higher.

Scheme 2. The diameter of the airway section II is unequal to that of section I, so this will
result in twice the local pressure loss. However, due to the larger diameter of
the airway section II, the pressure loss along the path will be lower.

Scheme 3. The optimal value can be found between Scheme 1 and Scheme 2. However,
based on theoretical analysis alone, it is impossible to determine which scheme
is better, and numerical analysis and experimental methods are still needed
for research.

2.3.4. Aerodynamic Analysis of Bending Area of Air Pipe

The direction of the airway shifts from horizontal to longitudinal in the bending area
of the air pipe, as shown in Figure 4.

Figure 4. Bending area of the air pipe.

When the air goes flows through the connection, there is a velocity difference between
the inner and outer airflows, which generates eddy currents, resulting in a large local
energy loss. Due to space constraints, this is in the form of a sharp bend. The pressure loss
in the bending area of the air pipe [32] can be calculated as follows:

pw = [0.946sin2(
θ

2
) + 2.05sin4(

θ

2
)]

ρv2

2
(4)

where pw is the local pressure loss in the bending area of the air pipe, Pa; θ is the angle
between the two air pipes, (◦).
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It can be observed from the formula that the pressure loss in this part is related to the
angle (θ) between the two air pipes. The larger the angle, the smaller the pressure loss.
However, when the position of the air-passing aperture is fixed, the larger the angle is and
the larger the horizontal length of the inclined section is. The relationship of the angle (θ)
between the horizontal length and the two air pipes is as follows:

θ = 180◦ − arctan(
h f

lc − R
) (5)

where hf is the vertical distance from the center of the outermost air pipe to the plane where
the air-passing aperture is located, mm; lc is the horizontal length of the distribution center,
mm. R is the distance between the center of the longitudinal airway and the center of the
sowing wheel, mm.

Restricted by the structure and thin-walled bearings, the horizontal length of the
distribution center should not be greater than 150 mm. The vertical distance should be less
than the width of the outer wall of the seeding wheel (100 mm). It can be solved by formula
5 that the angle (θ) between the two air pipes should be less than 122.62◦, meaning that the
horizontal value range of the air pipes’ angle is 90–120◦.

2.3.5. Aerodynamic Analysis of Air Chamber Confluence Area

The air chamber confluence area is shown in Figure 5.

 
Figure 5. Air chamber confluence area.

This area is the air chamber space formed by the air afflux from the longitudinal air
pipes of each lower sub-airway to the rubber sealing ring in the pneumatic distribution
cover [33], which is essentially the flow form of multiple small-section pipes that transform
into large-section cavities. The energy loss that occurs is mainly local pressure loss, which
mainly depends on the cross-sectional area on both sides, but it is difficult to change, and
therefore optimize.

2.3.6. Aerodynamic Analysis of Connection Area of Negative Pressure Aperture and
Air Chamber

The connection area of the negative pressure aperture and air chamber is shown in
Figure 6. The geometry of the airway in this area is transformed from an arc-shaped air
chamber to a cylindrical negative pressure aperture. The aerodynamic change that occurs
is in the form of a sudden reduction in the cross-sectional area, and the reported energy
loss is mainly local pressure loss [34].

ps = 0.5(1 − A2

A1
)

ρv2

2
(6)

where ps is the local pressure loss in the connection area of the negative pressure aperture
and air chamber, Pa.
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Figure 6. Connection area of negative pressure aperture and air chamber. (a) Diameter of negative
pressure aperture is 34 mm; (b) diameter of negative pressure aperture is 21.5 mm.

It can be observed from the formula that the local pressure loss in this area is mainly
related to the cross-sectional area of the negative pressure aperture, and the larger the nega-
tive pressure aperture, the lower the pressure loss. However, the space of the pneumatic
distribution cover is limited, and it is necessary to leave space for the connection with
the frame, so the maximum inner diameter of the negative pressure aperture is 34 mm.
In addition, the maximum diameter of the fluid domain of the negative pressure aperture in
order to maintain a complete circle is 21.5 mm under the structural limitations, as shown in
Figure 6b. If it increases continually, the rubber sealing rings will block the two sides, and
the bottom section of the negative pressure aperture will change from a circle to a rectangle-
like shape, as shown in Figure 6a. It is difficult to determine the optimal inner diameter
of the negative pressure aperture only by theoretical analysis, and further experimental
research is needed.

3. Simulation Analysis

3.1. Flow Field Static Simulation Analysis of Seeding Device

The fluid domain was imported into ANSYS FLUENT, and the hexahedral meshing
method was used to mesh the nine groups of the fluid domain in the experiment scheme.
Since there was no need to solve the viscous bottom layer, we used the wall function method
to solve the simulation [35–37]. The divided fluid domain contained about 1 million meshes
under the simulation parameter of five boundary layers and a 1.2 mesh growth coefficient.
The mesh quality was good, with a minimum orthogonal quality is above 0.5 and a
maximum aspect ratio of less than 10. The fluid domain is shown in Figure 7.

 

θ

Figure 7. Fluid domain meshing: (a) overall meshing diagram; (b) meshing diagram for seed-sucking
hole.
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According to the above theoretical analysis, it can be concluded that the diameter
(dh) of the horizontal air pipe, the angle (θ) of the air pipe, and the diameter (dz) of the
negative pressure aperture have a significant influence on the pressure loss in the airway.
Taking the above three parameters as the experimental factors, a three-factor three-level
orthogonal simulation experiment was designed. The experiment factors and levels are
shown in Table 1.

Table 1. Experiment factors and levels.

Level

Factor

A
Diameter of Horizontal Air Pipe

dh/mm

B
Angle of Air Pipe

θ

C
Diameter of Negative Pressure Aperture

dz/mm

1 10 90 21.5
2 15 105 27.75
3 20 120 34

The airflow velocity at the seed-sucking hole was used as the core index to measure
the performance of the seed sucking, so the seed-sucking holes’ average airflow velocity,
the minimum airflow velocity, and the airflow velocity standard deviation were selected as
the experiment indicators. There were 12 sets of data on seed-sucking holes for each set
of simulations. The airflow velocity at the center of the seed-sucking hole was taken as
the experiment results. The standard three-factor three-level orthogonal table was selected
and simulations were carried out. The method of steady-state calculation and the model of
standard k-epsilon turbulence in Fluent were used. The pressure inlet boundary was set at
−7 kPa, the outlet boundary condition was the pressure outlet boundary, and the pressure
was 0 Pa. The solution method used was the SIMPLE method. The simulation results are
shown in Table 2.

Table 2. Simulation experiment results.

Number
Factor Average Airflow Velocity of

Seed-Sucking Hole
/(m·s−1)

Minimum Airflow Velocity
of Seed-Sucking Hole

/(m·s−1)

Airflow Velocity Standard
Deviation of Seed-Sucking Hole

/(m·s−1)A B C

1 1 1 1 101.46 99.66 0.86
2 1 2 2 102.42 101.17 0.68
3 1 3 3 102.31 101.05 0.89
4 2 1 2 102.02 100.39 0.78
5 2 2 3 102.59 101.58 0.54
6 2 3 1 101.62 100.29 0.73
7 3 1 3 102.12 100.45 0.72
8 3 2 1 101.75 100.78 0.67
9 3 3 2 102.02 100.99 0.77

3.2. Analysis of Simulation Results
3.2.1. Analysis of Variance and Range

The range analysis of the simulation experiment results [21] is shown in Table 3. The
selection of the optimal parameter combination is based on the following information: the
larger the average airflow velocity and the minimum airflow velocity of the seed-sucking
hole, the lower the airway resistance and pressure loss and airflow velocity standard
deviation of the seed-sucking hole; the smaller the difference in seed sucking performance,
the better the sucking stability. According to this information, it was concluded that the
optimal parameter combination of the airway structure parameters for the three experiment
indicators is A2B2C3, which is the fifth level of the orthogonal simulation experiment.
The simulation results show that the average airflow velocity of the seed-sucking hole is
102.59 m · s−1, the minimum airflow velocity of the seed-sucking hole is 101.58 m · s−1, and
the airflow velocity standard deviation of the seed-sucking hole is 0.54 m · s−1, which are
the best values in every group. Therefore, the optimal airway structural parameters can be
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determined as follows: the diameter of the horizontal air pipe must be 15 mm, the angle
of the air pipe must be 105◦, and the diameter of the negative pressure aperture must be
34 mm.

Table 3. Range analysis.

Items

Average Airflow Velocity of
Seed-Sucking Hole

/(m·s−1)

Minimum Airflow Velocity of
Seed-Sucking Hole

/(m·s−1)

Airflow Velocity Standard Deviation
of Seed-Sucking Hole

/(m·s−1)

A B C A B C A B C

K1 102.06 101.87 101.61 100.63 100.17 100.24 0.81 0.79 0.75
K2 102.08 102.25 102.15 100.75 101.18 100.85 0.68 0.63 0.74
K3 101.96 101.87 102.34 100.74 100.78 101.03 0.72 0.80 0.72
R 0.12 0.38 0.73 0.12 1.01 0.79 0.13 0.17 0.03

Optimal level
combination A2B2C3 A2B2C3 A2B2C3

Further variance analysis was conducted on the experimental data to determine the
significance of each factor. The variance analysis is shown in Table 4.

Table 4. Variance analysis.

Source of Difference SS df MS F Significance

Average airflow velocity of
seed-sucking hole

A 0.02 2 0.01 11.75
B 0.23 2 0.17 118.91 **
C 0.87 2 0.43 442.65 **

Error 0.00 2 0.00
Sum 1.13 8

Minimum airflow velocity of
seed-sucking hole

A 0.03 2 0.01 1.37
B 1.55 2 0.78 72.45 *
C 1.01 2 0.5 47.05 *

Error 0.02 2 0.01
Sum 2.61 8

Airflow velocity standard deviation of
seed-sucking hole

A 0.03 2 0.01 2.9
B 0.05 2 0.03 5.87
C 0.00 2 0.00 0.28

Error 0.01 2 0.00
Sum 0.09 8

Note: In the table, the critical value of significance judgment is F0.001 (2, 2) = 999, F0.01 (2, 2) = 99, and F0.05 (2, 2)
= 19. ** indicates that the influence is very significant. * indicates that the influence is significant. The data in the
table were rounded up, but in order to ensure accuracy, the calculation was based on the original value.

From the analysis of variance results, it can be observed that the angle of the air pipe
and the diameter of the negative pressure aperture have a significant influence on the aver-
age airflow velocity index of the seed-sucking hole. The diameter of the horizontal air pipe
does not influence the average airflow velocity of the seed-sucking hole. For the minimum
airflow velocity of the seed-sucking hole, the angle of the air pipe and the diameter of
the negative pressure aperture have less significant influence, while the diameter of the
horizontal air pipe has no influence on the experiment results, and the degree of influence
on the average airflow velocity of the seed-sucking hole is ranked as follows: angle of air
pipe > diameter of negative pressure aperture > diameter of horizontal air pipe. From the
results of the variance analysis for the airflow velocity standard deviation index of the
seed-sucking hole, it can be observed that three factors do not influence this index. By
analyzing the simulation experiment data, it was found that there is little difference in
airflow velocity between the 12 seed-sucking holes, resulting in a small standard deviation
value, indicating that the distribution of airflow in the air chamber is very uniform, which
is beneficial for the collection of seeds.
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3.2.2. Analysis of Airflow Velocity Difference of Various Seed-Sucking Holes

Taking the optimal parameter combination as the research object, the airflow velocity
at the center of the 12 seed-sucking holes with negative pressure was calculated, as shown
in Figure 8. It can be found from the figure that the position of the seed-sucking hole has
no significant influence on the airflow velocity of the seed-sucking hole. The deviation in
the airflow velocity value of the seed-sucking hole compared with the average value is
less than 1%, which shows that the air pressure stability of the seeding-wheel-type seed
precision placing device is higher.

Figure 8. The line chart of the airflow velocity of seed-sucking holes with the optimal parameter
combination.

3.2.3. Airflow Trajectory Analysis

Taking the airflow inlet (seed-sucking hole) as the starting point, it is possible to study
the airflow trajectory of air that enters the negative pressure fluid domain and flows out
the airflow outlet (negative pressure port). A streamlined diagram of the fluid domain is
shown in Figure 9.

 

Figure 9. Streamline diagram of fluid domain.

It can be observed from the streamlined diagram that after the airflow flows in from
the seed-sucking hole, the flow velocity gradually decreases after diffusion occurs twice.
When entering the vertical air pipe, most of the airflow flows into the air chamber after a 90◦
turn, but a vortex composed of a small amount of airflow is formed near the wall, and the
streamline is chaotic, resulting in a large local pressure loss. After entering the arc-shaped
air chamber, the airflow flows to the negative pressure aperture. In this trajectory, a clear
light blue area to the right of the negative pressure aperture can be observed, indicating
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that the airflow in this area accelerates. It is speculated that the reason for this phenomenon
is that there were more seed-sucking holes contained on the right side, resulting in a large
airflow, and a longer flow distance than on the left side. When all the airflow converges at
the negative pressure aperture, the airflow swirls upward, generating a cyclone, and also
causes pressure loss, but a larger space means fewer collisions; therefore, the optimal level
was recorded at the upper part of the negative pressure aperture.

3.3. Study on Negative Pressure Characteristics of Locally Connected Seed-Sucking Holes

During operation, a seed-sucking hole that is locally connected can be observed, but
its airflow velocity does not significantly differ from other seed-sucking holes. Therefore, it
can be determined that when more than half of the air-passing aperture of the longitudinal
air pipe is connected to the air chamber, the seed-sucking hole’s performance will not be
affected. However, this phenomenon will lead to a certain deviation in the seeding position
compared with the design value, making it impossible to cast the seed precisely at the
designated position. To compensate for this deviation, it is necessary to further determine
when the air-passing aperture of the longitudinal air pipe and the air chamber are in any of
the connection states, as the airflow velocity of the seed-sucking hole will drop significantly,
thus triggering seeding.

A dynamic simulation was carried out that gradually reducing the connected part
of the air-passing aperture, and the time when the negative pressure of the seed-sucking
hole dropped significantly and sharply was determined as the trigger time of seed casting.
According to the actual working situation, we simulated the rotation of the seeding device,
set the fluid domain of the upper air chamber to remain static, and the lower fluid domain
to rotate, and studied the variation law of the negative pressure of the seed-sucking hole
in the lower sub-fluid domain. Separate fluid domain extraction was performed for each
sub-airway, obtaining 14 fluid domain units, as shown in Figure 10a.
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Figure 10. Diagram of simulation process and results: (a) fluid domain flow diagram; (b) interface
setting; (c) dot–line graph of experiment results.

To observe the spatial position changes in rotating objects in real time, the sliding
mesh method [38–41] was adopted. The surface of the air-passing aperture of the lower
sub-airway and the lower surface of the fluid domain of the upper air chamber were set
as the interfaces, and data exchange could be performed, as shown in Figure 10b. The
rotational speed of the lower sub-airway was set to 2.31 rad · s−1, and the time step was
1.5 × 10−4 s. The simulation time was 0.141 s, which could cover the complete process
of lower sub-airway separation. We plotted the experimental data as a dot–line graph,
as shown in Figure 10c. We recorded the significant negative pressure changes in the
seed-sucking holes for groups 41–48, and calculated the corresponding opening angles of
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the air-passing aperture according to the structural parameters. The results are shown in
Table 5.

Table 5. Sliding mesh simulation results for groups 41–48.

Group
Simulation Time

(s)
Opening Angle of

Air-Passing Aperture (◦)
Negative Pressure of

Seed-Sucking Hole (Pa)

41 0.12 2.518 −6101.03
42 0.123 2.121 −5974.7
43 0.126 1.723 −5768.42
44 0.129 1.326 −5179.11
45 0.132 0.929 −3831.63
46 0.135 0.532 −1072.76
47 0.138 0.135 −5.13
48 0.141 0 0

It can be observed from Figure 10c and Table 5 that the air pressure of the seed-sucking
hole remains stable for most of the time, fluctuating only slightly. However, there is a certain
decline after 0.12 s, but the range is not large, and after 0.129 s (the corresponding opening
angle of the air-passing aperture is 1.326◦), it falls sharply, and the negative pressure of
the seed-sucking hole is only −5.13 Pa until 0.138 s. The negative pressure distribution of
groups 41–48 is shown in Figure 11.
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Figure 11. Negative pressure distribution chart of groups 41–48: (a) group 41; (b) group 42; (c) group
43; (d) group 44; (e) group 45; (f) group 46; (g) group 47; (h) group 48.

On the whole, when only a small part of the air-passing aperture is connected to the
upper air chamber, the seed-sucking hole still retains the ability to maintain seed adsorption.
The trigger of seed casting may be associated with the period when the negative pressure
of the seed-sucking hole drops sharply, but it is difficult to judge its exact time. However,
the period in which the negative pressure of the seed-sucking hole sharpy drops is very
short and only lasts about 0.01 s, so the setting error is small.

63



Agriculture 2022, 12, 2021

4. Prototype Test Verification

4.1. Prototyping and Testing Methods

Three-dimensional printing technology was used to process complex key components,
such as the seeding wheel and pneumatic distribution cover, with a Stratasys F900 3D
printer (Stratasys Ltd., Rehovot, Israel) and 8000 photosensitive resin, and the rest of the
components were processed using metal. The prototype is shown in Figure 12a. The measur-
ing equipment included a DN2000 intelligent anemometer (Beijing Instrument Equipment
Factory, Beijing, China), as shown in Figure 12b. Its measuring range of wind speed was
1.00–365.00 m · s−1 with an accuracy of 0.01 m · s−1, its wind pressure range was ±80 kPa,
with an accuracy is 0.01 kPa, and its air volume range was <999,999 m3 · h−1.

   
(a) (b) (c) 

Figure 12. Test prototype and measuring equipment: (a) the prototype; (b) DN2000 intelligent
anemometer; (c) the Pitot tube.

The prototype was fixed according to the relative position of the pneumatic distribu-
tion cover and the seeding wheel in the simulation experiment, and the airflow velocity
of the airway at this position was measured by an anemometer. When the seeding wheel
was processed, a measuring slot hole in an air pipe was created to facilitate the insertion
of the Pitot tube. During the measurements, the front end of the Pitot tube was inserted
into the hollow airway and then hot-melt adhesive was used to seal the measuring hole
to ensure air tightness. In addition, it is necessary to ensure that the extended part of the
Pitot tube is concentric with the pipe. The negative pressure fan was turned on, and the
vacuum degree of negative pressure was 7 kPa during the test. After the working state
was confirmed as stable, the value on the DN2000 intelligent anemometer was read, the
airflow velocity of this group was recorded, the measurement was repeated 3 times, and
the average value was recorded. After one measurement was completed, the seeding wheel
was rotated to the next position and the steps above were repeated to derive the actual
airway wind velocity at the same location as in the simulation.

However, because of the small diameter of the seed-sucking hole, it was difficult to use
an anemometer to measure air velocity accurately at this position. It would also affect flow
field distribution if it was too close to the seed-sucking hole. Therefore, the measurement
position was adjusted by 20 mm. From the simulation results, it can be concluded that the
airflow velocity trend at this position is consistent with the results for the seed-sucking hole.

4.2. Results and Analysis

Figure 13 shows the simulated and tested values of the airflow velocity in the air pipe.
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Figure 13. Dot–line graph of test results.

The data in the figure were plotted after taking the average of the three groups of tests.
In fact, the results of the anemometer fluctuated in a narrow range due to the uncertainty of
the flow field during the measurement, and the recorded value was taken as the fluctuation
center. The analysis of the readings obtained from the three groups of tests showed that
there was little difference in the values measured, so it was reasonable to characterize the
values using averages. The dot–line graph shows that the test results were generally lower
than the simulation results. There are three main reasons for the results. First, the prototype
processing could not guarantee absolute air tightness as in the numerical analysis, resulting
in additional pressure loss. Second, the detection head of the anemometer inserted into
the air pipe inserted an artificial obstacle, which would affect the airflow in the airway.
Third, the inserted part of the Pitot tube should be concentric with the air pipe during the
measurements. However, it was hard to ensure this during the actual measurements, which
would have affected the measurement results.

However, both the simulation results and the test results show a trend of narrow
fluctuations around the mean value, and the airflow velocity of each airway shows little
difference, which can verify the accuracy of the simulation.

5. Conclusions

In this paper, an evaluation scheme for internal complex airway pressure loss was
formulated, the influence of airway structure on pressure loss under different parameter
combinations was explored, the internal flow field distribution and airflow movement law
of a precision seeding device were defined, the drag reduction and efficiency increase were
analyzed, and a new method was provided for the research of the pneumatic characteristics
of complex narrow airway groups. The specific conclusions are as follows:

1. A functional model of pressure loss in variable-section panhandle areas, the bending
area of the air pipe, air chamber confluence area, and connection area of the negative
pressure aperture and air chamber were established and it was concluded that the
airway structural factors that may have a significant influence on the pressure loss are
the diameter of the horizontal air pipe, the angle of the air pipe, and the diameter of
the negative pressure aperture.

2. It was concluded that the optimal parameter combination was as follows: the diameter
of the horizontal air pipe was 15 mm, the angle of the air pipe was 105◦, and the
diameter of the negative pressure aperture was 34 mm. Under these parameters,
the average airflow velocity of the seed-sucking hole was 102.59, the minimum
airflow velocity of the seed-sucking hole was 101.58, and the airflow velocity standard
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deviation of the seed-sucking hole was 0.54. The position of the seed-sucking hole has
no significant influence on its airflow velocity.

3. A dynamic simulation test was carried out and it was concluded that there is a sharp
decline when the opening angle of the air-passing aperture is 1.326◦. In addition, it
triggers the casting action of seeds when the opening angle of the air-passing aperture
is 0.929◦.

4. Compared with the simulation results, the tested measurement results are generally
lower, but the difference is not significant, which proves that the position of the seed-
sucking holes has little influence on the airflow velocity, and the overall pneumatic
distribution is uniform.

5. This paper mainly explores the distribution law of the internal flow field when the
seed-sucking hole is open, and the interaction between the flow field and the seeds
can be further explored by CFD-DEM coupling technology in the future, which will
help us to study the mechanism and effect of the flow field on seeds more accurately.
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Abstract: Existing potato harvesters cause damage to marketable products as a result of the interaction
of potato tubers with each other, with working bodies and soil clods, given the wide variety of soil and
climatic conditions in which the harvesting process takes place. In addition, under homogeneous soil
and climatic conditions within the same accounting area, there is a large deviation from the average
values of the main physical soil constants—moisture and hardness. Field studies were carried out to
determine the fractional composition of soil clods, size-mass parameters, as well as their physical and
mechanical properties with the identification of the greatest force for their destruction. The article
presents a methodology for conducting research to assess the influence of working bodies on the
magnitude of the force impact on potato tubers and soil clods during harvesting, a methodology for
assessing the dynamic destruction of soil clods. The results of comparative studies of the force impact
of the working bodies of modern potato harvesters, which affect the destruction of soil clods, causing
damage to potato tubers as a result of their interaction with soil clods are presented.

Keywords: harvesting; force action; potato; working body; harvesting machines; device for assessing
the suitability for harvesting

1. Introduction

The main factors that inflict damage to potato tubers during mechanized harvesting
are the design of potato harvesters and the material [1–3] from which the working bodies
of the machines and operating modes are made [4,5]. An important role is played by the
physical and mechanical properties of tubers [6,7], which, in turn, depend on the variety,
agricultural techniques of cultivation, soil structure, and climatic conditions. To determine
the location and register the magnitude of the greatest force impact of the working bodies
of potato harvesters on potato tubers, as well as recommendations for subsequent changes
in the design and technological parameters of harvesting machines and the development
of devices that ensure the stability of potato tubers to mechanized harvesting, experimental
studies were conducted using the software tool “Electronic Potato Tuber Log” in the
Moscow region of JSC “Ozery”. In addition, when conducting research on the assessment
of the force impact of the working bodies of harvesting machines, it was found that despite
the saturation of the machine with separating working bodies, the efficiency of their work
remains quite low, due to the fact that the entire layer of earth dug up by the plowshare is
subjected to separation. Moreover, the mass of the layer undermined in this case increases
by 1.6–1.8-times, compared with undermining with a passive plowshare, which, in turn,
has a small loosening and unloading of the soil (Figure 1).

Despite the saturation of machines with separating working bodies of various designs
and their intensification, the mass of soil impurities in the total volume of the tuberous heap
reaches threshold values of 46–50% (Figure 2), depending on the fractional composition.
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Figure 1. General view of the tuberous heap in the bunker of a potato harvester.

Figure 2. Fractional composition of the tuberous heap in the hopper of a potato harvester.

Therefore, studies aimed at establishing the patterns of interaction between tubers and
working bodies, soil clods, and the establishment of physical and mechanical properties to
determine the magnitude of the dynamic impact that contribute to the destruction of soil
clods are relevant, so they will ensure the development of harvester devices, providing an
exception, whether or not there is a decrease in the receipt of soil clods in the device for
collecting marketable potato products.

2. Materials and Methods

The programmable tool “Electronic Potato Tuber Log” (Figure 3) includes: a data
logger 1, made in shape, size, and density by a standard potato tuber, a personal 2 or tablet
computer 3, with installed software for processing, registered root crop damage data and
its subsequent analysis, as well as an auxiliary 4. Electronic potato equipment allows you to
record the magnitude of the acquired acceleration, as well as the impulse of the impact force
from its interaction with the working body. Studies to determine the places of damage on
the web of the rod elevator of the potato harvesting machine were carried out at different
values of the translational VEL of the speed of movement of the rod elevator [8,9]. To fix the
location and time of damage to the data logger 1, an Inspector Tornado DVR with a screen
resolution of 960 × 240 and a diagonal viewing angle of 150◦ mounted on a laboratory
tripod was fixed on the rod elevator [7,10].
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Figure 3. General view of the programmable tool “Electronic potato Tuber Log”: 1—data logger;
2—computer; 3—tablet computer; 4—auxiliary equipment.

The use of video recording of the movement of the data logger on the surface of the
bar elevator is due to the need to compare the time intervals obtained from the DVR with
the diagrams of the personal computer of the software tool “Electronic Potato Tuber Log”,
followed by their superimposition to determine the location of the greatest force impact of
the bar elevator on the data logger [11–14].

Experiments to assess the force effect of working bodies on potato tubers were carried
out on potato harvesting machines of the following brands: AVR-Spirit-6200 combine
harvester (Belgium, Roeselare), Dewulf RA-3060 combine harvester (The Netherlands,
Winsum), and Bolko combine harvester (Poland, Grudziądz). The methodology of con-
ducting experimental studies is as follows. Before conducting experimental studies on
the accounting plot, the physical and mechanical properties of the soil were determined:
moisture and hardness, according to the method of STO AIST 8.7–2013 “Machines for
harvesting vegetable and melon crops. Methods for assessing functional indicators” (STO
AIST 8.7–2013, et al.). The technological parameters of the potato harvesting machine before
the research were set to optimal operating modes, in which the depth hP of immersion of
the digging ploughshare into the soil was set below the depth of potato tubers in a range of
0.12–0.18 m, which is due to the depth of planting tubers. The translational speed VM of
the potato harvester movement in the course of experimental studies was set in a range
of 3–5.2 km/h. The optimal values of the translational VEL of the speed of movement
of the rod elevator of the potato harvesting machine under study were set in a range of
values from 3.6 to 6.4 km/h, due to the prevention of unloading of the tuberous pile on
the surface of the rod elevator. With the steady mode of movement of the web of the bar
elevator, the DVR was turned on, and the data logger “Electronic Potato Tuber Log” was
fed from container 2 for the preliminary placement of the pile. Consequently, after data
logger 1 (Figure 1) passed the surface of the bar elevator, the logger was turned off, the
studied factors were changed, and the experiment was repeated by the chosen research
plan. In order to determine the destruction of soil clods under the dynamic action of
the separating devices of the harvester, laboratory studies were carried out on a device
(simulator of dynamic effects) that simulates the operation of the cleaning devices of the
harvester (Figures 4 and 5). This specified device consists of a drum with rubberized rods 1,
a blade 2 and an open window behind it for loading and unloading a batch of test tubers.
Inside the drum, a finger slide 3 is installed above its axis, which allows you to change the
angle of inclination. Fixed walls are installed at the ends of the drum, designed to keep
tubers from rolling out of the drum and simulate the sides of the elevator and the sides of
other working bodies of potato harvesters. The device consists of a drum with rubberized
rods 1, with a blade 2 and an open window behind it for loading and unloading a batch of
test tubers. Inside the drum, a finger slide 3 is installed above its axis, which allows you to
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change the angle of inclination. Fixed walls are installed at the ends of the drum, designed
to keep tubers from rolling out of the drum and simulate the sides of the elevator and the
sides of other working bodies of potato harvesters.

Figure 4. Design and technological scheme of the device for assessing the suitability of varieties and
hybrids for mechanized harvesting: 1—rod drum; 2—blade; 3—finger slide; 4—shaker.

Figure 5. A general view of the laboratory installation for assessing the force effect of a mock-up
sample of a device for assessing the suitability of varieties and hybrids for mechanized harvesting:
1—a support platform; 2—a control cabinet; 3—a drum; 4—a personal computer; 5—a data recorder;
6—a finger slide.

The separating devices imitate the instantaneous impact that takes place in the field
by changing the rotational speed of the bar drum 3 and the translational speed of the finger
slide 6.

The estimated number of cycles is determined based on the correspondence between
the number of drops and the path travelled by potato tubers along the elevator of the potato
harvester and the simulator. The determinant of damage to tubers works as follows: A
portion of the test potato tubers is placed in the rod drum 1 through the window. When
the drum rotates clockwise, blade 2 captures the tubers and lifts them to a predetermined
height, which is set by changing the angle of inclination of the blade. With further rotation
of the drum, the tubers fall on finger slide 3, simulating the drops and movement of tubers
along the combine’s hedgehog conveyors. From finger slide 3, the tubers roll down onto
the rubberized rods of the drum (imitation of another drop) along which they roll until
they return to blade 2, simulating the elevator of a potato harvester. When rolling over the
inner surface of the drum, the tubers bump into rod 4, simulating the elevator shaker. Fixed
sidewalls at the ends of the drum keep the tubers from rolling out of the drum and the
finger slide while imitating the sidewalls of the elevator and the finger conveyors of potato
harvesters. Then the cycle repeats. When the set number of cycles is counted, the drum is
reversed and the tubers are poured out through the window into the receiving container
and the movement of the drum is automatically turned off. The estimated number of cycles
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is determined based on the correspondence between the number of drops and the path
travelled by potato tubers along the elevator of the potato harvester and the simulator.
Experimentally, the number of cycles for each type of potato harvester is specified by the
calibration method when harvesting potatoes in the field. The height of the differences on
the simulator is limited by the design dimensions of the drum and must correspond to
the differences in potato harvesters. A greater fine-tuning of the damage simulator for a
specific harvesting machine is achieved by changing the angle of rotation of blade 2 and
the location of the finger slide 3 of the simulator.

Experimental studies on the assessment of the force effect on potato tubers were
carried out on a mock-up sample of a device for assessing the suitability of varieties and
hybrids for mechanized harvesting, the design and operating principle of which were
developed at the FSBI FSAC VIM (Figure 5).

The electronic potato allows you to record the magnitude of the acquired acceleration,
as well as the momentum of the impact force from its interaction with the working elements
of the laboratory installation.

In addition, using this device, experimental studies were carried out to determine the
dynamic impact on the destruction of soil clods.

The mass of the lump was determined with an accuracy of 0.1 g on an electronic
balance M-ER 122ACFJR-300.01 LCD (Figure 6).

Figure 6. Weighing the soil clod: 1—soil clod; 2—electronic scales M-ER 122ACFJR-300.01 LCD.

The dimensions of the soil clods were determined with a caliper (Figure 7), which
provides a measurement accuracy of 0.02 mm.

Figure 7. Determination of the dimensional characteristics of soil clods.

To determine the energy of destruction of soil clods, it is necessary to conduct studies
on the interaction of soil clods with the material of the separating surface of harvesting
machines in identifying the critical height of the fall of the destruction of the clod. To
conduct these studies, soil samples were prepared (Figure 8), corresponding to the moisture
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content during harvesting and formation of a monolithic soil layer (Figure 9) with the
appropriate dimensions: length (Lk = 5 cm), height (Hk = 5 cm), and thickness (Tk = 5 cm).

Figure 8. Soil sample diagram.

Figure 9. General view of the destruction of soil clods on the bars of the separating surface: 1—the
canvas of the rod elevator; 2—reference scale; 3—soil sample.

When carrying out studies on the energy of destruction of soil clods, the moisture
content of the studied soil samples varied from 10 to 24% with an interval of variation
towards an increase of 1% via the method of surface moistening and its determination by
the thermostatic-weight method.

3. Results and Discussion

Therefore, an assessment of the graphical dependencies (Figure 2) obtained during
experimental studies on the Bolko S combine harvester is distinguished by the most “gentle”
force effect of the working bodies of the harvesting machine on the tuberous pile, where
throughout the entire cleaning process, there is a minimal force effect on the separated
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products in a range from 3 N to 6.5 N, which is 28–31% of the maximum force effect of
the working bodies of the AVR-Spirit harvesting machines-6200 and “Dewulf RA-3060”
(Figure 10) [14].

Figure 10. Structural and technological scheme of the Bolko combine harvester: 1—frame; 2—
vertical discs; 3—digging ploughshare; 4—support wheel; 5—main elevator; 6—shaker; 7—transverse
elevator; 8—bulkhead table; 9—hopper [15].

The conducted analysis of the experimental data presented in Figure 9 allows us to
conclude that in the process of soil separation, tubers certainly interact with the active and
passive working organs of the potato harvester.

Therefore, tubers fall during the passage of the shaking section on the bars of the
elevator and during the transition from one elevator to another, which is reflected in the
graphical dependencies presented above.

At differences from one elevator to another, tubers fall from a height of no more than
0.2 m, which corresponds to a collision speed of 1.9 m/s and satisfies the permissible
collision speed of tubers with working bodies (2.2 m/s). The speed of collision of tubers
thrown by the bars of the elevator from the impact of the shaker, with the vertical component
of the speed of the bars of the elevator 0.7 m/s or more, will be more than 2.6 m/s, which
is higher than the permissible speed of collision of tubers with the working bodies of
machines. As a result, tubers are damaged in this area.

Each parameter of the size/mass characteristics was measured in triplicate, after which
the average values of mass measurements were used to estimate the variation series.

At the same time, the concepts and elements generally accepted in variation statistics
to characterize the variation series were used: average variation—X, standard deviation—σ,
and coefficient of variation—ν. Each of the main elements was determined according to
the known formulas of variation statistics.

This made it possible to determine the accuracy of the experimental data and to
establish the acceptable limits within which they were sufficiently reliable.
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To determine the number of intervals (K) for varying the values of the parameters of
the size/mass characteristics of tubers, we used the empirical relationship [2,16].

K =
√

n (1)

where n is the number of tubers, pcs.

K =
√

100 = 10

The sampling range can be expressed as:

R = xmax − xmin, (2)

where xmax and xmin denote the maximum and minimum values of the investigated feature.
The interval of the investigated feature is calculated as follows:

D = R/K (3)

The size/mass characteristics of tubers combine the following features: the shape, size,
and weight.

While planning a multifactorial experiment, it is necessary to analyze and determine
the input parameters of the sorting process, which most significantly affect the quality indi-
cators of the sorting. The selected factors should be controllable, unambiguous, compatible,
independent, and the accuracy of measurements of the factor levels should be higher than
the accuracy of the optimization parameter values.

When studying the process of separation of soil impurities and damage to potato
tubers, factors were identified, the total number of which was initially 15, which covered
the technological, design parameters of the separating devices, as well as the physical and
mechanical properties of the soil.

As the results of studies of the fractional composition of soil clods show, one should
take into account the fact that within one fractional group, there are also soil clods that
differ in mass within one accounting plot (sampling in the harvester bunker was carried
out every 15 m of movement). The mass of soil clods during the research is displayed in
the diagrams in Figure 11.
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Figure 11. Cont.
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Figure 11. Fractional composition and mass of soil clods.

Analysis of the diagrams presented in Figure 9 indicates that within one fractional
group, the mass of soil clods differs by an average of 10–15.4%, which should be explained
by the distinctive physical and mechanical properties of soil clods, even within the same
sample taken and the pattern of mass change soil clods is probabilistic in nature.

At the same time, it should be noted that the strength properties of soil clods and
the boundaries of their destruction, depending on the density and moisture content, were
determined under a five-fold dynamic impact, based on the condition of destruction of at
least 90% of soil clods.

At the same time, the allowable loads were limited by the condition of tuber damage:
the maximum allowable fall height on the metal lattice surface is not more than 0.25 m; the
value of static compression is within 200–250 N. The results of the studies of the destruction
of the soil layer are presented in Table 1.

Conducting research on the dynamic destruction of soil clods was carried out when
determining the mass of a soil sample of clods, the probability of the appearance of a
fractional composition of which is the greatest, namely, 20, 25, and 30 mm.

The results of the studies on the force impact of the working bodies of harvesters on
damage to potato tubers and the destruction of soil clods indicate that the implementation
of the process of destruction of soil clods on the separating devices of modern machines for
harvesting root crops is not possible, due to the limiting correlation—wearing the injury
rate of tubers up to 18 N, which does not allow one to ensure the destruction of the soil
clod, the minimum value of the dynamic impact of which is 243.6 N, which exceeds the
maximum allowable force effect exerted on the potato tuber by 2.3-times.

The correlation dependence of the statistical destruction and density of soil clods on
their moisture content is represented by a system of expressions:

{
PK(W) = 326.14 − 9.54W + 0.27W2

ρ(W) = 2293.5 + 327.6W − 6.39W2 , (4)
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Table 1. The results of studies on the dynamic destruction of soil clods.

Absolute Humidity of
Leached Chernozem, %

Dynamic
Impact, H

Soil Density,
kg/m3

Soil Clods
Diameter, mm

Weight, g

18 243.6 1430 20.0 10.8

18 244.2 1540 25.0 46.6

18 242.8 1720 30.0 75.4

20 248.7 1530 20.0 12.4

20 246.2 1760 25.0 56.4

20 246.5 1840 30.0 78.7

22 253.4 1740 20.0 14.3

22 253.2 1850 25.0 58.7

22 253.6 1920 30.0 81.2

24 254.4 1830 20.0 16.2

24 254.8 1910 25.0 59.3

24 256.6 1950 30.0 81.7

26 261.5 1900 20.0 16.7

26 258.7 1930 25.0 61.2

26 262.6 1970 30.0 82.4

28 282.6 1920 20.0 17.1

28 283.8 1960 25.0 64.5

28 282.2 1980 30.0 83.2

30 287.4 1950 20.0 17.6

30 288.7 1970 25.0 67.2

30 287.6 1980 30.0 84.3

An analysis of the graphical dependence presented in Figure 12 allows us to state that
the strength and density of soil clods increase, depending on the increase in the absolute
moisture content of the soil, which is due to an increase in the plasticity and connectivity of
soil particles among themselves and the impossibility of their destruction.
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Figure 12. Dependence of the static destruction of soil clods on their density and moisture content.
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The results of studies of the destruction energy of the soil layer depending on soil
moisture and fall height are shown in Figure 13.
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Figure 13. Dependence of the specific potential energy of the destruction of soil particles on the
density, humidity, and height of fall.

The correlation dependence of the destruction energy of soil clods on their moisture
content and fall height is represented by a system of expressions:

{
H(W) = −18.21 + 49.12lgW
E(W) = −2684.87 + 7755.31lgW

, (5)

An analysis of the graphical dependence allows us to conclude that in a humidity
range of 12–21%, the strength of the lumps does not change significantly; with a higher
humidity, there is a sharp increase in the strength properties. With an increase in humidity
from 21% to 25%, the destruction energy increases from 6848.21 to 8386.21 J/m3. With
soil moisture above 25%, the height corresponding to the height of destruction was in a
range of 50–60 cm. These circumstances are explained by the presence of moisture, which
plays the role of a damper, which leads to swelling of soil particles and a decrease in the
intercolloidal distance between them and the absence of a violation of bonds between them.
The height corresponding to the destruction height and belonging to the central area of
the graph, with an absolute soil moisture content of 18–24%, is minimal and amounts to
37–41 cm. This should be explained by the physical maturation of the soil and an increase
in the connectivity between particles.

When studying the process of mechanized harvesting of potatoes, factors were identi-
fied, the total number of which was initially 15, which covered the technological, design
parameters of functioning elements, as well as the physical and mechanical properties of
the soil.

In view of the fact that it is impossible to cover the influence of all factors and their
interaction in studies, based on a priori information, as well as based on the specific
objectives of the study, the most significant factors affecting the quality of potato harvesting
were identified, which are presented in Table 2 and Figure 14.
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Table 2. Factors affecting the quality of potato harvesting.

Designation Name of Factors
Levels of Factor Variation

+1 −1

X1 Angle of inclination of the bar elevator β, hail 15 5
X2 Number of separators z2, things 6 2
X3 Physical and mechanical properties of the soil lC, things 5 2
X4 Forward speed of movement of separating devices vD, m/s 1.2 0.8

Figure 14. Scatter plots of levels of factors of the screening experiment.

To conduct a screening experiment, an experiment planning matrix was compiled
(Table 3) from a full factorial experiment, the formation of two half-replicas of the type 24−1.

Table 3. Planning matrix and screening experiment results.

Experience Number
Factors Criterion Optimization

X1 X2 X3 X4 Y Y1 Y2

1 − − − − 71.4 71.4 71.4
2 − − + + 95.2 95.2 95.2
3 + + + − 73.8 76.2 71.4
4 − − + − 80.9 85.7 76.2
5 + + − + 92.8 95.2 90.4
6 + − − − 85.7 85.7 85.7
7 + + − + 73.8 71.4 76.2
8 − + + + 85.7 85.7 85.7
9 − + − + 85.7 85.7 85.7
10 + − + − 90.4 90.4 90.4
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To evaluate the effects of factors, we construct a scatterplot. At the first stage, a selection
of factors was chosen X1 (angle of inclination of the bar elevator) и X2 (number of separators).

The effects of the selected factors were assessed using a multi-entry table. The numeri-
cal values of the effects were (Table 4):{

X7 = Y1+Y3
2 − Y2+Y4

2 = 72.6+75.3
2 − 92.8+92.8

2 = −18.85,
X8 = Y1+Y2

2 − Y3+Y4
2 = 72.6+92.8

2 − 75.3+92.8
2 = −1.35

(6)

Table 4. Table for calculating the effects of factors.

Factors Assessed +X7 −X7

+X8

73.8 90.4
71.4 92.8

- 95.2
∑ Y1 = 145.2 ∑ Y2 = 278.4

Y1 = 72.6 Y2 = 92.8

−X8

71.4 90.4
73.8 92.8
80.9 95.2

∑ Y3 = 226.1 ∑ Y4 = 278.4
Y3 = 75.3 Y4 = 92.8

The significance of the effects of the selected factors was checked by the t-test, the
calculation results of which are summarized in Table 5, and the numerical values were
tX1 = 2.28 и tX1 = 4.95.

Table 5. Table for calculating t—criteria.

№ Cells ∑Yi (∑Yi)
2 ∑Y2

i ni SR
2= ∑Y2

i
ni−1− (∑Yi)2

ni(ni−1)
,

SR2
ni

1 145.2 21,083.04 10,544.36 2 2.84 1.42
2 278.4 77,506.56 25,847.04 3 5.76 1.92
3 226.1 51,121.21 17,089.17 3 24.38 8.12
4 278.4 77,506.56 25,847.04 3 5.76 1.92

If the selected factor is significant, the tabular value of the t-test should be less than
the calculated one. Tabular value of t (criterion) for the number of degrees of freedom f = 7
At 5%th level of significance t0.05 = 2.365, at 10% oм significance level t0.1 = 1.895.

Based on the calculation t (criterion), it can be concluded that the factor X1 and X2 is
significant, with a confidence probability 0.95.

After highlighting the effects of X1 and X2, the results of the experiment were corrected.
Based on the adjusted results of the optimization parameter, scatterplots were again

built, according to which the factors were visually identified X3 and X4. The numerical
values of the effects were: {

X3 = −12.23, tX1 = −1.05,
X4 = −6.45, tX4 = 2.82

(7)

Based on the calculation of the t-test, it can be concluded that the factor X4 is significant
with confidence probability 0.95, and the factor X1 significant for 5%, significant for 10%
the significance level of Student’s tabular test, respectively t0.05 = 2.447 and t0.1 = 1.943
with the number of degrees of freedom f = 6.

The results of the quantitative assessment of the selected factors are displayed in Table 6.
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Table 6. The results of the quantitative assessment of the identified factors.

Selection Stage Factors Importance of Factors
Estimated Value of

t—Criteria

According to initial data X1
X2

−18.85
−1.35

2.28 X

4.95 XX

After adjustment X3
X4

−12.23
−6.45

−1.05 XXX

2.82 X

X—significant to the level 0.05(t0.05); XX—significant to the level 0.1(t0.1); XXX—significant to a level less than 0.1.

Insignificant factors as a result of the screening experiment were eliminated and we
began to produce the search for the equation of the surface and the description of this surface.

As a result of calculating the regression coefficients, we obtained a linear equation for
the factors of the screening experiment:

Y = 98.65 − 0.007x10.015x2 − 0.085x3 (8)

Fisher’s calculated FP (criterion) was obtained when determining the adequacy of the
presentation of the results of the experiment using a polynomial of the first degree:

FP =
S2

LF

S2
y

=
0.0698
0.022

= 3.17 (9)

Tabular value of the Fisher criterion − FT с 95% probability for degrees of freedom
of the denominator fy = N·(k − 1) = 10·(3 − 1) = 20 and numerator fLF = N − n − 1 =
10 − 4 − 1 = 5 makes up F0.05 = 3.84.

The tabular value of the Fisher criterion FT is greater than the calculated value FT;
therefore, the adequacy hypothesis can be accepted.

Therefore, it is necessary to ensure the development of separating working bodies
of potato harvesters with fundamentally new principles of influencing the material being
cleaned, the implementation of which will ensure not only the separation of potato tubers
from soil clods but also reduce damage to marketable products from interaction with soil
clods. The results of the studies obtained are consistent with the previously known data on
the development and testing of machines in terms of cleaning marketable products of root
and tuber crops. Further, the design of the separating rod elevator, which is a separation
intensifier, contains within it a passive two-shoulder shaker 4 located under the upper
branch of the web of the rod elevator 3 [14].

The disadvantages of the well-known design of the rod elevator include increased
damage to root crops during the transition from one cascade to another, as well as the
inability to disperse the pile of root crops over the entire width of the conveyor [15].

4. Conclusions

The results of the experimental studies carried out indicate the prospects of the work
performed in the direction of obtaining knowledge of the physical and mechanical properties
of the tuberous heap in order to create devices that ensure the separation of marketable potato
products from soil clods in the development of modern machines for harvesting potatoes.

It has been established that in a humidity range of 12–21%, the strength of the lumps does
not change significantly; at higher humidity, a sharp increase in strength properties occurs.

With an increase in humidity from 21% to 25%, the destruction energy increases from
270 to 288 N. With soil moisture above 25%, the height corresponding to the destruction
height was in a range of 50–60 cm. These circumstances are explained by the presence of
moisture, which is the role damper, which leads to swelling of soil particles and a decrease
in the intercolloidal distance between them and the absence of a violation of the bonds
between them.
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The height corresponding to the destruction height and belonging to the central area
of the graph, with an absolute soil moisture content of 21–27%, is minimal and amounts to
37–41 cm. This should be explained by the physical maturation of the soil and an increase
in the connectivity between particles. In addition, the results of the studies obtained made
it possible to establish that, regardless of the types of loads, the influence of density and
moisture content on the strength properties of soil clods can be traced significantly.

The greatest destruction of soil clods is provided at a moisture content of 22–24%,
which should be explained by the formation of the physical ripeness of the leached cher-
nozem. In addition, a decrease in soil moisture leads to a more intensive gluing of soil
particles among them and, consequently, an increase in the force effect on the soil lump for
its destruction. Under dynamic impact, soil clods with a density of 1600–1700 kg/m3 are
destroyed and under static compression—1300–1400 kg/m3 at a moisture content of soil
clods of 22–24%.

This, in our opinion, is explained by the fact that vibration provides a more targeted
development of cracks due to the constancy of the impact of external forces in a certain
(limited) clod zone, which will ensure more efficient removal of soil clods and an increase in
the purity of the tuberous heap. On heavy soils with high humidity, the use of destructive
devices using the static compression method is also impractical.

The novelty of this study lies in obtaining empirical dependences of the physical and
mechanical properties of soil clods on their size and mass parameters, with the possibility
of changing the size of soil clods as a result of force action to the passage values of fractions
through the separating devices of the harvesting machine.

The results of the research carried out will ensure the development of automated
separating devices with an adaptive force effect of the cleaning executive elements on soil
clods, with their physical and mechanical properties changing during the technological
process of potato harvesting.
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Abstract: In this work, we synthesized Mn4+-doped CaSb2O6 phosphors using the conventional
solid-state reaction method for plant growth lighting applications. The morphological, structural, and
optical properties were analyzed based on the results obtained from scanning electron microscope,
X-ray diffraction, and spectrophotometer. The results of the spectrophotometer illustrate that the
phosphors showed a red emission band in 550–800 nm wavelength range with peak maxima at
642 nm. The red emission in these phosphors is attributed to the 2Eg → 4A2g transition of Mn4+ ions.
The emission intensity is increased with the doping of a charge compensator. The emission range
of the phosphor covers the absorption range of photosynthetic pigments such as chlorophyll a,
chlorophyll b, phytochrome Pr, and phytochrome Pfr. The results signify that the prepared phosphor
materials are suitable candidates for application in plant growth lighting.

Keywords: transition metal; charge compensator; red emission; artificial lighting; photosynthetic pigments

1. Introduction

Recently, luminescent materials have been the focus of interest of the research commu-
nity due to their vast suitability for applications, namely, display, solar cells, biomedical,
sensing, etc. [1–3]. The benefits of these luminous materials in a variety of applications
have prompted scientists to look for new and better materials with enhanced luminescence
capabilities [4]. This artificial luminescence is used for plant growth and development
in greenhouses [5]. The lighting conditions in plant growth are directly related to the
success of the production. Plant lighting demand and energy usage are growing in tandem
with the advancement of modern agriculture. Generally, in plant production systems,
traditional light sources such as fluorescent lamps, incandescent lamps, and high-pressure
sodium lamps are used [6]. However, traditional light sources were primarily designed
to support human activities based on the sensitivity of the human eye rather than the
absorption spectra of plants. This type of traditional lamp for crop systems suffers from
high energy consumption and a serious spectral mismatch between its emitting spectra
and the absorption spectra of plants. Hence, light-emitting diodes (LEDs) have become an
unavoidable choice in comparison to traditional light sources due to their quick response
time, long lifetimes, energy savings, low cost, and reliability [7–9]. LED wavelengths can
be modified using various phosphors to fit the spectral range of plant photosynthesis
and photo morphogenesis, potentially affecting plant growth and development through
modulating phytochrome. It is known that light impacts various developmental processes
in plants, including seed germination, blooming, fruiting, and other morphogenesis, in
addition to being a vital energy source for photosynthesis [10,11]. Blue (400–500 nm), red
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(620–690 nm), and far-red (700–740 nm) lights are responsible for photosynthesis, pho-
totropism, and photo morphogenesis, respectively [12]. It is important to note that plants’
photoreceptor systems are particularly sensitive to red and far-red light, which are involved
in the entire growth process [13,14]. As a result, the spectrum required for plant growth
must correspond to that of photosensitive pigments.

Typically, Eu3+- and Eu2+-doped phosphors were reported for red emission. Eu3+-doped
materials show sharp and narrow peaks with peak maxima in the wavelength range of
610 to 620 nm, which is considerably far from deep to far-red emission [15,16]. Similarly,
Eu2+doped nitride phosphors are also confined due to precise and rigorous synthesis
conditions and the high cost of rare-earths [17,18]. To overcome difficulties, transition
metal ions such as Cr3+, Mn4+ can be chosen as alternative dopants for plant growth
applications [19–21]. In this work we studied the optical properties of Mn4+doped CaSb2O6
materials. Mn4+ with a 3d3 electronic configuration generally stabilizes in an octahedron
environment in most of the host materials. The optical properties of Mn4+ ions were sig-
nificantly affected by the crystal field which is stronger in oxide- than in fluoride-based
host materials [22]. The Mn4+ doped host materials show a broad excitation band due to
the O2−-Mn4+ charge transfer and the 4A2g → 4T1g, 4A2g → 2T2g, and 4A2g → 4T2g transi-
tions. Likewise, the emission is seen in the red region (550–800 nm) due to the 2Eg → 4A2g

transition of the Mn4+ ion [23]. On this account, we can say that the similarity of the red or
far-red emission of the Mn4+ doped oxide host materials and the desired spectral range
of plants make the Mn4+ doped oxide materials an ideal choice for the LED application of
plant growth.

In this context, we prepared an Mn4+doped CaSb2O6 (CSO: Mn4+) sample using the
conventional high-temperature solid-state method. The sample was characterized to study
the crystal structure, morphology, elemental composition, and luminescence properties. The
emission of the CSO: Mn4+ sample was further compared with the absorption spectra of the
photosensitive pigments of the plant to portray their use for plant growth LED application.
Furthermore, the effect of the charge compensator on the luminescence properties was also
studied.

2. Materials and Methods

2.1. Experimental Procedure

The Mn4+doped CaSb2O6 (CSO: Mn4+) phosphors with different concentrations
(CaSb2-xO6: xMn4+ (x = 0.25, 0.5, 0.75, 1, 2, and 3 mol %)) were prepared by a conventional
solid-state reaction method. All analytical grade chemicals, i.e., calcium carbonate (CaCO3),
antimony oxide (Sb2O3), and manganese carbonate (MnCO3) were purchased from Sigma
Aldrich Co, Gangnam-gu, Seoul, Korea. Raw materials were used as received without
further purification. Initially, the stoichiometric ratios of the desired raw materials were
weighed and put in an agate mortar for grinding with the support of the pestle. After
homogeneous mixing, the powders were carefully transferred to alumina crucibles and
calcined at 1000 ◦C for 6 h. After the completion of the calcination process, the obtained
powders were ground smooth for characterizations.

2.2. Characterizations

The crystal structure of the optimized Mn4+activated CaSb2O6 (CSO: 2Mn4+) phosphor
sample was analyzed by X-ray diffraction (XRD) (Mac Science, M18XHF-SRA, Yokohama,
Japan) with Cu kα (λ = 1.5406 Å). The morphology of the CSO: 2Mn4+ phosphor sample
was studied using a field-emission scanning electron microscope (FE-SEM) (ZEISS, LEO
SUPRA 55, Oberkochen, Baden-Württemberg, Germany). The elemental analysis was
performed using an energy dispersive X-ray (EDX) spectrometer attached with FE-SEM.
The oxidation states of the elements were found using X-ray Photoelectron spectroscopy
(XPS) (K-alpha, Thermo electron, Gangnam-gu, Seoul, Republic of Korea). The photolu-
minescence excitation (PLE) and PL emission (PL) properties were investigated using a
Sinco FluoroMate FS-2 spectrofluorometer, Gwangju, Korea. The lifetime was measured on
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a Photon Technology International (PTI) fluorimeter, Kyoto, Japan, which was equipped
with a phosphorimeter attachment to the main system along with a 25 watt Xe-flash lamp.

3. Results and Discussion

Figure 1 shows the morphology and composition analysis of the CSO: 2Mn4+ sample.
The FE-SEM image shown in Figure 1a depicts that the particles formed were of sub-
micrometer size. The particles have irregular shapes with a smooth surface. The elemental
analysis of the as-prepared sample was performed using the EDX attachment of FE-SEM.
The EDX spectrum of the sample is shown in Figure 1b and contains all elements, i.e., Ca,
Sb, O, and Mn. The Ca, O, and Mn occupy K-shell and show peaks at 3.7, 0.52, and 5.9 eV,
respectively. Sb and Mn occupy the M-shell and show peaks at 0.73 and 0.64 eV, respectively,
and Mn also occupies the K shell with a peak at 5.9 eV. Elemental mapping of a small area
is also presented in the figure which shows the elemental distribution in the sample. From
Figure 1c–f it can be said that the elements Ca, Sb, O, and Mn were uniformly distributed
in the sample. A layered image of all the elements present in the sample for the measured
area is shown in the inset of Figure 1b.

Figure 1. (a) FE-SEM image, (b) EDX spectrum, and elemental mapping of elements (c) Ca, (d) Sb,
(e) O, (f) Mn. Inset of (b) shows a layered image of all the elements present in the sample.

The XRD pattern of the CSO: 2Mn4+ sample is shown in Figure 2a. The XRD pattern
shows sharp diffraction peaks with major peaks at 2θ values of 17.62◦, 19.53◦, 26.44◦,
34.17◦, 38.71◦, and 50.27◦ which corresponds to (001), (100), (101), (110), (2-11), and (2-12)
planes, respectively, with other minor peaks at higher 2θ values. All the diffraction peaks
of the sample match well with the standard JCPDS card #46-1496. The results show the
sample crystallized in a hexagonal system with a space group of P -3 1 m (162). The lattice
parameters of the sample are a = b (Å): 5.24, c (Å): 5.02, and V (Å3): 119.42 [24].

The crystal structure of the sample was drawn using diamond software and is shown
in Figure 2b. The crystal structure shown in the figure contains alternating layers of
CaO6 octahedra and SbO6 octahedra. Each of the SbO6 octahedra share corners with
six CaO6 octahedra, on the other hand, each CaO6 octahedra shares corners with twelve
SbO6 octahedra. The length of all Ca–O bonds is 2.43 Å and the lengths of all Sb–O
bonds are 2.02 Å. Generally, Mn4+ occupies and stabilizes in an octahedral site with 6-fold
coordination [25] but, in this structure, both Ca and Sb form octahedra coordination, but the
ionic radio of Ca is 1.00 Å and Sb is 0.6 Å, while it is 0.53 Å for Mn. Usually, the difference
of ionic radii between the dopant and the host atom should not be more than 30% which
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suggests that Mn will be doped in the Sb site rather than the Ca site. The oxidation states
of the elements present in CSO: 2Mn4+ sample were studied using the results obtained
from XPS. The survey scan spectrum and high resolution Ca 2p, Sb 3d, O 1s, and Mn 2p
were shown in Figure 2c. The survey scan spectrum taken in the binding energy range of
0–1300 eV shows peaks of all elements at respective binding energy values. The extrinsic
hydrocarbon environment during the XPS measurement results in the visibility of C 1s
peak around 280 eV in the survey scan spectrum. High resolution spectrum of Ca 2p shows
two peaks at 349.5 and 346.03 which correspond to Ca 2p1/2 and Ca 2p3/2, respectively.
Similarly, the high resolution spectrum of Sb 3d shows three peaks at binding energy values
of 538.65, 531.89, and 529.3 eV. The peaks at 538.65 and 529.3 correspond to Sb 3d3/2 and
Sb 3d5/2, respectively, and the peak at 531.89 eV belongs to O 1s. The high resolution
spectrum of Mn 2p in the binding energy range of 660–630 eV shows high noise to signal
ratio as the doping concentration of Mn in the host lattice is nominal.

Figure 2. (a) XRD spectrum, (b) crystal structure, and (c) XPS results of CSO: 2Mn4+.

The room temperature photoluminescence excitation (PLE) spectrum of the CSO:
2Mn4+ is shown in Figure 3a.
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Figure 3. (a) PLE, (b) PL, (c,d) Gaussian fitting results and (e) 3D luminescence of CSO: 2Mn4+. Inset
of (b) shows a graph of intensity variation with different concentrations of Mn4+.

The PLE spectrum shows broadband ranging from 200 to 400 nm with peak maxima
located at 340 nm. The broadband is attributed to the spin-allowed transitions which have
large electron-phonon coupling, i.e., 4A2g → 4T1g and Mn4+-O2- charge transfer. As can be
seen from the Gaussian fitting results (Figure 3c), the broad band can be de-convoluted
into two peaks, of which the charge transfer band is dominant, which is centered at
305 nm. Weak bands arising from the 4A2g → 2T2g and 4A2g → 4T2g electronic transitions
are observed in the longer wavelength region (magnified in Figure 3a) and the results
are in accordance with previous reports [21,26]. These results confirm that the Mn is in
+4 oxidation state in the host material. On the other hand, the photoluminescence (PL)
spectrum of the sample is shown in Figure 3b. The Mn4+-doped sample when excited at
340 nm shows a bright far-red emission band ranging from 575 to 800 nm with a peak
maximum at 642 nm. The band observed is due to the spin-forbidden 2Eg → 4A2g electronic
transitions in Mn4+ ions. However, the broadband splits into two peaks when fitted with
a Gaussian function (Figure 3d) with peak maxima at 636 and 688 nm corresponding
to the 4T1g → 4A2g and 2Eg → 4A2g electronic transitions, respectively. The results are
consistent with the previous reports of Mn-doped oxide materials [26–29]. To determine
the optimal doping concentration of Mn4+ ions, the host sample was doped with different
concentrations and the PL spectra was measured. As the concentration of Mn4+ increases,
the PL intensity increases and reaches the maximum at a concentration of 2 mol% and then
decreases with further increase in concentration (inset of Figure 3b). This observed decrease
in concentration is due to the quenching effect caused by the energy migration between
neighboring Mn4+ activator ions. There are several reasons for the concentration quenching
effect; as the PLE and PL spectra do not overlap, the re-absorption of radiation will not be
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one among them. So, to further evaluate, the critical distance (Rc) between the two Mn4+

ions was calculated. If the Rc value is less than 5 Å, the exchange interaction is dominant
and the multipole-multipole interaction will be dominant if the value is greater than 5 Å.
The ionic radii of Sb and Mn are almost similar, and very dilute concentrations were doped
into the host lattice. Therefore, this does not affect the volume of the unit cell much, and the
critical concentration is Xc = 0.02. The critical distance calculated was found to be 15.6 Å
which depicts that the multipole-multipole interaction is dominant in the concentration
quenching effect [30,31]. On the other hand, the three-dimensional (3D) spectra of the CSO:
2Mn4+ sample were obtained to confirm the broad excitation and narrow emission of the
sample. The contour line and 3D surface plots were shown in Figure 3e. The 3D surface
plot was measured in the wavelength range of 400–800 nm for each nanometer excitation
wavelength from 200 to 500 nm. From the contour line and 3D surface plots we can say
that emission is only observed with lower excitation wavelengths, and at higher excitation
wavelengths, i.e., above 380 nm, there is no emission observed. Strong red emission is
observed in the excitation wavelengths range of 320–350 nm.

Figure 4 shows the Tanabe-Sugano energy level diagram of Mn4+ which is generally
used to examine the luminescence mechanism. In general, the 3d3 electronic configuration
of Mn4+ ions make them sensitive to the surrounding crystal field. To explain the effect
of the crystal field strength on the PL properties of the CSO: Mn4+ phosphors, the Racah
parameters and crystal field strength (Dq) are estimated. The Dq value can be estimated
with the support of the 4A2g → 4T2g peak energy (23,753 cm−1) according to the following
calculation:

Dq = E

(4A2g → 4T2g
)

10
(1)

Then, the Racah parameter can be evaluated by using the peak energy difference
between the 4A2g → 4T1g and 4A2g → 4T2g transitions by the following equations:

Dq

B
=

15(x − 8)
(x2 − 10x)

(2)

x = E
(

4A2g → 4T1g

)
− E

(4A2g → 4T2g
)

Dq
(3)

The Racah parameter C can be estimated by the peak energy of the 2Eg → 4A2g
emission transition using

E

(2Eg → 4A2g
)

B
=

3.05C
B

− 1.8B
Dq

+ 7.9 (4)

According to Equations (1)–(4), the values of Dq, B, and C were estimated to be 2375.3,
502.96, and 3525.67 cm−1, respectively. The Dq/B value estimation will decide the presence
of Mn4+ in strong or weak crystal filed [32]. The calculated Dq/B was found to be 4.72. The
obtained result shows that the Mn4+ ions are placed in a strong crystal field in CSO host
lattice. Furthermore, the nephelauxetic ratio (β1) shows a substantial effect on the position
of 2Eg energy level in a different host which can be obtained using the equation as shown
below:

β1 =

√(
B
Bo

)2
/
(

C
Co

)2
(5)

Bo and Co are the Racah parameters of Mn4+ free-ions, which are 1160 and 4303 cm−1,
respectively. The β1 value calculated for CSO: 2Mn4+ was found to be 0.927.

Figure 5 shows the comparison of the emission spectrum of CSO: 2Mn4+ and the
absorption spectra of chlorophyll a and chlorophyll b.
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Figure 4. Tanabe-Sugano energy level diagram of Mn4+.

Figure 5. (a) Comparison of PL spectrum of CSO: 2Mn4+ and absorption spectra of chlorophyll a and
chlorophyll b. (b) PLE and PL spectra of Na+-doped CSO: 2Mn4+.

When analyzing the figure, we can say that there is a significant overlap between
the emission spectrum of CSO: 2Mn4+ and the absorption spectra of chlorophyll a and
chlorophyll b in the red region. Generally, chlorophyll is the green pigment of plants
that absorbs the incident light and converts it into usable energy through a process called
photosynthesis. On the other hand, the emission spectrum also overlaps with the absorption
spectra of phytochrome Pr and phytochrome Pfr. Pr is the inactive form and converts to
the active Pfr form on the absorption of red light and Pfr converts back to the inactive Pr
form on absorption of far-red light or in the absence of light [33]. The results indicate
that the CSO: 2Mn4+ sample, which has the potential to produce red light, can tune and
accelerate the plant growth cycle and the carbohydrate yield. Furthermore, the effect of a
charge compensator on the luminescence property of the CSO: Mn4+ sample was studied
by doping Na+ ions in the host lattice. Usually, the ionic radii of the charge compensator
should be more than the dopant ion, otherwise the charge compensator easily occupies the
Sb site more than the actual dopant ion and decreases the concentration of Mn4+ at the Sb
site [34,35]. The ionic radio of Na+ and Mn4+ are 1.02 and 0.53 Å, respectively. So, when
Na+ was doped along with Mn4+ ions at the Sb site, an increase in the intensity i.e., both in
PL and PLE spectra, was observed.

Figure 6a shows the decay profiles of the CSO: 2Mn4+ and CSO: 2Mn4+, Na+ samples
for excitation and emission wavelengths of 340 and 642 nm, respectively. The Mn4+ single
doped sample best fit with the single exponential function as shown below:

I(t) = Io + Ae
−t
τ (6)
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where Io and I(t) are initial luminescence intensity and luminescence intensity at time t,
A is fitting constant and τ is decay time. The CSO: 2Mn4+ sample shows a decay time of
2111.51 μs. Similarly, CSO: 2Mn4+, Na+ sample was fitted for a double exponential function
as shown below:

I(t) = Io + A1e
−t
τ1 + A2e

−t
τ2 (7)

where A1 and A2 are fitting constants and τ1 and τ2 are short and long decay times. The
obtained τ1 and τ2 values are 431.47 and 1968.78 μs, respectively. The short and long life
times indicate the presence of Mn4+ ions near and far from the charge compensation defects,
respectively [36]. Figure 6b shows the CIE chromaticity diagram where the CIE values
were plotted. The CIE values were calculated from the emission data (400–800 nm) of CSO:
2Mn4+ and CSO: 2Mn4+, Na+ samples obtained at the excitation and emission wavelengths
of 340 and 642 nm, respectively. The calculated color coordinates for Mn4+ (0.6107, 0.3313)
and Mn4+- and Na+- (0.6338, 0.341) doped samples, respectively. The inset of Figure 6b
shows photographic images of powder samples under 365 nm ultraviolet light.

Figure 6. (a) Decay curves of CSO: 2Mn4+ and Na+-doped CSO: 2Mn4+, (b) CIE chromaticity diagram
for the prepared phosphors. The inset of (b) shows the powder images under 365 nm ultraviolet lamp.

4. Conclusions

In summary, the CSO: Mn4+-doped phosphors were prepared using a conventional
solid-state reaction method. The powders were characterized using different techniques,
and the results were analyzed. The samples crystallized in a hexagonal system with a
space group of P -3 1 m (162). The diffraction peaks matched well with the standard values,
and no other impurities or peaks related to other phases were observed. SEM and EDX
analysis showed that the particles are in the sub-micrometer range and the elements were
uniformly distributed throughout the sample. The PLE spectrum displays that the sample
can be effectively excited at 340 nm wavelength. The strong red emission centered at
642 nm is mainly due to the spin-forbidden 2Eg → 4A2g electronic transitions in Mn4+ ions.
The optimum doping concentration is found to be 2 mol%, and thereafter concentration
quenching was observed, which is due to the multipole-multipole interaction. In addition,
a charge compensator (Na+) doping increased the emission intensity by 35%. The emission
results match well with the absorption range of chlorophyll a, chlorophyll b, Pr, and Pfr,
indicating that the materials are suitable candidates for plant growth LED applications.
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Abstract: Due to complex environmental factors such as illumination, shading between leaves and
fruits, shading between fruits, and so on, it is a challenging task to quickly identify red jujubes
and count red jujubes in orchards. A counting method of red jujube based on improved YOLOv5s
was proposed, which realized the fast and accurate detection of red jujubes and reduced the model
scale and estimation error. ShuffleNet V2 was used as the backbone of the model to improve model
detection ability and light the weight. In addition, the Stem, a novel data loading module, was
proposed to prevent the loss of information due to the change in feature map size. PANet was
replaced by BiFPN to enhance the model feature fusion capability and improve the model accuracy.
Finally, the improved YOLOv5s detection model was used to count red jujubes. The experimental
results showed that the overall performance of the improved model was better than that of YOLOv5s.
Compared with the YOLOv5s, the improved model was 6.25% and 8.33% of the original network in
terms of the number of model parameters and model size, and the Precision, Recall, F1-score, AP,
and Fps were improved by 4.3%, 2.0%, 3.1%, 0.6%, and 3.6%, respectively. In addition, RMSE and
MAPE decreased by 20.87% and 5.18%, respectively. Therefore, the improved model has advantages
in memory occupation and recognition accuracy, and the method provides a basis for the estimation
of red jujube yield by vision.

Keywords: count red jujubes; red jujube; improved YOLOv5s; ShuffleNet V2 Unit; Stem; BiFPN

1. Introduction

Chinese red jujube is a kind of characteristic fruit which is famous for its various
nutritional ingredients [1]. With the increasing demand for red jujubes, it is more and more
important to count red jujubes so as to provide a basis for the estimation of jujube yield
through vision. Due to the increasing supply of red jujubes, the count of red jujubes will
play an important role in the planting and production management. Therefore, it is of great
significance to realize the count of red jujubes, and it will help improve the utilization rate
of red jujubes. However, the development of artificial intelligence, it provides a new way
to solve the problem of low fruit production efficiency [2].

It is an important task of orchard management to estimate the fruit yield by counting
the number of fruits. Deep learning has become a potential tool for counting the number
of fruits, and It enables automatic feature extraction from data sets. At the same time, by
extracting the basic parameters of crop growth, intelligent agricultural technology enables
farmers to estimate crop yield, thus reasonably arranging the production and processing
of red jujubes [3]. Machine learning methods, such as the Watershed algorithm [4] and
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the kalman filter algorithm [5], are widely used to count fruit. However, because the
supervised learning method in machine learning can’t capture the nonlinear relationship
between input and output variables and the uncertainty of the crop environment, it is
difficult for traditional machine learning methods to develop a reliable crop counting
model. However, in recent years, the progress of technology has made it possible to develop
advanced crop counting models by using deep learning. Shileiliu et al. [6] proposed a light
target detection YOLOv5-CS model, which could realize the object detection and accurate
counting of green citrus in the natural environment. The map of the model was 98.23%.
ZhangYanchao et al. [7] used the YOLOX target detection network to detect and count the
holly fruits, and the map was 95%.

Owing to the improvement of computer hardware and the development of computer
vision technology, deep learning has been widely used in various industries [8–10]. Object
detection algorithm based on deep learning mainly includes One-Stage and Two-Stage. The
first type is the detection algorithm based on candidate region, such as R-CNN (Region-
Convolutional Neural Networks) [11], Fast R-CNN (Fast Region-Convolutional Neural
Networks) [12], Faster R-CNN (Faster Region-Convolutional Neural Networks) [13]. The
second kind regards the detection of target position as a regression problem and directly
uses CNN (Convolutional Neural Network) for images, such as SSD (Single Shot Multi-Box
Detector) [14,15], YOLO (You Only Look Once) [16–19].

Computer vision technology has also been widely used in various fields [20–23]. The
image processing technology is one of the key technologies in precision agriculture, and it
is mainly used in classification, localization, and yield prediction [24]. Mulyono et al. [25]
proposed a texture extraction method based on a gray-level co-occurrence matrix that is
followed by a K-nearest neighbor for the classification of litchii. Sutarno et al. [26] adopted
similar ideas to extract texture information and then used the learning vector quantization
(LVQ) algorithm as the classifier to classify durian based on their color, shape, and texture.
The method was difficult to detect the subtle feature changes among different fruits, and the
accuracy of fruit classification was 89%. Zhao et al. [27] proposed a matching algorithm that
used the sum of absolute transformed differences (SATD) for fruit detection, followed by
the support vector machine (SVM) classifier. The accuracy of recognition reached more than
83%. Dorj et al. [4] proposed forecasting the yield of citrus yields. The method preprocessed
images by color space conversion and denoising then recognized and detected citrus and
counted citrus by the watershed segmentation algorithm. Other researchers have also
studied the fruit classification, identification, and count of fruits based on shape invariant
moments [28], decision trees [29], and Hough [30] combined with the texture and color of
fruits. The above methods use single features or multi-feature combinations with texture
features, shape size, and color differences of fruits to recognize fruits. The recognition
result is about 93% when the environment is complex, such as light changes, fruit overlap,
leaf occlusion, etc. In addition, the traditional machine learning algorithm is limited by the
result of the classifier of the algorithm itself, and it is difficult for the algorithm to complete
the object detection of fruit in a complex environment [31].

Due to the occlusion of fruit and leaves, the image transformation, and the background
switching in complex orchard environments, the deep learning-based object detection algo-
rithm can solve these problems quickly and effectively with its powerful learning ability and
feature representation capability. Fu et al. [32] proposed a deep convolutional neural network
detection model in which the improved Faster R-CNN was trained end-to-end by using back-
propagation, random gradient descent algorithm, and ZFNet (Zeiler and Fergus networks)
for kiwifruit detection. The experiment showed that the model could improve the accuracy of
fruit recognition to 96%. Liu et al. [33] fused RGB and NIR images to identify kiwifruit by
VGG16. The average detection precision of an image was 90.7%, and the detection time was
0.134 s on one image. Wang et al. [34] proposed an improved model of a lightweight detection
network of SSD. The model used a modified DenseNet network as the backbone to replace the
first three additional layers in SSD and incorporate a multi-level fusion structure. Compared
with the original model, the number of parameters of the improved model was reduced by
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11.14 × 106, and the average precision was increased by 2.02%. The classical deep learning
networks have been successful in fruit identification and detection. There are advantages
of high accuracy and efficiency in the identification and detection of fruits. However, the
networks are relatively large, which is not conducive to the application of mobile equipment
in the agricultural field. Many researchers have already studied the lightweight model. For
instance, Li et al. [35] applied the adaptive spatial pyramid to detect the green peppers and
the accuracy reached 96.11% in YOLOv4_tiny. Zhang et al. [31] used MobileNet-v3 as the
feature extraction network of YOLOv4-LITE. The improved model reduced the model size
and improved the detection speed. Therefore, it is feasible to reduce the weight of the model
while ensuring the precision of model detection.

The lightweight model will be beneficial to the application of agricultural mobile
equipment and realize the intelligence of agricultural equipment. In order to ensure the
detection accuracy of the model in complex unstructured orchards and counting fruit, a
counting method of red jujube based on improved YOLOv5s was proposed. The main goal
of this research was to reduce the size of the model while ensuring its detection accuracy
and speed in an embedded device. The effectiveness of counting red jujubes in a complex
environment was comprehensively considered from four aspects in this research

(1) ShuffleNet V2 was used as the backbone of the network to extract the feature map and
make the model lightweight.

(2) The Stem, a novel data loading module, was proposed to reduce data information loss
and improve model detection accuracy.

(3) The original PANet (Path Aggregation Network) structure was improved to BiFPN
(Bidirectional Feature Pyramid Network) for multi-scale feature fusion to enhance the
model feature fusion capability and improve the model accuracy.

(4) The improved YOLOv5s detection model was used to count red jujubes.

The second section introduced the method of making the dataset, the improved red
jujubes detection algorithm, the counting method of red jujubes, and the training of the
network. The third section introduced the test results of the model and the analysis
compared with other algorithms. In the last section, the counting methods of red jujubes
were summarized and prospect.

2. Materials and Methods

In this section, the acquisition and production of the dataset were mainly introduced.
Then, a detection algorithm based on the improved yolov5s of red jujube was proposed,
and a counting method for red jujubes was presented. Finally, the training method of the
network was introduced, as shown in Figure 1.

Figure 1. A counting method of red jujube based on improved YOLOv5s.
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2.1. Image Data Acquisition

The dataset of red jujube, including Jun jujube and Gray jujube, in this study, was col-
lected from a red jujube orchard from 5 October to 9 October in Alar City, Xinjiang, China.

Images of Jun jujube and Gray jujube were taken in a jujube orchard of the 13th
company of a group in Alar City, Xinjiang Uygur Autonomous Region. In order to ensure
the reliability of the experimental results, the jujube image dataset was collected, which
was under different illumination at 9:00 a.m., 3:00 p.m., and 9:00 p.m. for red jujubes.
The resolution of the images was 1080 × 1920 pixels, with a total of 1026 original images,
which included illumination changes, leaf shading, and fruit overlap. In order to improve
the robustness of this model, each image contained one or more different scenarios. The
distribution of the dataset is shown in Table 1.

Table 1. Distribution of dataset of red jujubes.

Dataset Grey Jujube Jun Jujube Total Number

illumination change images 136 190 326
leaf shading images 132 225 357
fruit overlap images 139 204 343

Total Number 407 619 1026

2.2. Data Preprocessing and Augmentation

The collection of data sets would affect the recognition effect of the target detection model.
The more sufficient and comprehensive the data set is, the better the generalization ability
and robustness of the model. Therefore, the number of samples could be expanded by data
amplification. In order to truly simulate the shooting of red jujube in a complex environment
and apply it to the detection network, this research used Opencv in python to compress and
cut the images into 640 × 640. Then, the images were randomly enhanced by different image
processing methods [36], such as rotating 180, mirroring, adding salt and pepper noise which
set the threshold to 0.5, and changing the image brightness by setting the threshold to 1.3 and
0.7, as shown in Figure 2. Repeated random image processing on an image many times. After
enhancement, a total of 10,000 images were obtained as the data set of the model.

Figure 2. Image sample after data preprocessing and augmentation. (a) original image, (b) rotating
by 180◦, (c) Increasing brightness, (d) mirroring image, (e) adding noise, (f) reducing brightness.
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2.3. Images Annotation and Dataset Division

In this research, LabelImg was used to label red jujube in the data set with artificial
rectangular boxes, as shown in Figure 3. The dataset was divided into 80% training datasets,
10% validation datasets, and 10% test datasets. The final image samples of the training set,
verification set, and test set are 8000, 1000, and 1000 respectively.

Figure 3. LabelImg data set annotation.

2.4. Methodologies

The Yolo series are effective in single-stage object detection, and their miniature de-
tection models guarantee higher accuracy, taking into account faster speed and fewer
parameters. Therefore, the lightweight detection models of the Yolo series are more suitable
to be applied to embedded devices to develop mobile agricultural equipment. However,
due to the complexity of the agricultural production environment and the harsh working
environment, it is difficult to meet the agricultural production for the simple detection
algorithm. Based on YOLOv5s, the original backbone network was replaced by the Shuf-
fleNet V2 backbone network in this research, which significantly reduced the number of
parameters of the network. The Foucs were replaced by the Stem to resist partial informa-
tion missing from the feature map. PANet was replaced by BiFPN to enhance the model
feature fusion capability and improve the model accuracy. Finally, the improved YOLOv5s
detection network was used to identify the image and count red jujubes.

2.4.1. Yolov5s Network

YOLOv5 is improved by adding some new ideas on the basis of YOLOv4, and its
detection accuracy and speed have been greatly improved. The YOLOv5 can be divided
into four types according to the size of the model: YOLOv5s, YOLOv5m, YOLOv5l, and
YOLOv5x, among which the YOLOv5s model is the smallest. YOLOv5s mainly consists of
four parts: Input, Backbone, Neck, and Prediction.

In order to improve the speed and accuracy of the network, the Mosaic data augmen-
tation is used in the YOLOv5 to stitch images by random cropping, scaling, and lining up.
YOLOv5s uses adaptive anchor box calculation to set the initial anchor boxes for different
datasets and calculates the difference between the bounding boxes and the ground truth.
YOLOv5s updates the anchor boxes in the reverse iteration to adaptively calculate the best
anchor box for different training sets. To adapt different sizes of images in the dataset,
YOLOv5 uses adaptive image scaling to fill the scaled image with the least amount of black
edges, which reduces the computation and improves the speed. Backbone will perform
information extraction on the feature maps. It mainly includes Focus, CBS, and C3. The
input image is sliced by the Focus and convolved by one convolution with 32 kernels, as
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shown in Figure 4. CBS consists of a convolution, a batch normalization, and the SiLU. The
SiLU is defined as follows:

SiLU(x) =
x

1 + exp(−x)
(1)

where, x represents the feature map.

Figure 4. Foucs structrue.

As a new structure of BottlenneckCSP, C3 contains 3 CBS modules and several Bottle-
necks. The C3 is used repeatedly in YOLOv5s to extract more information. As shown in
Figure 5, the SPP (spatial pyramid pooling) introduces three different pooling kernels of
5 × 5, 9 × 9, and 13 × 13, and it connects different feature maps to expand the respective
field, which effectively separates the most important features and improves the accuracy of
the model.

Figure 5. SPP structure.
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To utilize most of the backbone information, the Neck of YOLOv5 uses the FPN + PAN.
Feature Pyramid Network (FPN) solves the problem of different input feature map sizes by
constructing an image pyramid on the feature map. PAN, as the innovative point of path
aggregation network (PANet) [37], downsamples the image from FPN and then performs
concat on the image. To improve the ability of image recognition and localization, FPN
acquires the semantic features of the image from the top, while PAN gets the localization
features of the image from the bottom.

There are some regression loss functions used in object detection tasks, such as the
Smooth Loss function [16], IOU Loss function [38], GIOU Loss function [39], DIOU Loss
function [40], and CIOU_Loss function [41]. In the Prediction, YOLOv5 uses CIOU_Loss as
the loss function of the Bounding box. The CIOU_Loss function is defined as follows:

LCIOU = 1 − IOU +
ρ2(b, bgt)

c2 + αυ (2)

where, IOU represents the intersection ratio of the prediction box to the object box. b
represents the center point of the prediction box. bgt represents the center point of the
object box. ρ2(b, bgt) represents Euclidean distance squared between the center point of the
prediction box and the center point of the object box. c represents the diagonal length of the
two closed boxes. α represents a positive trade-off parameter. υ represents the consistency
of the aspect ratio.

2.4.2. ShuffleNet V2 Backbone

YOLOv5s reduces the parameters of the model by C3 and improves the speed of the
model, but the C3 is very complicated, with a large amount of calculation and still needs
a lot of memory. The YOLOv5 lightweight model based on ShuffleNet V2 was designed,
which greatly reduced the model parameters. The ShuffleNet V2 backbone was designed
by using ShuffleNet V2 Units [42], and the backbone of the original model was replaced by
the ShuffleNet V2 backbone.

As a lightweight convolutional neural network that is suitable for application to
mobile devices, ShuffleNet V2 was first proposed in 2018. Compared with ShuffleNet V1,
ShuffleNet V2 adopts the way of channel Shuffle, which divides the characteristic channels
into two parts, ensuring that the input and output channels are the same, One part enters
the bottleneck, and the other part does not run. Excessive point convolution will increase
computational complexity. ShuffleNet V2 replaces the grouped point convolution with the
standard point convolution. ShuffleNet V2 puts the channel shuffle after the dimensional
stacking to prevent fragmentation of the model. ShuffleNet V2 replaces element-wise
operators with concat to reduce the time of model detection. The basic model units of
ShuffleNet V2 are divided into two types. The ShuffleNet V2 Units are shown in Figure 6.
ShuffleNet V2 introduces channel shuffle. First, the channels of the input feature map are
divided into two branches. The two branches directly connect to the concat. There are two
1 × 1 point convolution layers and a 3 × 3 group convolution layer with a stride size of 2
in the other branch. The convolution layers contain a batch normalization layer and ReLu.
The other basic model unit of ShuffleNet V2 differs from the previous model, where two
convolution layers: a 3 × 3 group convolution layer with a stride of 2 and a 1 × 1 point
convolution layer. Finally, two images of branches of the same size were spliced together.
In order to extract information on different-size feature maps, the ShuffleNet V2 backbone
was designed to replace the backbone by using 16 ShuffleNet V2 Units in YOLOv5s.

101



Agriculture 2022, 12, 2071

Figure 6. The structure of ShuffleNet-v2 Units. (a) the structure of ShuffleNet-v2 Unit1. (b) the
structure of ShuffleNet-v2 Unit2.

2.4.3. Stem Construction

Inception-v4 [43] was proposed in 2017, which confirmed that residual connectivity
largely accelerated the training speed of Inception networks. With reference to the design
idea of Inception-v4, the Stem was proposed to rapidly reduce the resolution of the input
feature maps, ultimately achieving a top-5 error rate of 3.08% on ILSVRC. The feature map
is continuously reduced from 299 × 299 to 35 × 35 by Stem in the InceptionV4 network,
and it has many convolution layers, which is better for complex task feature extraction.
However, the task is simpler to detect a single target of red jujube, which will cause
excessive calculation. The Stem is shown in Figure 7. In order to reduce the parameters of
the model, the model could be pruned. Inspired by the idea of fast feature map resolution
reduction, four CBS were adopted to make the size of the feature map to be suitable for the
network, where 3 × 3 convolutions with the stride of 2 were used in the first and third CBS
and 1 × 1 convolution was used in the second and fourth CBS. In contrast to the Foucs,
which sliced the feature map into 32 small feature maps before image concat, the Stem used
two 3 × 3 convolutions with the stride of 2 to reduce the feature map sizes and concated
it with the feature map of the maximum pooling layer, so that the number of parameters
was reduced while improving the feature extraction ability of the network and improving
the accuracy.

2.4.4. BiFPN

With the deepening of the network level, the semantic information of image features
gradually changes from a low dimension to a high dimension. As shown in Figure 8,
the PANet structure was used to fuse the multi-scale features of images in the original
YOLOv5s detection network. In order to improve the detection accuracy of red jujubes,
the BIFPN network, a weighted bidirectional feature pyramid network, was applied to the
detection of red jujubes. Compared with the traditional feature fusion network, BiFPN
introduced weight to make it more sensitive to important features and makes better use of
feature information of different sizes.
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Figure 7. The structure of the Stem.

Figure 8. Bi-directional feature fusion network. (a) PANet with bi-directional feature fusion network,
(b) BiFPN with bi-directional feature fusion network.

In this research, BiFPN was introduced in the neck of YOLOv5s, as shown in Figure 9.
Because the node, which had only one input edge and no ability of feature fusion, made
little contribution to the feature fusion of the network. Therefore, deleting this node had
little effect on network feature fusion. When the original input node and the output node
were in the same layer, an extra edge was added between the output node and the input
node, and feature fusion was realized without increasing too much computational overhead.
Different from the PANet structure of YOLOv5s, when performing feature fusion, each
bidirectional path was used as a feature network layer, and the feature network layer was
reused at the same layer, thus realizing a higher level of feature fusion.
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Figure 9. The structure of the improved YOLOv5s model.

2.4.5. Counting Method of Red Jujube

The counting method of red jujubes was based on the improved jujube target detection
algorithm. This research used ROS to count red jujubes. The detection steps were as follows:
(1) Starting ROS core and publishing topics; (2) the improved YOLOv5s were used to detect
the target of jujube fruit, and the target detection frame and corresponding features were
obtained; (3) counting the number of target detection frames, as shown in Figure 10a. The
detection results are shown in Figure 10b.

Figure 10. Counting method of red jujube. (a) the process of the red jujube counting method; (b) the
results of the jujube counting method.
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2.5. Test Platform

The experiment was conducted on an improved YOLOv5s architecture with Pytorch
based on Python 3.8. The details of the experimental setup are shown in Table 2.

Table 2. Experimental environment.

Configuration Parameter

CPU Intel(R) Core(TM) i7-10700K
GPU NVIDIA GeForce RTX 3070
Accelerated environment CUDA11.1 CUDNN8.2.1
Development environment Pycharm2021.3.2
Operating system Windows 10

The batch size was 4, and the epochs were 400. The adaptive matrix estimation
algorithm (Adam) was used to optimize the model. The initial learning rate was 0.001, and
the momentum was 0.9. The weight of the model was saved once every training session,
and the best weight was also saved.

2.6. Evaluation of Model Performance

In order to evaluate the performance of our model of red jujube, Precision (P),
Recall (R), Average Precision (AP), Parameters, Model Size, and detection speed (Fps)
were chosen in the article, root mean square error (RMSE) and average absolute percentage
error rate (MAPE) were used as evaluation indexes of jujube quality where Recall, Precision,
F1-score, RMSE, and MAPE were defined as follows:

Precision =
TP

TP + FP
× 100% (3)

Recall =
TP

TP + FN
× 100% (4)

F1 − score =
2 × Precision × Recall

Precision + Recall
(5)

RMSE =

√
1
m

m

∑
i=1

(yi − ŷi)
2 (6)

MAPE =
m

∑
i=1

|(yi − ŷi)/yi|
m

× 100% (7)

where, TP represents the number of true positive samples, FP represents the number of false
positive samples, and FN represents the number of false negative samples. The variable yi
represents the actual number of red jujubes in each image, ŷi represents the number of red
jujubes predicted by each image model, and m represents the number of image samples.

3. Results and Discussion

3.1. Performance Comparison Using the Different Improve Method

As shown in Table 3, Recall and Precision were based on a 0.5 threshold. As one of the
important indicators for evaluating the model, the area of the Precision-Recall curve was
larger, and the AP of the model was higher.
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Table 3. The model performance with a different module.

Model Precision (%) Recall (%) F1-Score (%) AP (%) Parameters Model Size (KB) Fps

YOLOv5s 89.10 90.30 89.70 95.60 7,063,542 14,052 35.10
YOLOv5s + Stem 87.60 93.90 90.60 96.00 7,281,341 14,026 38.40

YOLOv5s + BiFPN 88.60 90.90 89.70 95.30 7,063,542 14,052 39.40
YOLOv5s + ShuffleNet V2 83.80 91.60 87.50 94.00 490,205 1322 35.50
YOLOv5s + Stem + BiFPN 89.70 94.50 92.00 96.20 7,281,341 14,026 39.40

YOLOv5s + Stem +
ShuffleNet V2 93.70 89.20 91.40 95.90 441,606 1149 36.30

YOLOv5s + BiFPN +
ShuffleNet V2 83.40 92.10 87.50 94.10 490,205 1322 35.50

Our model 93.40 92.30 92.80 96.20 441,606 1149 36.50

ShuffleNet V2 was used as the backbone network of the network, resulting in a
reduction in model parameters by 14.41 times and an increase in Fps from 35.10 to 35.47. The
improved network could reduce model parameters and increase detection speed. BiFPN
was applied to the red jujube detection network. The experimental result showed that
BiFPN improved the average accuracy of the network without increasing the parameters
of the network. At the same time, it improved the detection speed of the model, with the
average accuracy increased by 0.20% and the Fps increased to 39.40. Therefore, BiFPN could
enhance the feature fusion ability of YOLOv5s and speed up the detection speed of the
model. The Focus was replaced by the Stem, and the improved network has been improved
in Recall, F1-score, AP, model size, and Fps, among which the Recall has increased by
3.600%. So, Stem is more effective than Focus in jujube detection. Compared with YOLOv5s,
the AP increased by 0.6%, but the parameters increased, which increased the calculation
pressure of testing equipment when Stem and BiFPN were used at the same time. When
Stem and ShuffleNet V2 were applied at the same time, compared with YOLOv5s, the
parameters were greatly reduced, but the detection accuracy was also lower. Our method
not only reduced the model parameters but also improved the detection accuracy. The
parameters and model size of the improved model was 6.25% and 8.33% of the original
network, respectively. The Precision, Recall, F1-score, AP, and Fps were increased by 4.30%,
2.00%, 3.10%, 0.60%, and 3.99%, respectively.

As a lightweight network model, YOLOv5s has high accuracy and can meet the
detection of small targets in complex environments, but it is difficult to be satisfied with
the identification and localization of red jujubes under limited computation. When locating
and recognizing overlapping fruits, the original YOLOv5s tended to easily identify two red
jujubes that were mutually obscured as the one red jujube, as shown in Figure 11b. The
main reason was that the differences were small between mutually obscured fruits, and the
original YOLOv5s did not extract enough feature information about them, causing false
detection. In recognition of small red jujube targets, the original YOLOv5s easily missed
the red jujubes that were obscured by a large area of leaves or caused by the camera being
too far away, as shown in Figure 11e. The main reason was that the environment of outdoor
was complex, and the discrimination of the red jujubes was large. The improved model
could accurately detect red jujubes and could also accurately identify the blocked jujubes,
as shown in Figure 11c, and the number of missed jujubes was obviously less than the
original YOLOv5s, as shown in Figure 11f.

106



Agriculture 2022, 12, 2071

Original image Yolov5s Our model 
 

 

 

 

 

 
(a) (b) (c) 

 

 

 

 

 

 
(d) (e) (f) 

Figure 11. The results of different algorithms for the recognition of red jujube. (a) the original image
of a dense jujube sample. (b) the original model to dense jujube detection image. (c) the improved
model to dense jujube detection image. (d) the original image of leaf-obscured jujube. (e) the original
model to leaf-obscured jujube detection image. (f) the improved model to leaf-obscured jujube
detection image. Where the red boxes are the label boxes marked manually, and the blue boxes are
the test results of model test.

3.2. Performance Comparison Using the Different Lightweight Backbone Networks

In order to embed mobile devices, the ShuffleNet V2 backbone network was used
in YOLOv5s in this research. MoblieNet V3, as the improved version of MoblieNet V1
and MoblieNet V2, has a large improvement in detection efficiency. In order to verify the
detection performance of the improved model, the MoblieNet V3 network was used as the
backbone of YOLOv5s to compare the improved YOLOv5s, which used the ShuffleNet V2
backbone network and YOLOv5s. The results show that after adding MoblieNet V3 as the
backbone, the network has a large improvement in Precision, but a large decrease in Recall,
resulting in the improved YOLOv5s, which is used the MoblieNet V3 backbone network
and the original YOLOv5s in the same AP, as shown in Table 4. In addition, there is a
phenomenon of missing the detection of jujube fruit, as shown in Figure 12. The improved
YOLOv5s, which is used in the MoblieNet V3 backbone network, has a significant reduction
in parameters and Model Size with YOLOv5s. Therefore, using a lightweight network as
the backbone reduces the size of the model while maintaining accuracy.
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Table 4. The comparison of different backbone networks.

Model Precision (%) Recall (%) AP (%) Parameters Model Size (KB) Fps

YOLOv5s 89.1 90.3 95.6 7,063,542 14,052 35.1
MoblieNet V2-YOLOv5s 81.2 90.3 93.6 2,917,046 5423 23.4
MoblieNet V3-YOLOv5s 94.2 85.8 95.6 3,538,532 7189 22.2

Ghost-YOLOv5s 85.4 92.3 93.4 3,897,605 8492 23.2
ShuffleNet V2-YOLOv5s 83.8 91.6 94.0 490,205 1149 35.5

Figure 12. Test results of different lightweight backbone networks. Where the blue boxes are the test
results of model test.

The Precision and AP of using ShuffleNet V2 as the backbone network were slightly
lower than that of the original YOLOv5s and the improved YOLOv5s using MoblieNet V3
as the backbone network. However, using ShuffleNet V2 as the backbone network could
provide a more comprehensive red jujube detection. When MoblieNet V2 and GhostNet
were used as a backbone, some red jujubes were missed, as shown in Figure 12. Compared
with the other four detection models, the number of parameters using ShuffleNet V2
as the backbone network was only 7.14% of YOLOv5s, and the number of parameters
was obviously smaller than other networks. The detection speed using the ShuffleNet V2
backbone network model was also faster than other detection networks, as shown in
Table 4. using ShuffleNet V2 as a backbone not only greatly reduced the number of model
parameters but also improved the detection speed, which was more suitable for red jujubes
counting and related embedded mobile devices.

3.3. Performance Comparison in Counting Jujubes Using the Different Algorithms

To verify the effectiveness of improved YOLOv5s for target detection, YOLOv3-tiny,
YOLOv4-tiny, Faster R-CNN, SSD, YOLOvx-tiny, and YOLOv7-tiny were selected to com-
pare with improved YOLOv5s. This research experimented with the selected comparison
models using datasets of the same size and the same training and test sets. In order to ensure
the reliability of the test, the epoch was set to 400, and the batch size was set to 4. In this
research, three orchard jujube images were selected to test the yield estimation method. The
comparison results are shown in Table 5. The P-R curve of the models is shown in Figure 13.
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Table 5. Detection results of red jujubes with different target detection algorithms.

Model

The Number of Actual
Jujube

The Number of
Predicted Jujube Precision

(%)
Recall

(%)
AP
(%)

RMSE MAPE
(%)

Model
Size
(KB)1 2 3 4 5 6 1 2 3 4 5 6

YOLOv5s

10 15 15 9 10 6

9 16 14 8 8 6 89.10 90.30 95.60 1.15 9.07 14,052
YOLOv4-tiny 10 15 11 9 8 6 91.60 89.40 95.90 1.83 7.78 103,012
YOLOv3-tiny 10 14 11 7 8 6 92.30 88.70 95.50 2.04 12.59 481,391
YOLOvx-tiny 8 10 11 7 7 6 86.60 91.30 95.70 3.11 22.04 19,901
YOLOv7-tiny 10 11 12 7 8 6 89.20 90.50 95.10 2.35 14.81 23,674

SSD 8 11 14 7 8 6 88.30 87.10 90.50 2.19 15.93 92,782
Faster R-CNN 9 12 13 7 7 6 64.00 89.30 87.90 2.12 15.93 110,773

Our Model 10 15 13 9 9 6 93.40 92.30 96.20 0.91 3.89 1149

Figure 13. The PR curve of red jujubes with different target detection algorithms.

The P-R curve is a curve with recall as the horizontal coordinate and precision as the
vertical coordinate out of the curve, whose area can show the comprehensive performance
of the target detection model for red jujubes. Figure 13. shows that the curve areas of
YOLOv3-tiny, YOLOv4-tiny, YOLOv5s, YOLOvx-tiny and YOLOv7-tiny are larger than
those of SSD and Faster R-CNN. It illustrates that the Yolo series detection networks have
higher accuracy and better recognition of red jujubes. YOLOv5s is used as an improved
detection network for YOLOv3-tiny and YOLOv4-tiny, but the best detection result is not
obtained for red jujubes, as shown in Table 5. The YOLOv4-tiny has better detection results,
but the YOLOv5s are smaller in model size and more suitable for being used in agricultural
mobile devices. Compared with the classical networks, the improved network not only
maintains a better detection performance but also greatly reduces the model size.

Different detection algorithms were used to count red jujubes. YOLOvx-tiny, YOLOv5s,
SSD, and Faster R-CNN all showed that the counting results of red jujubes were less than
the actual number, as shown in Figure 14 image1. YOLOv7-tiny, YOLOv5s, and Faster
R-CNN caused repeated recognition in the process of counting red jujubes, which led to
the counting results being higher than the actual number, as shown in Figure 14 image2
and image3. Error counting occurred when SSD counted red jujubes, as shown in Figure 14
image3. When counting image4, only YOLOv4-tiny and Our Model counted accurately.
However, Our Model also missed the detection of red jujubes, but compared with other
algorithms, the number of missed detection was less, as shown in Figure 14 image5.
When counting the Shaded red jujubes, all algorithms could count effectively, as shown in
Figure 14 image6.
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Figure 14. Cont.
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Figure 14. Test results of different algorithms. Where the blue boxes are the test results of model test.

According to the experimental results, In the detection of red jujube, YOLOv5s,
YOLOv4-tiny, and Faster R-CNN all miss the detection, which leads to a decrease in
the number of red jujubes. YOLOv3-tiny, SSD, and Faster R-CNN all have error recognition,
which leads to the increase in the estimation error of jujube yield by the model, as shown
in Figure 14. Faster R-CNN, as one of the representative networks of the two-stage detec-
tion model, has good overall detection performance for red jujubes, but the AP is lower
compared with other detection networks, And RMSE and MAPE are the maximum values,
as shown in Table 5. This difference is mainly manifested in the recognition difficulty of
fruits with large leaves shading and poor recognition of overlapping fruits. The reason
for the difference is that Faster R-CNN does not build an image feature pyramid and
cannot sufficiently extract features for small targets, resulting in insensitivity to small target
recognition. For both the single-stage detection model Yolo series and SSD, the overall
performance is better than Faster R-CNN. Comparing SSD and YOLOv5s, the Precision
is reduced by 0.80%. The recall is reduced by 3.20%, and AP is reduced by 5.10%, RMSE
is increased by 45.75%, MAPE is increased by 6.86%. The main reasons are: (1) Since
YOLOv5s introduces the FPN + PAN, while the detection layer is fused by three levels
of feature layers, while all six feature pyramid layers of SSD come from the last layer of
FCN, YOLOv5s is better than SSD in detecting red jujubes. (2) Due to the limited number
of red jujube and the severe occlusion between red jujubes, it is difficult for the model to
learn the various states. Compared with YOLOvx-tiny and YOLOv7-tiny, the AP of the
improved network increased by 0.50% and 1.10%, respectively, RMSE decreased by 2.2 and
1.44 respectively, and MAPE decreased by 18.15% and 10.92% respectively. Comparing
YOLOv5s, we introduce the ShuffleNet V2 backbone to reduce the size of the model, but the
feature extraction ability of the model is limited. The idea of resizing images by convolution
layer was adopted, and the Stem was added to enhance the feature extraction ability of the
network. The improved model overall outperforms YOLOv5s, with Precision, Recall, and
AP improving by 4.3%, 2.0%, and 0.6%. In addition, the model size, RMSE, and MAPE
decreased by 91.82%, 20.87%, and 5.18%, respectively. The improved model has the highest
Precision, Recall, F1-Score, and AP, and the smallest in model size, RMSE, and MAPE
among the comparison networks.

4. Conclusions

In this research, a counting method of red jujube based on improved YOLOv5s was
proposed for achieving accurate detection and counting red jujubes while reducing the
model size in a complex environment. In order to reduce the number of parameters,
ShuffleNet V2 was used as the backbone to make the model lightweight. In addition, the
Stem module was designed as an intermediate module between the input and backbone to
prevent the information loss caused by the change in feature map size. PANet was replaced
by BiFPN for multi-scale feature fusion to enhance the model feature fusion capability and
improve the model accuracy. Finally, the improved YOLOv5s detection model was used
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to count red jujubes. In order to verify the efficiency of the proposed model, YOLOv5s,
YOLOv3-tiny, YOLOv4-tiny, SSD, Faster R-CNN, YOLOvx-tiny, and YOLOv7-tiny were
used to compare with the improved model. The results showed that the improved model
not only greatly reduced the model size but also had better performance in detection results
than the comparison networks. Compared with yolov5s, Precision, Recall, and AP are
improved by 4.3%, 2%, and 0.6%, respectively. In addition, the model size, RMSE, and
MAPE decreased by 91.82%, 42.21%, and 11.47%, respectively. Therefore, the improved
YOLOv5s model can not only effectively improve the detection performance of red jujubes
but also finish the task of counting red jujubes in agricultural production. The method can
provide a basis for estimating the yield of jujube by vision.

In summary, a counting method of red jujube based on improved YOLOv5s was
proposed in this research, and the counting effectiveness of the method was verified by
experiments. The future work of the red jujube counting method is as follows:

(1) Expand the types of data sets and increase the robustness of the model. There are only
two kinds of jujube in the data set used in this research, so it is necessary to add more
kinds of jujube fruit data to enhance the robustness of the model.

(2) Construct the model of jujube fruit size and quality. Further, the counting method of
red jujubes was used to accurately estimate the yield of red jujubes.
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Abstract: (1) Background: In sprinkler irrigation systems, the water distribution and droplet kinetic
energy are affected by the shape of the nozzle. In this paper, the effects of working pressure and
aspect ratio (L/D) of circular and non-circular nozzles (diamond and ellipse) on water distribution
and droplet kinetic energy intensity were investigated; (2) Methods: The hydraulic performance of a
PY15 impact sprinkler with circular and non-circular nozzles was assessed under different working
pressures, and the droplet diameter, velocity, and kinetic energy intensity were measured by a 2D
video disdrometer. Moreover, the coefficient of variation (CV) and form factor (β) were introduced
to represent the water distribution and droplet characteristics; (3) Results: The results revealed
that, under the same working pressure, the CV of the diamond nozzle was the smallest compared
with that of the circular and elliptical nozzles, reflecting a more uniform water distribution. The
uniformity of water distribution was the best when the L/D of the elliptical nozzle was the smallest.
In general, the larger the outlet diameter, the larger the wetted radius and water application rate. In
addition, the smaller the L/D, the smaller the peak water distribution value and the radial increase
of the kinetic energy intensity of a single nozzle. The maximum droplet kinetic energy per unit
volume of the elliptical nozzle was the smallest compared with that of the circular and diamond
nozzles. The circular nozzle at 200 kPa and the diamond and elliptical nozzles at 100 kPa obtained
the highest uniformity coefficients of combined kinetic energy intensity distribution, which were
55.93% (circular), 67.59% (diamond), and 57.78% (elliptical) when the combination spacings were
1.0 R, 1.1 R and 1.2 R, and 1.0 R, respectively. Finally, the fitting function of unit volume droplet
kinetic energy, distance from the nozzle, L/D, and working pressure of non-circular nozzles was
established, and a fitting coefficient of 0.92 was obtained, indicating that the fitting equation was
accurate; (4) Conclusions: At low working pressures, the elliptic and diamond nozzles showed better
water distributions than the circular nozzle. The distal average droplet diameters of the sprinkler
with non-circular nozzles were found to be smaller than those produced by the circular nozzle.

Keywords: impact sprinkler; non-circular nozzle; water distribution; aspect ratio; 2D video disdrom-
eter; droplet kinetic energy distribution

1. Introduction

Sprinkler irrigation is an effective irrigation method used for reducing water use
in agriculture. Sprinkler irrigation systems are generally composed of a water source,
a water pump and power equipment, a water delivery pipeline system, and sprinklers.
The sprinklers are key pieces of equipment for the implementation of sprinkler irrigation.
Their performance not only directly affects the spraying quality, but is also related to the
economy of the entire sprinkler irrigation system. Among them, sprinklers with non-
circular nozzles can achieve a low-pressure uniform spray, and have the advantage of
improving the atomization quality. Therefore, non-circular nozzles have been widely used
in agricultural sprinkler irrigation fields [1,2].
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Sprinkler hydraulic performance mainly depends on the wetted radius, flow rate,
water application rate, uniformity, and droplet diameter [3–6]. Among them, the water
application rate and uniformity of the radial water application profile of a sprinkler are
important indicators for assessing the uniformity of irrigation property and water distri-
bution, as well as important parameters for evaluating the advantages and disadvantages
of sprinkler irrigation systems [7–9]. Bubenzer and Jones [10] reported that the damage
degree of water droplets sprayed onto silty soil is a power function relationship between
the kinetic energy of water droplets and the sprinkler water application rate. Mohammed
and Kohl [11] investigated the distribution trend of the kinetic energy per unit volume of
a full-jet nozzle under multiple pressure levels, and revealed that the kinetic energy per
unit volume of water droplets along the radial direction increases with decreasing pressure.
Christiansen [12] proposed an equation for calculating the uniformity coefficient. El-Wahed
et al. [13] surveyed the effects of sprinkler spacing, sprinkler height, and working pressure
of a central pivot irrigation system on parameters such as the uniformity coefficient, low
value distribution uniformity, and variation coefficient, and determined the best operation
condition scheme to reduce the operation costs.

In addition, the droplet diameter, droplet velocity, and droplet kinetic energy of sprin-
kler irrigation are also important indicators for evaluating the hydraulic performance of a
sprinkler, and have an important impact on sprinkler irrigation system quality [14–16]. Xu
et al. [17] investigated droplet diameter distribution and developed a normal distribution
model, square-root-normal distribution model, logarithmic normal distribution model, and
upper limit logarithmic normal distribution model of droplet diameter. Gong et al. [18]
used a 2D video disdrometer (2DVD) to study the distribution range of a NelsonD3000
nozzle under different pressure levels, the changing trend of drop diameter, as well as
the relationship between drop velocity, angle, and drop diameter. Their results demon-
strated that the water droplet diameter and range conformed to the exponential function
relationship, and the velocity of water droplets increased logarithmically with the increase
of water droplet diameter. Lorenzini [19] investigated the trends of droplet velocity and
evaporation under different working pressure levels during sprinkler irrigation. Their
results indicated that the air temperature has a significant effect on droplet evaporation,
while the air friction should not be mistakenly ignored when calculating droplet evapora-
tion. Ouazaa et al. [20] analyzed the velocity and kinetic energy of droplets using a ballistic
model. The results revealed that, under the working pressures of 138 kPa and 69 kPa, the
kinetic energy dissipation decreased with increasing nozzle diameter. Yan et al. [4] also
analyzed droplet velocity and kinetic energy by using a ballistic model, and reported that
the runoff rate, bulk density of soil surface crust, and sediment yield were generally directly
proportional to the droplet kinetic energy flux density (DE f) values, while the initiation of
runoff, infiltration rate, and infiltration depth prior to runoff were inversely proportional
to DE f. Zhu et al. [21] researched single droplet kinetic energy, droplet kinetic energy per
unit volume, kinetic energy intensity distribution trend, and the kinetic energy intensity
uniformity coefficient under different combination spacings of a full-jet nozzle. The results
showed that the relationship between the kinetic energy distribution of a single water
droplet and the water droplet diameter in the full-jet nozzle fit well with the developed
model and exhibited a power function relationship. Li and Ma [22] investigated the droplet
kinetic energy distribution at different measurement points of square and circular nozzles
using the flour method and the droplet equation of motion, and analyzed the relationship
between nozzle shape and droplet kinetic energy. Moreover, a regression equation able to
estimate the total kinetic energy of water droplets from medium-pressure nozzles based on
the median diameter was obtained.

The shape of conventional sprinkler nozzles is circular. The newly introduced non-
circular nozzles have the advantages of improved water distribution and spraying unifor-
mity, as well as better hydraulic performance under low pressure compared with circular
nozzles [23,24]. Wei et al. [25] conducted experiments on the hydraulic performance of
non-circular and circular nozzles, produced contour maps of water distribution for a single
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sprinkler, and obtained the corresponding range values based on water distribution. Chen
et al. [2] investigated the effect of the shape coefficient of four different-shaped non-circular
nozzles, i.e., diamond, semicircle + triangle, semicircle + rectangle, and star, on droplet
diameter, and concluded that the droplet diameter in the end decreases with the increasing
shape coefficient. Li et al. [26] experimentally analyzed and discussed the effects of non-
circular nozzle shape and pressure on the shape change of a low-pressure jet, as well as the
effects of nozzle outlet shape, working pressure, and inlet angle on the shape change of the
jet. Zhou et al. [27] designed a variety of non-circular nozzles with the same area, experi-
mentally investigated the uniformity of radial water application profile of the sprinkler, and
found that the combined uniformity coefficient of the non-circular nozzles was significantly
higher than that of circular nozzles. Jiang et al. [28] used high-speed photography to study
the fracture and flow characteristics of non-circular nozzles, and revealed that, under the
same working pressure, the triangular jet had the shortest fracture length and jet diffusion
angle. Due to the different jet patterns produced by non-circular nozzles, their hydraulic
performance is improved under low pressure. While the wetted radius of non-circular
nozzles is reduced compared with that of circular nozzles, uniformity of the radial water
application profile of the sprinkler is higher and the water droplet distribution is more
uniform under low working pressure.

According to the above literature review, it can be understood that, due to their
special geometric structure, non-circular nozzles have various jet shapes, which can reduce
working pressure and improve their hydraulic performance. A quantitative study on
the droplet distribution characteristics of non-circular nozzles under different working
pressure levels will provide theoretical support for the application of non-circular nozzles.
Nevertheless, there are only a few existing studies concerning the radio water distribution
and water droplet kinetic energy distribution characteristics of non-circular nozzles with
different aspect ratios (L/D: long axis/minor axis). Furthermore, no study has focused on
the direct effect relationship between L/D, radio water distribution, and water drop kinetic
energy. Consequently, in this paper, taking the non-circular nozzle as the research object,
three types of nozzles with different shapes are designed, and the radial water distribution
and kinetic energy intensity of non-circular nozzles with different aspect ratios under
different working conditions are calculated. A 2DVD is used to test the water diameter
and velocity of the non-circular nozzles. The distribution trend of the water drop kinetic
energy is calculated, and the relationship between L/D, water distribution, and water
drop kinetic energy is explored. In addition, the influence rule of water distribution and
water drop distribution characteristics on nozzle hydraulic performance is determined,
and a theoretical basis for further improving the spraying performance and studying the
hydraulic characteristics of the nozzle outflow field is provided.

2. Materials and Methods

2.1. Non-Circular Nozzle Design

As shown in Figure 1, a common circular nozzle structure was taken as reference. d0 is
its outlet diameter, which was set as 4 mm, 5 mm, and 6 mm. Since the outlet section shape
and outlet diameter of non-circular nozzles have an impact on the hydraulic performance of
the sprinkler, the non-circular nozzles with elliptical and diamond shapes were designed to
have the same flow rate. The non-circular nozzles with different aspect ratios are displayed
in Figure 2, and the detailed structural parameters are given in Table 1.
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Figure 1. Schematic diagram (cross-section) of a circular nozzle structure with dimensions (mm).

Figure 2. Schematic diagram (right view) of the investigated non-circular nozzles with dimensions (mm).

Table 1. Geometric parameters of the circular and non-circular nozzles (mm).

Inlet Cone
Angle

Shape Number
Outlet

Diameter
Long Axis

Minor
Axis

Aspect
Ratio
(L/D)

45◦ Circle C1 4 / / /
C2 5 / / /
C3 6 / / /

Diamond D1 4 6 3.9 1.54
D2 5 7 5.3 1.32
D3 6 8 7.2 1.11

Ellipse E1 5 6 4.2 1.43
E2 5 7 3.5 2
E3 5 8 3.1 2.58

In this paper, a PY15 impact sprinkler produced by Jinlong Spray Irrigation Co., China,
was used for the experiments. The PY15 nozzle is a rotary impact nozzle with an inlet
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diameter of 15 mm, working pressure of 200~400 kpa, nozzle diameter of 4~6 mm, and a
jet elevation angle of 23◦. Each nozzle was manufactured by a wire-cut electric discharge
machining (EDM) process and was made of aluminum (Figure 3). Considering the error
problem, flow error tests were performed after processing. It was found that the flow error
of the nozzles with the same inlet cone angle and outlet diameter was less than 4% under
the same pressure level (Table 2). Thus, it was considered that all nozzles followed the
same flow principle.

 
Figure 3. Photograph of the sprinkler and nozzles used in experiments.

Table 2. Flow error analysis of equivalent-flow nozzles (the units of flow: m3/h).

Outlet
Diameter

Number 150 kPa 200 kPa 250 kPa 300 kPa 350 kPa 400 kPa

5 mm C2 1.067 1.234 1.385 1.516 1.636 1.747
D2 1.036 1.198 1.347 1.476 1.601 1.709

Difference 0.031 0.036 0.038 0.04 0.035 0.038
Error 2.91% 2.92% 2.74% 2.64% 2.14% 2.18%

E1 1.035 1.207 1.353 1.485 1.604 1.715
Difference 0.032 0.027 0.032 0.031 0.032 0.032

Error 3.00% 2.19% 2.31% 2.04% 1.96% 1.83%
E2 1.075 1.261 1.411 1.554 1.673 1.79

Difference 0.008 0.027 0.026 0.038 0.037 0.043
Error 0.75% 2.19% 1.88% 2.51% 2.26% 2.46%

E3 1.064 1.237 1.386 1.523 1.642 1.755
Difference 0.003 0.003 0.001 0.007 0.006 0.008

Error 0.28% 0.24% 0.07% 0.46% 0.37% 0.46%
4 mm C1 0.693 0.81 0.898 0.981 1.067 1.142

D1 0.675 0.78 0.88 0.975 1.052 1.131
Difference 0.018 0.03 0.018 0.006 0.015 0.011

Error 2.60% 3.70% 2.00% 0.61% 1.41% 0.96%
6 mm C3 1.461 1.694 1.895 2.079 2.247 2.401

D3 1.487 1.726 1.926 2.118 2.288 2.453
Difference 0.026 0.032 0.031 0.039 0.041 0.052

Error 1.78% 1.89% 1.64% 1.88% 1.82% 2.17%
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2.2. Experimental Equipment

A 2DVD system manufactured by Joanneum Research Co., Graz, Styria, Austria, was
employed to measure the size, shape, direction, aggregation state, and falling velocity
of single droplets. The 2DVD system comprised two subsystems. The imaging system
is composed of two background illumination sources, two line-scan cameras, and other
components (Figure 4). The number of pixels of the camera was 512. The test area was
10,000 mm2 (100 × 100 mm). The particle diameter measurement range was 0.2–8.0 mm
and the vertical particle velocity range was 0–10.0 m/s. The data analysis and display
system consisted of the View_HYD software (v8.010) designed by Joanneum Research Co.,
Graz, Styria, Austria, which was used to display the data generated by the 2DVD, record
the measured droplet volumes, and calculate the rainfall velocity.

 
Figure 4. 2DVD system used to measure the characteristics of rainfall drops.

2.3. Test Method

The water flow distribution and droplet kinetic energy distribution experiments were
performed in an indoor no-wind sprinkler irrigation hall with a diameter of 44 m. The
PY15 impact sprinkler installation height was 1.4 m. Full-round spraying took place under
the working pressure levels of 100 kPa, 150 kPa, 200 kPa, 250 kPa, and 300 kPa. Since there
was no wind in the sprinkler hall, the instruments were placed along a linear path (ray).
The data collected on this ray could be used to represent the data over the entire rotation.
As it can be seen in Figures 5 and 6, rain gauges (opening diameter 85 mm) were placed
in the radial direction of the jet at 1.0 m intervals. In order to ensure that the collected
water would not overflow, the rain gauge was designed as a cylinder with a wedge-shaped
opening edge without any defects. The test started after 10 min to ensure stable operation,
and lasted for 1 h to determine the water application rate at each point. In addition, after
the nozzle operated stably for 10 min, the 2DVD was moved by a distance of 2.0 m, and
the diameter and velocity at each point were measured successively. The test duration at
each point was at least 5 min. This is to ensure that the number of water droplets collected
at each test location is higher than 5000, which is enough to provide appropriate water
droplet statistics. In order to reduce the random and edge effect measurement errors caused
by droplet splashing, the 3σ criterion of the normal distribution law of random errors is
adopted to statistically test the particle number corresponding to the velocity value in each
diameter range [29]. According to the relationship between droplet diameter and droplet
falling speed, the diameter range was determined, so as to identify and eliminate the gross
error, and then, the spray water drop strike kinetic energy was calculated.
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Figure 5. Schematic layout of the experimental system.

 
Figure 6. The test site.

2.4. Data Processing
2.4.1. Coefficient of Variation

The coefficient of variation (CV) is the ratio of the standard deviation of the water
depth in each rainfall gauge to the arithmetic mean deviation [30]. The worse the uniformity
of the radial water application profile of the sprinkler, the greater the measured CV. The
relationship of the coefficient of variation CV is given as follows:

CV =
SD
MN

× 100%, (1)
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where CV is the coefficient of variation (%), SD is the standard deviation of the water
depth received by all rain gauges (mm), and MN is the arithmetic mean of the water in all
rain drums.

2.4.2. Kinetic Energy of Droplets per Unit Volume

The kinetic energy of droplets per unit volume refers to the ratio of the sum of the
kinetic energy of individual droplets at different measuring points to the total volume [31];
the relationship is as follows:

Eks =

m
∑

j=1
Esdj

1000
m
∑

j=1

1
6 π•mj•d3

j

, (2)

Esd =

n
∑

i=1

1
12 π•ρω•d3

i •mdi•V2
di

n
∑

i=1
mdi

, (3)

where d is the droplet diameter (mm), Eks is the kinetic energy of water droplets per unit
volume (J/L), Esdj

is the kinetic energy of a single water droplet with diameter d (J/L), mj
is the number of particles corresponding to the velocity of water droplets with diameter d,
and j is the water droplet diameter class.

2.4.3. Kinetic Energy Intensity

The kinetic energy intensity represents the magnitude of the kinetic energy at the
measured point per unit time. It can be determined by the water droplet diameter, droplet
velocity, and water application rate [31], and the relationship is as follows:

K =

m
∑

j=1
Esdj

1000
m
∑

j=1

1
6 π•d3

j

× hj

3600
, (4)

where K is the spray kinetic energy intensity at the distance j from the nozzle (W/m2), and
hj is the water application rate at different distances from the nozzle (mm/h).

For an overlapping sprinkler irrigation system, the uniformity coefficient of kinetic
energy intensity distribution can be calculated by the Christensen average, which can
reflect the distribution of rainfall energy in a sprinkler irrigation system. Therefore, the
uniform coefficient of kinetic energy intensity distribution can comprehensively evaluate
the advantages and disadvantages of different systems in terms of potential runoff. The
equation is:

CUK =

⎛
⎜⎜⎜⎝1 −

N
∑

k=1
(Kk − K)

N
∑

k=1
Kk

⎞
⎟⎟⎟⎠× 100%, (5)

where CUk is the uniformity coefficient of the kinetic energy intensity (%), N is the total
number of measuring points, and K is the average kinetic energy intensity (W/m2).

3. Results and Analysis

3.1. Water Discrete Degree Analysis

In order to study the difference in hydraulic performance between the non-circular
nozzle and circular nozzle under low pressure and the performance of the non-circular noz-
zle under medium pressure, the test pressure of the circular nozzle was set to 100~200 kpa
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and that of the non-circular nozzle was set to 100~300 kpa. Table 3 shows the CV for nozzles
with different shapes under different working pressure levels. According to Table 3, under
the same working pressure, the CV of the circular nozzle was the largest, while that of the
diamond nozzle was the smallest. It indicated that the water distribution of the diamond
nozzle was the most uniform, while that of the round nozzle was the least uniform. The CV
of the C2 nozzle decreased with pressure; the CV of the D2 and E1 nozzles increased at first
and then decreased, reaching a maximum at 150 kPa, decreasing at 250 kPa, and increasing
at 300 kPa. Within the pressure range of 100–200 kPa, the CVs of both the D2 and E1 nozzles
were far smaller than that of the C2 nozzle, indicating that the water distribution of the
non-circular nozzles at low pressure was more uniform than that of the circular nozzles.

Table 3. Coefficient of variation for nozzles with different shapes under different working pressure
levels.

Nozzle Shape (Outlet Diameter 5 mm,
Inlet Cone Angle 45◦)

Working Pressure (kPa)
100 150 200 250 300

Circle C2 1.11 0.79 0.59 / /
Diamond D2 0.30 0.37 0.36 0.34 0.35

Ellipse E1 0.40 0.47 0.44 0.26 0.37

Table 4 displays the CV for diamond nozzles with different L/Ds. According to Table 4,
the CV of the D2 nozzle (L/D = 1.32) was the lowest, indicating that the water distribution
under this L/D was the most uniform. The CV of the D1 and D3 nozzles exhibited a
decreasing trend. Their maximum value appeared at 100 kPa, far exceeding that of the D2
nozzle, and the water distribution was uneven. Therefore, the diamond nozzle should be
designed with an L/D of 1.32. Table 5 presents the CV for elliptical nozzles with different
L/Ds. According to Table 5, the CV followed the E2 > E3 > E1 sequence, and the E1 nozzle
with the smallest L/D had the best water distribution uniformity.

Table 4. Coefficient of variation for diamond nozzles with different L/Ds.

Nozzle Number
Working Pressure (kPa)

100 150 200 250 300

D1 (L/D = 1.54) 0.82 0.54 0.46 0.37 0.36
D2 (L/D = 1.32) 0.30 0.37 0.36 0.34 0.35
D3 (L/D = 1.11) 0.68 0.49 0.43 / /

Table 5. Coefficient of variation for elliptical nozzles with different L/Ds.

Nozzle Number
Working Pressure (kPa)

100 150 200 250 300

E1 (L/D = 1.43) 0.40 0.47 0.44 0.26 0.37
E2 (L/D = 2.00) 0.76 0.50 0.58 0.48 0.43
E3 (L/D = 2.58) 0.55 0.47 0.48 0.43 0.42

According to Tables 3–5, the maximum CV appeared at the low pressures of 100 kPa
and 150 kPa, indicating that, at low pressure, the water distribution is more uneven.
When the pressure reached 300 kPa, the CVs of all nozzles had little differences. Under low
pressure, the water distribution of the non-circular nozzles (i.e., diamond and elliptical) was
more uniform than that of the circular nozzle. In order to further verify the uniformity of
the low-pressure water distribution of the non-circular nozzles, the radial water distribution
of a single nozzle under different working pressures was investigated.
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3.2. Radial Water Application Profiles

Figure 7 shows the radial water distribution curves of three nozzles (C2, D2, and E1)
with an outlet diameter of 5 mm. It can be observed that the water distribution of the
different nozzles was concentrated at the middle and distal end of the wetted radius, and
the water application rate dropped rapidly to 0 after the peak application rate was reached.
Moreover, with the increase of working pressure, the wetted radius increased, the peak
application rate value decreased, and the distance from the nozzle corresponding to the
peak application rate value increased. In general, the lower the working pressure, the more
uneven the water distribution. Under the same working pressure, the wetted radius of the
elliptical nozzle was the shortest, while that of the circular nozzle was the longest. The
peak application rate was obtained in the following order: diamond < elliptical < circular.
According to Figure 7 and Table 3 above, under the same working pressure, the water
distribution of the diamond nozzle was the most uniform, while that of the circular nozzle
was the least uniform.

 
(a) Circular nozzle C2 (b) Diamond nozzle D2 

 
(c) Elliptical nozzle E1 

Figure 7. Radial water distribution of different nozzles under different working pressures. (C2 refers
to the circular nozzle with a diameter of 5 mm; D2 refers to the diamond nozzle with an aspect ratio
of 1.32; E2 refers to the elliptic nozzle with an aspect ratio of 2).

Figure 8 shows the radial water distribution of diamond nozzles D1, D2, and D3 with
different outlet diameters and L/Ds in the order of D1 > D2 > D3 under different working
pressure levels. It can be observed that the wetted radius increased with decreasing L/D.
Furthermore, the water application rate at the measuring point 2 m away from the sprinkler
increased gradually with decreasing L/D. The amount of water was mainly concentrated at
8~12 m. The radial distribution of the water application rate exhibited an overall trend of
increasing first and then decreasing. After the peak value was reached, it quickly decayed to
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0. The higher the working pressure, the stronger the phenomenon that the water application
rate decreased with increasing L/D.

 
(a) 100 kPa (b) 150 kPa 

 
(c) 200 kPa (d) 250 kPa 

 
(e) 300 kPa 

Figure 8. Radial water distribution of diamond nozzles with different outlet diameters under different
working pressure levels. (D1, D2, and D3 refer to the diamond nozzles with aspect ratios of 1.54, 1.32,
and 1.11, respectively).

Figure 9 shows the radial water distribution of equal flow elliptical nozzles (E1, E2,
and E3) with different aspect ratios under different pressure levels. Combined with Table 5,
it can be found that the E1 nozzle with the smallest L/D had the most uniform water
distribution, while the E3 nozzle with the largest L/D and a slit-like shape had the largest
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peak water application rate and the smallest wetted radius. In general, the smaller the
aspect ratio, the closer its shape to a circle, the smaller the peak application rate value, and
the more uniform the water distribution. The sprinkler water application rate of the E3
nozzle with the largest L/D was much higher than that of the other two nozzles before
reaching the peak application rate, and it declined faster, soon after reaching the peak
application rate. The wetted radius decreased with increasing L/D and decreasing working
pressure. At 150~300 kPa, the distances from the initial position of the E1, E2, and E3
nozzles when they reached the peak application rate were 9 m, 10 m, and 8 m, respectively.
This is because when the L/D was too large, the nozzle shape tended to be a “slit” and the
wetted radius decreased.

 
(a) 100 kPa (b) 150 kPa 

 
(c) 200 kPa (d) 250 kPa 

 
(e) 300 kPa 

Figure 9. Radial water distribution of elliptical nozzles with different aspect ratios under different
working pressure levels. (E1, E2, and E3 refer to the elliptic nozzles with aspect ratios of 1.43, 2, and
2.58, respectively).
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3.3. Water Distribution Uniformity Coefficient for Combined Sprinkler Irrigation

After having determined the water distribution of the different single sprinkler heads,
the main reasons affecting the uniformity of combined sprinklers are the combination mode
of sprinkler heads and the combination spacing. The MATLAB software was employed to
simulate and calculate the combination uniformity (CU) coefficients of each non-circular
nozzle under different spacing in a rectangular combination arrangement at low pressure
(100~200 kPa), and verify the effect of non-circular nozzles on CU. To avoid missing areas
of water application, the combination spacing was selected as 1.0 R, 1.1 R, 1.2 R, and 1.3 R,
where R is the effective spraying radius of the wetted radius of the sprinkler. The CU
coefficients of the different nozzles under different working pressures and combination
spacing are listed in Table 6.

Table 6. Combination uniformity coefficients of each nozzle under different pressures and combina-
tion spacing.

Shape Number
Pressure

(kPa)
1.0 R 1.1 R 1.2 R 1.3 R 1.4 R

Circle C2
100 54.55 37.87 25.76 29.37 19.61
150 58.59 58.25 50.11 37.32 26.49
200 65.26 61.75 56.92 46.71 36.15

Diamond

D1
100 47.34 45.92 27.04 20.42 27.61
150 63.17 59.24 47.61 45.23 46.36
200 67.43 64.32 56.31 51.70 53.51

D2
100 68.47 60.32 65.95 54.83 47.44
150 69.56 70.84 63.44 55.59 54.77
200 71.89 72.28 66.68 63.15 62.21

D3
100 66.64 52.13 46.88 46.12 33.98
150 66.19 62.70 60.19 48.71 41.50
200 69.26 68.37 62.37 59.29 59.84

Ellipse

E1
100 67.92 60.02 61.47 43.52 38.02
150 66.62 64.65 63.00 53.30 45.88
200 68.43 65.36 58.76 53.86 54.38

E2
100 56.98 44.87 49.03 37.15 26.24
150 66.05 57.09 62.24 50.34 38.82
200 64.27 59.30 49.05 46.60 45.33

E3
100 62.46 62.12 52.83 38.58 43.59
150 66.04 67.15 60.13 51.79 52.57
200 68.51 68.72 60.87 59.05 56.46

It can be seen in Table 6 that, for the same nozzle, the CU coefficient increased with
increasing working pressure and decreased with increasing combination spacing. Among
the three different-shaped nozzles, the best combination spacing for the C2 nozzle was 1.0
R, and the CU coefficient was the highest (65.26%) when the working pressure was 200 kPa
and the combination spacing was 1.0 R. The highest uniformity coefficient (72.28%) was
presented by the D2 nozzle, under a working pressure of 200 kPa and combination spacing
of 1.1 R. The highest uniformity coefficient (68.72%) of the elliptical nozzle combination
was presented by the E3 nozzle, under a working pressure of 200 kPa and a combination
spacing of 1.1 R. The C2 nozzle could achieve 65% uniformity at 200 kPa and 1.0 R, while the
non-circular nozzles could meet the requirements at 100 kPa, indicating that the combined
sprinkler irrigation with non-circular nozzles is more uniform under low pressure. The
three-dimensional (3D) distribution diagrams when the CU coefficient of each nozzle
combination was the best are presented in Figure 10.
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(a) C2—200 kPa—1.0 R. 

(b) D2—200 kPa—1.1 R 

(c) E3—200 kPa—1.1 R 

Figure 10. 3D water distribution under combined sprinkler irrigation. (C2 refers to the circular nozzle
with a diameter of 5 mm; D2 refers to the diamond nozzle with an aspect ratio of 1.32; E3 refers to the
elliptic nozzle with an aspect ratio of 2.58).

3.4. Kinetic Energy Intensity Distribution of Single Nozzles

Figure 11 displays the kinetic energy intensity distribution of each nozzle under
different working pressure levels using B-spline curves. According to Figure 11a, the
maximum kinetic energy intensity of the C2 nozzle at 100 kPa, 150 kPa, and 200 kPa was at
a distance of 11 m, 12 m, and 12 m, respectively. According to Figure 11b, the maximum
kinetic energy intensity of the D2 nozzle at 100 kPa, 150 kPa, 200 kPa, 250 kPa, and 300 kPa
was in all cases found at a distance of 10 m. According to Figure 11c, the maximum kinetic
energy intensity of the E1 nozzle at 100 kPa, 150 kPa, 200 kPa, 250 kPa, and 300 kPa was at
a distance of 8 m, 10 m, 10 m, 10 m, and 10 m, respectively.
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(a) Circular nozzle C2 (b) Diamond nozzle D2 

(c) Elliptical nozzle E1 (d) Elliptical nozzle E2 

(e) Elliptical nozzle E3 (f) Diamond nozzle D1 

 
(g) Diamond nozzle D3 

Figure 11. Kinetic energy intensity of the different single nozzles as a function of the distance
from the nozzle under different working pressure levels. (C2 refers to the circular nozzle with a
diameter of 5 mm; D1, D2, and D3 refer to the diamond nozzles with aspect ratios of 1.54, 1.32, and
1.11, respectively; E1, E2, and E3 refer to the elliptic nozzles with aspect ratios of 1.43, 2, and 2.58,
respectively).
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Based on Figure 11a–c, it can be seen that, within 0–8 m, the slope of the radial profile
of the diamond nozzle was the largest, and that of the circular nozzle was the smallest.
That is, the further the nozzle shape from a circle, the larger the radial increase of the
kinetic energy intensity. In Figure 11c–e, it can be observed that, with the increase of the
L/D, the peak value of kinetic energy intensity increased, and the distance from the nozzle
position to the peak value position under each pressure was shorter. Within 0–6 m, the E3
nozzle (largest L/D) was closest to a straight line, and the slope of the radial profile was
the largest, while the E1 nozzle (smallest L/D) had the smallest slope of the radial profile.
This indicated that the larger the L/D, the greater the radial increase of the kinetic energy
intensity. According to Figure 11b,f,g, the larger the outlet diameter, the higher the peak
value of the kinetic energy intensity. Under each working pressure, the slopes of the kinetic
energy intensity curves of the nozzles with an outlet diameter of 5 mm were the closest
before and after reaching the peak value.

In the kinetic energy intensity curves of each nozzle plotted by B-splines, it can be
observed that the peak value of the kinetic energy intensity corresponded to a distance from
the nozzle position that increased with increasing working pressure, which ranged between
100 and 200 kPa. The distribution trend of the kinetic energy intensity of each nozzle
along the radial direction under each working pressure was the same. It increased first
and then decreased with increasing distance from the nozzle position, and then decreased
rapidly to 0 after reaching the peak value of kinetic energy intensity. At 100 kPa and 150
kPa, the kinetic energy near the end of the wetted radius increased sharply, resulting in a
high impact intensity on the soil surface structure, which can cause soil compaction and
surface runoff.

3.5. Droplet Diameter Distribution
3.5.1. Radial Distribution of Droplet Diameter under Different Pressures

The commonly used methods for calculating the droplet diameter at home and abroad
include the number-weighted method, the water-weighted average method, and the me-
dian diameter method [31,32]. In this study, the water-weighted average method was
used to calculate the average droplet diameter at each measuring point. The Exp2PMod1
exponential fitting model was used, and its equation is as follows:

d = aebl, (6)

where a and b are fitting coefficients, d is the droplet diameter, and l is the distance from
the nozzle position.

After fitting the measured data, it was found that the fitting correlation coefficient
R2 of each nozzle shape under each working pressure was between [0.92, 0.99], which
was larger than 0.9, indicating that the fitting accuracy of this exponential function was
high. The results for each nozzle are presented in Figure 12. As it can be observed in
Figure 12, in all cases, the higher the pressure, the smaller the slope of the exponential
function curve and the smaller the average droplet diameter at the same measuring point.
This indicated that the increasing trend of the droplet diameter along the distance from the
nozzle decreased with increasing pressure and the jet break-up was more severe. Among
them, the slope of the radial profile of the C2 nozzle decreased the most. As shown in
Table 5, among these three nozzles under the same pressure, the slope of the radial profile
of the diamond nozzle was the largest and that of the circular nozzle was the smallest. It
indicated that the droplet diameter of the diamond nozzle increased the most along the
distance from the nozzle position.
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(a) Circular nozzle C2 (b) Diamond nozzle D2 

 
(c) Elliptical nozzle E1 

Figure 12. Relationship between average droplet diameter and distance from the nozzle. (C2 refers
to the circular nozzle with a diameter of 5 mm; D2 refers to the diamond nozzle with an aspect ratio
of 1.32; E1 refers to the elliptic nozzle with an aspect ratio of 1.43).

In addition, when the droplet diameter was 3 mm, the distance from the C2 nozzle
at 100 kPa, 150 kPa, and 200 kPa was 7.9 m, 11 m, and 12.4 m, respectively; the distance
from the D2 nozzle at 100 kPa, 150 kPa, 200 kPa, and 250 kPa was 7.6 m, 10 m, 11.7 m,
and 12.5 m, respectively; and the distance from the E1 nozzle at 100 kPa, 150 kPa, 200 kPa,
and 250 kPa was 8.5 m, 9.5 m, 10.7 m, and 12.3 m, respectively. At 300 kPa, the droplet
diameters of the diamond and elliptical nozzles were less than 3 mm. In general, droplets
with a smaller diameter tend to drift and have evaporation losses, while larger-diameter
droplets can cause greater damage to the soil surface, which is not conducive to water and
soil conservation and crop growth. Thus, the droplet diameter range suitable for spraying
is within 1~3 mm [15]. Consequently, the E1 nozzle had the optimal wetted radius except
for the 100 kPa case, where the C2 nozzle had the optimal wetted radius. When the distance
was larger than 8 m, the pressure had a significant effect on droplet diameter.

3.5.2. Radial Distribution of Droplet Diameter under Different Aspect Ratios

Figure 13 depicts the relationship between mean droplet diameter and distance from
the nozzle for different L/Ds at different working pressure levels. For the nozzles with
the same L/D, the slope of the exponential curve of the droplet diameter decreased with
increasing pressure, i.e., the radial increase trend of the droplet diameter decreases with
increasing pressure. Under the same pressure, shape, inlet cone angle, outlet diameter, and
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different aspect ratios, the droplet diameter at each measuring point was almost the same
within 6 m from the nozzle position. The relationship between average droplet diameter
distance from the nozzle generally followed the following order of E3 > E2 > E1, i.e., the
larger the L/D, the larger the average droplet diameter. The E3 nozzle (largest L/D) had the
shortest wetted radius and the largest overall droplet diameter. The E1 nozzle (smallest
L/D) had the smallest droplet diameter along the radial direction and a relatively large
wetted radius. Therefore, nozzles with a small L/D should be selected in sprinkler spraying.

 
(a) 100 kPa (b) 150 kPa 

 
(c) 200 kPa (d) 250 kPa 

 
(e) 300 kPa 

Figure 13. Relationship between mean droplet diameter and distance from the nozzle for different
aspect ratios at different working pressure levels. (E1, E2, and E3 refer to the elliptic nozzles with
aspect ratios of 1.43, 2, and 2.58, respectively).
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3.6. Droplet Velocity Distribution
3.6.1. Droplet Velocity Distribution of Nozzles with Different Shapes

The velocity of spraying droplets is an important factor to determine the kinetic energy
of striking droplets. 2DVD was used to measure the velocity of droplets with different
diameters sprayed from different nozzles.

There is a logarithmic function that can express the relationship between droplet
diameter and droplet velocity. The relationship is as follows [18]:

v = a − bln(d + c)a, (7)

where a, b, and c are fitting coefficients, v is the droplet velocity, and d is the droplet
diameter.

Figure 14 shows the results where the fitting correlation coefficient R2 was between
[0.93, 0.97]. As it can be observed, for the nozzles with the same inlet cone angle and outlet
diameter, the velocity curve slope of the circular nozzle was the largest and that of the
elliptical nozzle was the smallest, i.e., with the increase of the droplet diameter, the increase
rate of the velocity of the elliptical nozzle droplets was the smallest. The droplet velocity
increased with increasing droplet diameter, and the increasing trend gradually decreased,
indicating that droplet diameter is an important factor affecting droplet velocity. In general,
the fitted curves of the three nozzles with equal flow rate were almost identical. It shows
that, when the flow rate, inlet cone angle, and outlet diameter are the same, the nozzle
outlet shape has little effect on the relationship between average droplet diameter and
droplet velocity.

Figure 14. Relationship between average droplet diameter and velocity sprayed from nozzles with
different shapes. (C2 refers to the circular nozzle with a diameter of 5 mm; D2 refers to the diamond
nozzle with an aspect ratio of 1.32; E1 refers to the elliptic nozzle with an aspect ratio of 1.43).

3.6.2. Droplet Velocity Distribution under Different Aspect Ratios

The relationship between the diameter and velocity of droplets sprayed from elliptical
nozzles with different aspect ratios is shown in Figure 15. The fitting correlation coefficient
R2 was between [0.86, 0.98]. As it can be observed in Figure 15, for elliptical nozzles with
the same inlet cone angle and outlet diameter, and different aspect ratios, the velocity curve
slope followed the following order: E3 > E2 > E1, i.e., the velocity curve slope increased with
increasing L/D. In addition, the magnitude of droplet velocity increased with increasing
droplet diameter. At the same droplet diameter, the droplet velocity of the E2 nozzle
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was always the maximum. When the droplet diameter was less than 2.5 mm, the droplet
velocity of the elliptical nozzle followed the E1 > E3 order. When the droplet diameter
was greater than 2.5 mm, the droplet velocity followed the opposite order (E3 > E1). This
indicated that there was an aspect ratio between the maximum and minimum aspect ratios.
At this aspect ratio, the velocity of droplets with the same diameter was the highest, and
therefore, the kinetic energy of the striking droplets was the highest.

Figure 15. Relationship between average droplet diameter and velocity sprayed from elliptical
nozzles with different aspect ratios. (E1, E2, and E3 refer to the elliptic nozzles with aspect ratios of
1.43, 2, and 2.58, respectively).

The relationship between the diameter and velocity of droplets sprayed from diamond
nozzles with different aspect ratios is demonstrated in Figure 16. The fitting correlation
coefficient R2 was between [0.93, 0.96]. As it can be seen in Figure 16, for nozzles with the
same shape and inlet cone angle, the velocity curve slope followed the following order:
D3 > D2 > D1, i.e., the velocity curve slope decreased with increasing L/D. In general, the
smaller the L/D, the higher the droplet velocity, which increased with increasing droplet
diameter. When the droplet diameter was less than 5 mm, the D1 > D2 > D3 order was
followed, indicating that, when the droplet diameter is the same, the smaller the L/D, the
lower the droplet velocity.

3.7. Kinetic Energy per Unit Volume Radial Profiles

Based on the kinetic energy distribution trend of droplets per unit volume, the kinetic
energy per unit volume at different measuring points was calculated. Figure 17 shows the
radial distribution of kinetic energy per unit volume of droplets sprayed from different
nozzles under different pressure levels. As it can be seen in Figure 17, the higher the
working pressure, the lower the kinetic energy per unit volume of the droplets at the same
position, the smaller the increase of kinetic energy, and the less the damage to crops and
soil surface. At 2 m, the kinetic energy per unit volume of droplets from each nozzle was
not significantly different under all working pressures. According to Figure 17a–c, the
maximum kinetic energy per unit volume of the elliptical nozzle was the lowest among
the nozzles with equal flow and the same inlet cone angle and outlet diameter under each
working pressure. At 100 kPa, the maximum kinetic energy per unit volume of the circular
nozzle was the highest. According to Figure 17c–e, the larger the L/D, the smaller the
wetted radius. The maximum kinetic energy per unit volume of the E1 nozzle (smallest
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L/D) at 100 kPa was the lowest. At 150–300 kPa, the E3 nozzle (largest L/D) had the lowest
kinetic energy per unit volume. In Figure 17b,f,g, it can be observed that, the smaller the
outlet diameter, the lower the kinetic energy per unit volume.

Figure 16. Relationship between droplet velocity and diameter sprayed from diamond nozzles with
different aspect ratios. (D1, D2, and D3 refer to the diamond nozzles with aspect ratios of 1.54, 1.32,
and 1.11, respectively).

In order to further investigate the radial distribution characteristics of the droplet
kinetic energy per unit volume of the non-circular nozzles, in this paper, regression anal-
ysis on the kinetic energy per unit volume of each nozzle under various pressures was
performed, and a distribution model of the kinetic energy based on the distance from the
nozzle was established [30]. The relationship is given in the following equation:

Eks = al + b, (8)

where a and b are fitting coefficients, Eks is the droplet kinetic energy per unit volume, and
l is the distance from the nozzle position.

After fitting the measured data, it was found that the fitting correlation coefficient R2
of the kinetic energy per unit volume for the non-circular nozzles was between [0.89, 0.99],
indicating that the fitting accuracy was high.

The data of the droplet kinetic energy per unit volume of the three elliptical nozzles
with different aspect ratios under different working pressures were uniformly regressed,
and the kinetic energy per unit volume was further analyzed. A mathematical model of the
relationship between droplet kinetic energy per unit volume Eks, distance from the nozzle
l, aspect ratio β, and working pressure P for non-circular nozzles was established. The
functional relationship is as follows:

Eks = 2.775P−0.318l + 0.0926β + 0.932 (R2 = 0.924), (9)

The fitting coefficient of the droplet kinetic energy per unit volume for the elliptical
nozzles with different aspect ratios was 0.92, indicating that the fitting accuracy was high.
According to this regression equation, we can obtain the influence of the change of aspect
ratio on the kinetic energy of water droplets under different working pressures.
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(a) Circular nozzle C2 (b) Diamond nozzle D2 

 
(c) Elliptical nozzle E1 (d) Elliptical nozzle E2 

 
(e) Elliptical nozzle E3 (f) Diamond nozzle D1 

 
(g) Diamond nozzle D3 

Figure 17. Kinetic energy per unit volume as a function of the distance from each nozzle under
different working pressure levels. (C2 refers to the circular nozzle with a diameter of 5 mm; D1, D2,
and D3 refer to the diamond nozzles with aspect ratios of 1.54, 1.32, and 1.11, respectively; E1, E2,
and E3 refer to the elliptic nozzles with aspect ratios of 1.43, 2, and 2.58, respectively).
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3.8. Uniformity Coefficient of Kinetic Energy Intensity Distribution of Combined Sprinkler

In general, the sprinklers in sprinkler irrigation systems are arranged in square and
triangular shapes. In this study, the working pressure of the sprinkler was 100 kPa, 150 kPa,
and 200 kPa, and a square arrangement was simulated. The uniformity coefficient of the
kinetic energy intensity of combined sprinkler irrigation was simulated and calculated by
using the MATLAB software. The combination spacing was selected as 1.0 R, 1.1 R, 1.2 R,
and 1.3 R, where R is the wetted radius. The calculation results are listed in Table 7.

Table 7. Uniformity coefficient of the kinetic energy intensity distribution for each nozzle under
different combination spacing.

Shape Number
Pressure

(kPa)
1.0 R 1.1 R 1.2 R 1.3 R

Circle C2
100 40.07 29.60 18.53 18.53
150 49.85 45.61 22.77 10.37
200 55.93 51.15 30.90 22.51

Diamond

D1
100 49.32 42.63 11.27 11.27
150 51.78 46.68 19.08 19.08
200 63.52 45.24 45.48 49.98

D2
100 63.62 67.59 67.59 40.31
150 56.34 52.41 34.58 34.58
200 65.36 59.13 49.19 54.15

D3
100 52.32 53.37 53.37 18.18
150 57.12 53.72 36.09 28.76
200 59.39 59.51 39.88 39.60

Ellipse

E1
100 55.65 48.67 48.67 29.94
150 57.02 49.22 32.61 32.61
200 57.02 51.99 33.90 33.90

E2
100 49.20 38.37 38.37 20.99
150 55.02 53.66 28.17 28.17
200 51.84 45.69 21.36 21.36

E3
100 52.81 41.12 41.12 35.87
150 51.82 39.31 39.31 35.47
200 57.78 49.95 49.95 39.98

It can be observed that the uniformity coefficients of the combined kinetic energy
intensity of the nozzles under the three pressure levels were different under different
spacing. The results indicated that the best combination spacing for the C2 nozzle was 1.0 R,
and the best kinetic energy intensity distribution uniformity coefficients at 100 kPa, 150 kPa,
and 200 kPa were 40.07%, 49.85%, and 55.93%, respectively. The best kinetic energy intensity
distribution coefficient among the diamond nozzles was exhibited by the D2 nozzle. When
the outlet diameter was 5 mm, the working pressure was 100 kPa, and the best combination
spacing was 1.1 R and 1.2 R, the optimal kinetic energy intensity distribution uniformity
coefficient was 67.59%. The optimal combination spacing for the elliptical nozzles was 1.0 R.
The optimal uniformity coefficient of the kinetic energy intensity distribution was exhibited
by the E3 nozzle (largest L/D) at the working pressure of 100 kPa (57.78%). In addition, it
was found that the uniformity coefficient of the kinetic energy intensity distribution of the
combined sprinkler increased gradually with increasing pressure. The 3D distributions
of the combined sprinkler irrigation kinetic energy intensity of the nozzles with the best
uniformity coefficient per shape type are exhibited in Figure 18.
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(a) C2—200 kPa—1.0 R 

(b) D2—100 kPa—1.1 R−1.2 R 

(c) E3—200 kPa—1.0 R 

Figure 18. Distribution of kinetic energy intensity under combined sprinkler irrigation for each
nozzle shape with the best uniformity coefficient. (C2 refers to the circular nozzle with a diameter of
5 mm; D2 refers to the diamond nozzle with an aspect ratio of 1.32; E3 refers to the elliptic nozzle
with an aspect ratio of 2.58).

4. Discussion

Most of the research on the distribution characteristics of water droplets in non-circular
nozzles focuses on the influence of the shape and pressure on the jet shape. In this study,
a video raindrop spectrometer is used to supplement the research on the influence of the
shape and pressure of non-circular nozzles on the distribution characteristics of water
droplets, such as diameter, velocity, and kinetic energy. The diameter of water droplets
increases in the radial direction and decreases with the increase of pressure. The larger the
diameter of the outlet is, the greater the speed of water droplets increases with the diameter
of water droplets. When the diameter of water droplets is the same, the larger the diameter
of outlet, the smaller the velocity of water droplets. The impact kinetic energy per unit
volume of droplets at the same position and its growth range decrease with the increase
of pressure.
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In addition, the influence of the aspect ratio of a non-circular nozzle on spraying
hydraulic performance and water droplet distribution characteristics is studied in this paper.
The shape coefficient of the non-circular nozzle increases with the increase of aspect ratio,
and the range decreases with the increase of aspect ratio. Under five working pressures,
the diameter of water droplets in the diamond nozzle increases the most along the radial
direction. The larger the aspect ratio is, the greater the speed of water droplets increases
with the diameter of water droplets. With the increase of droplet diameter, the growth rate
in droplet velocity of the elliptical nozzle is the smallest, while that of circular nozzle is
the largest. The nozzle with the outlet diameter of 5 mm has the smallest average droplet
diameter, and the droplet diameter decreases the most along the longitudinal direction.

5. Conclusions

A prediction model which can accurately reflect the droplet diameter, velocity, and
kinetic energy distribution per unit volume of three types of nozzles was developed, and
a fitting function of the relationship between L/D and kinetic energy per unit volume
for non-circular nozzles was established. The relationship between droplet diameter and
kinetic energy and the distance from the nozzle is an exponential and a linear function,
respectively, and the fitting correlation coefficients were between [0.92, 0.99] and [0.89, 0.99],
respectively. The distribution of droplet velocity and diameter was found to be logarithmic,
and the fitting coefficient was between [0.86 and 0.98]. The relationship between L/D and
kinetic energy was linear, and the fitting coefficient was 0.924. In all cases, the fitting
accuracy was high.

Among the tested nozzles, the sprinkler with the circular nozzle generated the largest
CV, while the elliptical and diamond nozzles generated similar CVs. When operating at
the same working pressure, the diamond nozzle exhibited the smallest peak application
rate value and the largest radially increasing trend in droplet diameter, while the elliptical
nozzle had the lowest maximum droplet kinetic energy per unit volume. The more the
nozzle shape deviated from a circle, the larger the radial increase of the kinetic energy
intensity. For elliptical nozzles with equal flow and area, the smaller the L/D, the smaller
the average droplet diameter and velocity, the lower the peak sprinkler water application
rate, the more uniform the water distribution, the larger the wetted radius, and the smaller
the radial increase of the kinetic energy intensity. The water distribution uniformity was
the best when the L/D was the smallest.

Under a working pressure of 200 kPa and a combination spacing of 1.0 R, the unifor-
mity coefficients of combined sprinkler irrigation and combined kinetic energy intensity
distribution with circular nozzles were the highest, i.e., 65.26% and 55.93%, respectively.
The uniformity coefficient of combined sprinkler irrigation with diamond nozzles was
the highest (72.28%) when the L/D was 1.32, the working pressure was 200 kPa, and the
combination spacing was 1.1 R. The combined kinetic energy intensity distribution of the
diamond nozzle was the most uniform (67.59%) when the outlet diameter was 5 mm, the
working pressure was 100 kPa, and the combination spacing was 1.1 R and 1.2 R. Among
the three elliptical nozzles with the same flow rate and different L/D, the one with the
largest L/D had the highest uniformity coefficient (68.72%) when the working pressure was
200 kPa and the combination spacing was 1.1 R. When the combination spacing was 1.0 R,
the distribution uniformity coefficient of combination kinetic energy intensity was also
the highest (57.78%). In general, the larger the L/D of the nozzle, the lower the maximum
droplet kinetic energy per unit volume.
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Abstract: Early detection and accurately rating the level of plant diseases plays an important role in
protecting crop quality and yield. The traditional method of mummy berry disease (causal agent:
Monilinia vaccinii-corymbosi) identification is mainly based on field surveys by crop protection experts
and experienced blueberry growers. Deep learning models could be a more effective approach, but
their performance is highly dependent on the volume and quality of labeled data used for training so
that the variance in visual symptoms can be incorporated into a model. However, the available dataset
for mummy berry disease detection does not contain enough images collected and labeled from a
real-field environment essential for making highly accurate models. Complex visual characteristics
of lesions due to overlapping and occlusion of plant parts also pose a big challenge to the accurate
estimation of disease severity. This may become a bigger issue when spatial variation is introduced by
using sampling images derived from different angles and distances. In this paper, we first present the
“cut-and-paste” method for synthetically augmenting the available dataset by generating additional
annotated training images. Then, a deep learning-based object recognition model Yolov5s-CA was
used, which integrates the Coordinated Attention (CA) module on the Yolov5s backbone to effectively
discriminate useful features by capturing channel and location information. Finally, the loss function
GIoU_loss was replaced by CIoU_loss to improve the bounding box regression and localization
performance of the network model. The original Yolov5s and the improved Yolov5s-CA network
models were trained on real, synthetic, and combined mixed datasets. The experimental results
not only showed that the performance of Yolov5s-CA network model trained on a mixed dataset
outperforms the baseline model trained with only real field images, but also demonstrated that the
improved model can solve the practical problem of diseased plant part detection in various spatial
scales with possible overlapping and occlusion by an overall precision of 96.30%. Therefore, our
model is a useful tool for the estimation of mummy berry disease severity in a real field environment.

Keywords: wild blueberry; Vaccinium angustifolium; Monilinia vaccinii-corymbosi; deep learning;
coordinated attention; synthetic data; prediction accuracy

1. Introduction

In agriculture, plant diseases cause an estimated 10–15% annual loss of the world’s
major crops [1]; 70–80% of these diseases are caused by pathogenic fungi that have an
adverse effect on crop growth, quality and yield. Therefore, disease management is im-
portant to agricultural systems including the wild lowbush blueberry production system.
Wild blueberry (mainly Vaccinium angustifolium Aiton) is a perennial shrub that spreads
by underground rhizomes, with aerial shoots occurring every 2–30 cm. Wild blueberry
plants are not planted [2,3] but grow naturally in rocky hills and sandy fields, and are
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managed to form a carpet for berry production [4]. Wild blueberry is one of the most
important crops in Maine, USA, and the Canadian provinces of Quebec and the Maritimes,
and the crop is a major source of income for growers in the regions [5,6]. The state of Maine
is one of the largest producers of wild blueberries of the world, accounting for 97% of
the total production in the US [7–9]. The yield and quality of blueberries are impacted
by several factors, but one of the most important is mummy berry disease caused by
the fungus Monilinia vaccinii-corymbosi [10]. Monilinia vaccinii-corymbosi ascospores attack
opening flower clusters and axillary buds in the spring and kills infected tissues [11]. These
tissues then produce secondary asexual spores that infect healthy flowers and the fungus
colonizes the developing fruit. High levels of infection can kill up to 90% of the leaves
and flower buds during the early part of the growing season [10,12]. The infection of the
developing fruit directly affects yield and the loss of flowers and leaves can indirectly
reduce yield [8]. The loss of yield (berry weight harvested) can be substantial and poses an
economic challenge to growers.

The current method of early warning monitoring for mummy berry disease is based
on the prediction of potential infection periods determined by weather conditions and
development stages of the plants and fungus [13]. If a high likelihood of infection is
predicted, based on the duration of leaf wetness and suitable air temperature, growers
are advised to protect their crops from infection with the application of fungicides [14].
Follow-up field scouting by crop protection experts and experienced blueberry growers is
often implemented to determine the effectiveness of forecasting infection and fungicide
applications. However, monitoring for the presence and rating the level of disease is
extremely time-consuming and labor-intensive since infected plants can be scattered in
patches around the field and so typically multiple transects are used to observe many
individual stems across a field. It can also be prone to error due to confusion between
mummy berry disease symptoms and those from frost damage or other diseases such
as Botrytis blight. These are some of the main reasons why researchers are looking for
alternative methods to identify diseases in the field [15–17]. Previous studies involving
other crops and diseases using traditional machine learning algorithms have mainly relied
on manual extraction of features from image texture, color and shape [18] to locate disease.
However, the symptoms of the same disease may have different visual characteristics, such
as during different stages of infection, when infecting flowers, leaves or fruit, and possible
occlusions and high spatial variations among individual plants. Therefore, when there is
variation in environmental conditions and symptom traits, the generalization ability of
these algorithms decreases significantly.

In recent years, with the rapid advancement of computer vision techniques and deep
learning, various methods of plant disease detection and classification techniques have
been developed in agriculture resulting in highly accurate results [16,19,20]. Despite its
success in achieving superior performance in plant disease detection, deep neural network
architectures depend heavily on the availability of large quantities of training data that
are characterized by variation to accurately “learn the breadth of behavior” for proper
training of a model. However, the available dataset for wild blueberry plant disease
detection does not contain the abundance of images collected and labeled from a real-field
environment which is essential for making highly accurate models [19]. Levels of mummy
berry symptoms vary by field characteristics, weather, and inoculum level and symptoms
of the first stage of infection of leaves and flower buds only last for one to three weeks
depending upon the field and weather. Clean and background-free images of diseased
and healthy plant parts also are difficult to obtain in blueberry fields. Accurately labeling
images for model training is also very labor-intensive. To address the problem of data
scarcity in training deep learning models, researchers have proposed various techniques to
generate synthetic images based on the available dataset to obtain diverse and inexpensive
training data [21,22] rather than field collecting and annotating training images which is an
expensive and time-consuming task.
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Although computer vision techniques have greatly improved for plant disease detec-
tion, practical problems such as the small size of lesions, occlusion of shoots, interference
of complex background, uncontrollable light conditions in fields, etc., remain unsolved
for mummy berry disease identification. For instance, masses of conidia (a sign on leaves
and flowers of primary mummy berry infection) on blueberry shoots are tiny (<33 μm
long; in [11] and only account for a very small portion of a field taken image, which makes
it unlikely to be automatically identified by computer vision techniques. Moreover, the
much branched and dense structure of blueberry bushes often occlude small diseased plant
parts such as those exhibiting conidia. Multiple shoots or branches also complicate the
background of field-taken images, which also poses a challenge to disease detection. An
example of field-taken images of mummy berry disease and conidia on shoots are shown
in Figure 1. In addition, disease traits (such as size, color, and portion) in the field obtained
sample images for disease detection and severity rating may vary considerably due to
the changes in camera shooting angle and distance. These highly spatial variations could
inevitably degrade the performance of identification, despite the most advanced object
detection algorithms having been employed [23].

 

Figure 1. An example of field-taken images of mummy berry disease with the complex background
of blueberry bushes. The red square marks the area in the left panel. The same image is zoomed in
and depicted in the right panel, where yellow squares identify the presence of conidia.

In deep learning, as in human vision, the attention mechanism tends to focus on
key regions of the input objects by ignoring irrelevant information. Recent studies have
demonstrated the remarkable effectiveness of attention-based methods for boosting deep
learning networks and have proven their usefulness in a variety of computer vision tasks,
such as object detection [20,24,25]. CBAM [26] is a widely used attention mechanism
that combines channel and spatial attention. SE [27], on the other hand, focuses on the
relationship between channels to learn each image feature based on the loss function,
increases the weight of relevant image features, and decreases the weight of irrelevant
image features to achieve the best results. In plant disease detection, the lightness of the
model determines whether it can be deployed to embedded devices, which is of great
importance for growers to monitor the growth and disease status of blueberries in real-
time in the field [15]. Considering the limited computational power and storage capacity
of mobile or embedded devices, SE and CBAM attention mechanisms are still the most
popular attention methods. However, SE neglects the importance of location information
and CBAM only captures local relationships and cannot model long-range dependencies
essential for capturing object structure in visual tasks [28]. In contrast, coordinate attention
(CA) considers both inter-channel relationships and position information.

Therefore, in order to overcome the problems in the current plant disease detection
methods, and solve the limitation of data scarcity for mummy berry disease detection
of the wild blueberry plant in a real-field environment, we have implemented the cut
and paste method [29] for synthetically augmenting the available dataset to generate
annotated training images for object detection tasks, which reduces the effort required to
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collect and manually annotate huge datasets. Thereafter, we improved the backbone of
the original Yolov5s network model by integrating the lightweight coordinate attention
(CA) module to effectively highlight the important features by capturing the channel and
location information to improve a mummy berry disease detection network model in a real
natural field environment with little extra computational cost. The main contributions of
this study are summarized as follows:

• The coordinate attention (CA) module is integrated into a Yolov5s backbone. This
allows the network to increase the weight of key features and pay more attention to
visual features related to disease to improve the performance of disease detection in
various spatial scales.

• The loss function, General Intersection over Union (GIoU), is replaced by the loss
function, Complete Intersection over Union (CIoU) to enhance bounding box re-
gression and localization performance in identifying diseased plant parts with a
complex background.

• A synthetic dataset generation method is presented that can reduce the effort of
collecting and annotating large datasets and boost the performance of identification
by artificially increasing available features in deep model training.

2. Related Work

The scope of the research presented in this article is related to the use of data augmen-
tation processes to create synthetic image datasets and object detection models to identify
mummy berry disease affecting wild blueberry productivity. Thus, the literature review
presented in this section is divided into two subsections. The first subsection lists the
techniques reported in the literature on the use of data augmentation to create synthetic
image datasets, while the second subsection details the various machine learning and deep
learning algorithms reported in the literature for plant disease identification.

2.1. Data Augmentation

To build robust deep-learning models, it is important to ensure that validation error
during training is minimized with the training error. The approach that has been reported
in the literature to be successful is the data augmentation technique [30].

Recently, a method of data augmentation crop-and-paste has become popular in
object detection [31] and instance segmentation. Khoreva et al. [32] used the cut-and-paste
method to generate pairs of synthetic images for video object segmentation. However, object
positions are sampled uniformly and changes between image pairs need only be guaranteed
to be kept small, which does not work for image-level instance segmentation. A copy–paste
method was proposed by Ghiasi et al. [33], which randomly selects a segment object and
pastes it at a random location onto the background image data without considering its visual
state. The high performance and efficiency of this method was experimentally verified.
The authors of [34] presented a simple yet effective approach that took an object detection
VOC2007 dataset and cut out objects according to their ground truth labels and pasted them
onto images with different backgrounds. With this naive approach, the authors showed
a significant improvement in object detection models such as YOLO [35] and SSD [36].
Khalil et al. [37] proposed a new method for augmenting annotated training datasets used
for object detection tasks, which aims at relocating objects based on their segmentation
masks to a new background that comprise changes in the property of the object such
as: image spatial location, surrounding context, and scale. In [31], the authors proposed
a context model to place segmented objects at backgrounds with proper context. They
demonstrated that this technique can improve object detection on a Pascal VOC dataset.
However, the method requires extra model training and off-line data preprocessing. A
method of annotated instance masks with a location probability map is explored in [38]
to augment the training dataset that can effectively improve the generalization ability of
the dataset. Abayomi-Alli et al. [39] proposed a novel histogram transformation approach
that improved the accuracy of deep learning models by generating synthetic images from
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low-quality test images to enhance the number of images in a cassava leaf disease dataset by
applying Gaussian blurring, motion blurring, resolution down-sampling, and overexposure
with a Modified MobileNetV2 neural network model. Nair and Hinton [40] expanded
and enriched their training data by random crop and horizontal reflection. They also
applied PCA (principal component analysis) on the color space to change the intensity
of the RGB channel (red, green, blue color model). Furthermore, geometric and color
transformation were also performed on the dataset. However, the method is based upon
simple transformations and cannot simulate higher levels of complexity inherent in the
field environment.

Other recent works on image analysis [41,42] built and trained models on purely
synthetic rendered 2D and 3D scenes. However, it is difficult to guarantee that models
trained on synthetic images will generalize well to real field-collected data, as the process
introduces significant changes in image statistics. To solve this problem, Gupta et al. [43]
adopted a different approach by embedding real segmented objects into natural images.
This reduces the presence of artifacts. The authors in [44] estimated the scene geometry
and spatial orientation before synthetically placing objects to generate realistic training
examples for the task of object instance detection.

2.2. Deep Learning for Plant Disease Detection

With the aim of developing effective plant disease detection systems, there has been an
increasing number of research studies focused on plant disease classification and detection
in recent years. Qu and Sun [15] proposed a lightweight deep learning model that can be
deployed on embedded devices to detect mummy berry disease in a real environment. The
model uses MobileNetV1 as the main network and adopts multi-scale feature extraction
which combines dilated and depth-wise convolution in a parallel manner. In addition, at
the end of the model, a feature filtering module-based channel attention mechanism is
employed to improve classification performance. Fuentes et al. [45] presented a method
of detection and identification of diseases and pests of tomatoes captured by camera
equipment with different levels of resolution. To find a suitable deep learning architecture,
the Fuentes et al. study combined three main families of detectors: fast region-based
convolutional neural network (FAST R-CNN), region-based fully convolutional network (R-
FCN), and single shot multibox detector (SSD) with VGG net and residual net to effectively
identify nine different types of diseases and pests. Roy and Bhaduri [46] developed a deep
learning based multi-class apple plant disease detection method and achieved 91.2% mean
average precision and 95.9% a F1-score. The model was modified to optimize accuracy and
validated by detecting diseases under complex orchard scenarios. Qi et al. [20] proposed
a method for the recognition of tomato virus disease based on an improved SE-Yolov5
network model. A squeeze-and-excitation (SE) module was added to a Yolov5 model to
focus the network on the effective features of tomato virus visual features. This approach
improved the performance of the network.

3. Materials and Methods

In this section, we briefly present a field-collected image dataset that was used for
model training and evaluation, as well as for generating synthetic images. We then intro-
duced the system of synthetic dataset generation methods for object detection tasks. This
section concludes with the description of an improved Yolov5 model based on attention
mechanism and evaluation metrics.

3.1. Data Source

The first step in developing a deep learning model is to prepare a dataset. As the
primary source of data in this study, images of healthy and diseased flowers, fruits, and
leaves of the blueberry crop in a field environment with complex backgrounds were
obtained from the University of Maine wild blueberry experimental fields at Blueberry Hill
Farm, Jonesboro, ME, USA [47]. However, the total number of field images collected for
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training a deep learning network was not adequate. Therefore, to achieve high performance
and reduce the risk of overfitting a predictive model for mummy berry disease detection,
we first produced annotated synthetic images with a complex background that mimicked
real field situations. Then we collected blueberry images with mummy berry disease from
online sources such as the National Ecological Observatory Network (www.bugwood.org,
accessed on 23 April 2022), and Google Images (www.google.com, accessed on 2 May 2022)
to incorporate variety in training images, as deep learning models show enhanced results
and higher generalization ability on the availability of a large dataset. A total of 459 field
images of blueberries with mummy berry disease were obtained from the University of
Maine wild blueberry experimental fields and online sources. Based on field images, a
total of 1661 annotated images were produced by the synthetic data generation method
(Table A1 in Appendix A).

3.2. Synthetic Data Generation

In this study, we applied the cut and paste technique [29] to create synthetic images
and related annotations by random scaling, rotation, and adding segmented images of
interest to the background. Unlike Mixup and CutMix, our method only copied the exact
pixels that corresponded to an object, as opposed to all the pixels in the object’s bounding
box. To generate a synthetic dataset with our cut and paste method, we randomly selected
images of 55 flowers, 48 fruits, and 58 leaves of diseased blueberry plant tissue from the
field dataset (discussed in Section 3.1) and created masks. Then a total of 83 “healthy”
background photographic images with only healthy uninfected flowers and leaves were
collected in a lowbush blueberry field at the University of Maine, Blueberry Hill Farm
(Jonesboro, ME, USA). In order to make the background more complex, seven distractor
object images of healthy fruits were obtained from online sources, and then masks were
created. Objects of interest masks were created using Adobe Photoshop software, unlike a
previous study [29] that automated this process by training a machine learning model to
segment and extract the objects.

Once the image data was ready, we randomly selected the background image and
resized it to 1080 × 1320 pixels and 1320 × 1080 pixels, vertically and horizontally, respec-
tively. Then, to make the background of the synthetic dataset diverse, we randomly selected
at most 10 segmented distractor images and randomly resized, rotated and added them to
the background iteratively. Under field conditions in agriculture production systems, oc-
clusion problems are common challenges that need to be considered. Hence, in generating
a synthetic dataset, a newly added image can partially or fully overlap a previously added
image. Therefore, to control the degree of overlap and include cases of occlusion in the
synthetic dataset, the threshold value for the degree of overlap was set at 25%. Finally, in
an iterative process, we randomly chose a maximum of 15 segmented images of diseased
leaves, flowers, and fruits and randomly resized and rotated them, and then added the
new background images on top of the background distractor images (see Figure 2).

3.3. Coordinate Attention Module

When detecting mummy berry disease, the infection can be randomly distributed on
the plant stem, resulting in a mixture of overlapping occlusions, and the infected region
may occupy a relatively small proportion of the image area, leading to missed or incorrect
detection. In our study, we introduce the coordinate attention (CA) module to help the deep
learning model focus on the most significant information related to infection and ignore
minor features. The CA mechanism is an efficient and lightweight module that embeds
position information into the attention map. The model can obtain information about a large
area without introducing additional computational costs. The coordinate attention block
can be considered a computational unit that increases the expressive power of the learned
features. It takes an intermediate feature tensor: X = [x1, x2, . . . , xC] ∈ R

C × H × W as input;
and outputs a transformed tensor with enhanced representations: Y =

[
y1, y, . . . , yC

]
of

the same size to X.
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Figure 2. The procedure of synthetic image dataset generation.

In the structure of the coordinate attention module, the operation is divided into
two steps: (1) coordinate information embedding; and (2) coordinate attention generation
(Figure 3). The first step factors global pooling as given in Equation (1) into two 1D
feature encoding operations that encode each channel along the horizontal and vertical
directions, respectively.

zh
c (h) =

1
W ∑

0 ≤ i < W
xc(h, i) zw

c (w) =
1
H ∑

0 ≤ i < H
xc(j, w) (1)

where X denotes the input, zh
c (h) and zw

c (w) indicate the outputs of the c − th channel
at height h and width w, respectively. The second step concatenates the feature maps
produced and sends them to the shared 1 × 1 convolutional transformation F1 to obtain the
intermediate feature map, f , as formulated in Equation (2),

f = δ
(

F1

([
Zh, Zw

]))
(2)

where [. , .] denotes the concatenation operation along the spatial dimension, and δ is a
non-linear activation function. The feature map f is then split along the spatial dimension
into two separate tensors f h and f w, followed by another two 1 × 1 convolutional functions
Fh and Fw, which are determined by Equation (3),

gh = σ
(

Fh

(
f h
))

, gw = σ(Fw( f w)) (3)

where σ denotes the sigmoid activation function. The final attention weight Y is generated
according to Equation (4),

yc(i, j) = xc(i, j)× gh
c (i)× gw

c (j) (4)

Therefore, in this study, we integrated the coordinate attention (CA) module on the
Yolov5 backbone. This offers three obvious advantages: (1) it captures cross-channel and
position-sensitive information that helps models accurately locate and recognize objects
of interest; (2) having a lightweight property that is less lightweight than other attention
mechanisms [26,27]; and (3) flexibility to be plugged into object detection models such as
Yolov5 with little additional computational overhead.
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Figure 3. Structure of the coordinate attention (CA) module.

3.4. Yolov5 Method

Object detection is a computer vision technique for locating instances of a certain class
of objects in an image. Recent object detection methods can be categorized into two main
types: one-stage and two-stage. One-stage methods prioritize inference speed and include
a series of YOLO detection methods [15,35,48–50], SSD [36,51], and RetinaNet [52]. Typical
two-stage methods prioritize detection accuracy and include R-CNN [53], Fast R-CNN [54],
Mask R-CNN [55], Cascade R-CNN [56], and others.

Yolov5 is the latest generation of one-stage object detection network models of the
YOLO series proposed by Ultralytics in May 2020 see [57]. Based on the network depth and
width of feature maps, Yolov5 can be divided into four models, namely Yolov5s, Yolov5m,
Yolov5l, and Yolov5x [23]. Compared with two-stage detection network models, Yolov5
greatly improves the running speed of the model while maintaining detection accuracy.
This not only meets the needs of real-time detection, but also has the advantage of a small
structure size. The Yolov5 network model is an improved model based on Yolov3 with
improvements such as multi-scale prediction, which can simultaneously detect images of
different sizes [20]. Therefore, we proposed a lightweight mummy berry disease detection
network model based on Yolov5s by improving the network backbone with an atten-
tion mechanism. The architecture of the improved Yolov5s-CA network model is shown
in Figure 3.

3.5. Improvement of Yolov5s-CA Network Model

Figure 3 shows the structure of the improved Yolov5s-CA network model to detect
mummy berry disease. It can be seen that a lightweight module CA [28] was introduced into
the backbone of Yolov5s to strengthen the feature representation ability of the network and
select useful information, which enhances detection performance. The network structure of
Yolov5s-CA consists of four parts: input, backbone, neck, and head.

The backbone of the Yolov5s-CA network model contains Conv, C3, CA, and Spatial
Pyramid Pooling Fusion (SPPF). The Conv is the basic convolution unit, which performs
two-dimensional convolution, regularization, and activation operations on the input. The
C3 module is located in both the backbone and neck. The C3 module with a shortcut
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structure is implemented in the backbone of the network. It divides the input tensor equally
into two branches and performs convolution operations. One branch passes through a
Conv module and then passes through multiple residual structures to avoid degradation
problems in the deep computational process. The other branch directly combines the two
branches to form a Conv module. As shown in Figure 4, the CA modules are integrated into
the backbone following the C3 module to highlight and select the most important disease-
related visual features and improve the representation ability of the object detection model
to detect mummy berry disease in a field environment. The last layer of the backbone,
Spatial Pyramid Pooling Fast (SPPF), shown in Figure 5, comprises three MaxPool layers of
5 × 5 kernel sizes in series and passes the input through the MaxPool layers in turn and
performs a concatenation operation on the output before performing a Conv operation. The
SPPF structure can achieve similar feature ex-traction results as SPP, but SPPF runs faster.
The image can learn features at multiple scales with the help of MaxPool layers and jump
connections, and then increase the representativeness of the feature map by combining
global and local features.

 

Figure 4. The improved Yolov5s-CA network model structure.

The neck module is a feature aggregation layer between the head and the backbone. It
collects as much information as possible from the backbone before feeding it to the head.
It consists of two parts: the Feature Pyramid Network (FPN) and the Path Aggregation
Network (PAN). The FPN structure transmits semantically robust features from the top-
down, while the PAN transmits information in a bottom-up pyramid to strengthen the
feature representation capabilities of the network model. In addition, C3 modules were
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added to enhance the network’s feature extraction capability, and the C3 at the neck replaces
the residual structure with multiple Conv modules.

Figure 5. The SPPF module.

The head outputs a vector containing the object category probability, the object scores,
and the position of the bounding box. The loss function of Yolov5s consists of three parts:
the confidence loss, the classification loss and the position loss of the target and prediction
box. The original Yolov5s uses GIoU_loss as a bounding box regression loss function
to evaluate the distance between the predicted box and the ground truth box. It can be
expressed in the following formulae represented in Equations (5)–(7).

IoU =
A ∩ B
A ∪ B

(5)

GIoU = IoU − Ac − u
Ac (6)

LGIoU = 1 − GIoU (7)
where A is the predicted box, B is the ground truth box, IoU represents the intersection
ratio of the predicted box and the ground truth box, Ac represents the intersection of the
predicted box and the ground truth box, u represents the smallest circumscribed rectangle
of the predicted box and the ground truth box, and LGIoU is the GIoU Loss.

Compared with the IoU_loss function, the GIoU loss function can solve the problem
of non-overlapping bounding boxes. However, GIoU loss cannot solve the problem that
the prediction frame is inside the target frame and the size of the prediction frame is the
same. On the other hand, CIoU loss considers the scale information of the aspect ratio
of the bounding box and measures it from the three viewpoints: (1) overlapping area,
(2) center point distance, and (3) aspect ratio, which makes the prediction box regression
more efficient. Therefore, in this study, we use CIoU loss as the regression loss function
represented in Equations (8)–(10).

Lloc = 1 − IoUI
(

B, Bgt
)
+

d2

c2 + av (8)

a =
v

1 − IoU + v
(9)

v =
4

π2

(
arctan,

wgt

hgt − arctan
w
h

)2

(10)

where w is the width and h is the height of the prediction box and wgt and hgt are the width
and height of the ground truth box, respectively.

3.6. Model Evaluation

Three metrics were used to evaluate the performance of the models. First, we used
precision (P), defined as the proportion of true positives to the total number of positive
detections (Equation (11)). Second, we used recall (R), defined as the proportion of true
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positives to the total number of actual objects (Equation (12)). Third, mean average precision
(mAP@0.5) was used, which represents the mean value of AP for different categories with a
threshold of 0.5% when mAP (Equation (13)) is converted to percent.

Precision =
TP

TP + FP
(11)

Recall =
TP

TP + FN
(12)

mAP =
∑ AP

n
(13)

In Equations (11)–(13), TP is the number of correctly detected disease regions, FP is the
number of healthy regions of plants that have not been detected as having disease, FN is
the number of incorrectly detected disease regions, AP is the area under the precision-recall
curve and n is the number of classes.

The experiments were carried out following the improved Yolov5s-CA model
(Figure 3). To implement the mummy berry disease detection model, we used Pytorch
version 1.11.0. The code was written, edited, and run using Google Colab Pro’s notebook,
a subscription-based service provided by Google Research that allows users to write and
run Python code in web browsers. The hardware configuration that we used was: NVIDIA
Tesla P100 GPU, 16 GB RAM, 127 GB hard disk, and CUDA version 11.2. The hyperparam-
eters of the two models were set uniformly. The initial learning rate of the model was set
to 0.01, and the momentum of the learning rate to 0.9. The batch size was set to process
16 images per iteration. The resolution of the input image was set to 640 × 640 pixels, and
the number of epochs was set to 300. The training, validation, and test set images were in
the ratio of 8:1:1 with no overlap between the three sets. To demonstrate the effectiveness
of improving the original Yolov5s, we conducted experiments with and without modifying
the backbone of Yolov5s with an attention mechanism. Each experiment was validated on
the field-collected test dataset.

4. Results

We designed and conducted five experiments. The first experiment was designed
to compare the two Yolov5s models (Yolov5s vs. Yolov5s-CA) on disease detection when
they were only trained on the field-collected data. The second experiment compared the
two models when they were trained only on the synthetic data. The third experiment
compared the two models when they were trained on a combined dataset of synthetic
and field-collected data. The fourth experiment compared the detection speeds of the two
models. The fifth experiment compared the detection of the two models at different spatial
scales (camera shooting distances).

4.1. Comparison of Disease Detection Models Trained Only on the Field-Collected Dataset

This experiment developed a baseline model by evaluating the effect of varying the
amount of training data on the model’s performance. To this end, the improved Yolov5s-CA
and Yolov5s models were evaluated only on field-collected images. The precision of the
Yolov5s-CA model is 70.2%, the recall is 61.3% and mAP@0.5 is 65.8%, which shows an
increase of 2.7%, 0.5% and 1.1% in precision, recall and mAP@0.5, respectively, compared to
the Yolov5s model (Table 1). Increasing the amount of the field-collected training data from
10–100% in all cases leads to an increase in the performance of the model (Figure 6).

Table 1. Performance comparisons of models trained only on real field dataset.

Models Precision (%) Recall (%) mAP @0.5 (%)

Yolov5s 67.5 60.8 64.7
Yolov5s-CA 70.2 1 61.3 1 65.8 1

1 Bold type reflects the best precision, recall and mAP@0.5 values.

153



Agriculture 2023, 13, 78

(a) 

20

30

40

50

60

70

10 25 40 55 70 100

m
A

P(
%

)

Dataset Size(%)

Yolov5s Yolov5s-CA

(b) 

4

6

8

10

12

10 25 40 55 80 100

m
A

P(
%

)

Dataset Size(%)

Yolov5s Yolov5s-CA

Figure 6. Effects of training data size. (a) Field-collected dataset. (b) Synthetic dataset.

The comparison of experimental indicators shows that the performance of the im-
proved Yolov5s-CA model is higher than Yolov5s, which confirms the effectiveness of
integrating the attention mechanism on the backbone of the Yolov5s model. This approach
suppresses less important features and improves the rate of correct detection.

4.2. Comparison of Disease Detection Models Trained Only on the Synthetic Dataset

This experiment evaluated models trained exclusively with synthetically generated
images, in contrast to the results in Section 4.1 illustrating the performance of the models
trained only on a limited number of field-collected images. We created a synthetic dataset
containing 1661 images (method in Section 3.2). Similar to Section 4.1, we varied the amount
of synthetic training images to investigate their effect on model performance (Figure 6).
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Increasing the training data size to more than 80% of the total available images has no
contribution in terms of improving the performance of the model. Compared with Yolov5s,
the recall of the improved Yolov5s-CA model increased by 4.9%; however, precision and
mAP@0.5 values decreased by 5.9% and 0.4%, respectively (Table 2).

Table 2. Performance comparisons of the model trained only on the synthetic dataset.

Models Precision (%) Recall (%) mAP @0.5 (%)

Yolov5s 30 1 14.9 11.7 1

Yolov5s-CA 24.1 19.8 1 11.3
1 Bold type reflects the best precision, recall and mAP@0.5 values.

Moreover, as illustrated in Tables 1 and 2, when the precision, recall and mAP@0.5
values of models trained on field-collected and synthetic datasets are compared, a model
trained only on a synthetic dataset generalized poorly compared to the field-collected
dataset. This suggests that, although synthetic images are fast to generate, the domain
gap between the synthetic and the field-collected data prevents the disease detection
model trained only on the synthetic dataset from achieving the same performance as the
field-trained models.

4.3. Comparison of Disease Detection Models Trained on a Combination of Synthetic and
Field-Collected Datasets

In this experiment, we explored the effects of varying the amount of field-collected
and synthetic data in mixed model training datasets. We evaluated the models on 10%,
25%, 40%, 55%, and 70% field-collected images with 80% synthetic images. The aim is to
achieve baseline detection performance with less field-collected data and more synthetic
data. The evaluation results are shown in Table 3.

Table 3. Performance comparison of the model trained on a combination of synthetic and real
field datasets.

Dataset Size Models Precision (%) Recall (%) mAP @0.5 (%)

Synthetic + Real field 10% Yolov5s 37.2 33 27.9
Yolov5s-CA 55.8 33 35

Synthetic + Real field 25% Yolov5s 40.4 40.7 35.2
Yolov5s-CA 45.9 43.8 41.2

Synthetic + Real field 40% Yolov5s 47.6 43.5 42.4
Yolov5s-CA 62 49.2 48.8

Synthetic + Real field 55% Yolov5s 62.6 47.3 52.4
Yolov5s-CA 69.6 48.9 54.2

Synthetic + Real field 70% Yolov5s 62.6 55.9 61.1
Yolov5s-CA 71.4 59.2 66.3

Synthetic + Real field 100% Yolov5s 71.6 54 62.3
Yolov5s-CA 75.2 1 61.2 1 68.2 1

1 Bold type reflects the best precision, recall and mAP@0.5 values.

The improved Yolov5s-CA and Yolov5s models were trained on the mixed datasets,
and precision, recall and mAP@0.5 values were calculated for the two models. The precision
of the Yolov5s-CA model is 71.4%, the recall is 59.2% and mAP@0.5 is 66.3% (Table 3), which
indicates an increase in precision, recall and mAP@0.5 by 8.8%, 3.3%, and 5.2%, respectively,
compared to Yolov5s model. Figures 7–9 show comparative results of the model prediction.
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(a) (b) (c) 

 
(d) (e) (f) 

Figure 7. Comparison of detection results focused on the plant part. Yolov5s (a–c) and Yolov5s-CA (d–f).

 
(a) (b) (c) 

 
(d) (e) (f) 

Figure 8. Comparison of detection results focused on the plant stem.Yolov5s (a–c) and Yolov5s-CA (d–f).
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(a) (b) (c) 

(d) (e) (f) 

Figure 9. Comparison of detection results focused on the clone. Yolov5s (a–c) and Yolov5s-CA (d–f).

In addition, when the number of field-collected images in the training datasets in-
creased, a slight increase in the experimental indicators of the models was observed. In
particular, the mixed model trained on 70% of field-collected images had a better detection
performance and outperforms the baseline model trained on only field-collected images
(see Section 4.1 with 1.2% precision and 0.5% mAP@0.5).

4.4. Comparison of Detection Speed of the Models

We compared the detection speed of the improved Yolov5s-CA and the original
Yolov5s model (Table 4). The predicted inference speeds of the Yolov5s-CA model are
11.4 ms, 12.3 ms, and 11.9 ms, which are 2.3 ms, 1.6 ms, and 1.4 ms longer than the
Yolov5s for the field-collected, synthetic, and mixed datasets, respectively. In addition,
despite the increase in the parameters of the model, the size of Yolov5s-CA model is
only 0.1 MB larger than the Yolov5s model. The detection speed or frames per second
(FPS) of the Yolov5s-CA model was slightly lower, but had an improved performance
compared to the Yolov5s model (Table 4). Therefore, the improved Yolov5s-CA model can
ensure real-time performance with relatively little additional detection time and nearly no
computational overhead.
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Table 4. Performance comparison of model detection speed.

Models Datasets
Frame Per

Second (FPS)
Inference
Time (ms)

Parameters
Model

Size (MB)

Yolov5s
Real field 109.89 9.1

7,027,720 13.7Synthetic 93.46 10.7
Mixed 95.24 10.5

Yolov5s-CA
Real field 87.72 11.4

7,063,400 13.8Synthetic 81.30 12.3
Mixed 84.03 11.9

4.5. Comparison of Detection at Different Spatial Scales

To compare the detection results of the models, nine images similar to those shown in
Figures 7–9 were selected from the test set as these images represented detection scenarios
at different spatial scales (camera shooting distances) in the dataset. In the figures, the
labels fl, fr, and lf represent infected flower, infected fruit, and infected leaf, respectively.
The improved Yolov5s-CA network model proposed in this study was the superior model
to detect diseased plant parts at different camera shooting distances (Figures 7–9). There is
almost no difference between the improved network model and Yolov5s in detecting large
target plant parts taken at close distances (Figure 7a–f). The detection results focused on the
plant stem (Figure 8a–f) show that there is a difference between the two network models
in detecting small plant parts from the image. As shown in Figure 8d–f, the improved
network model can accurately detect small target plant parts with occlusion which could
not be detected by the original Yolov5s model. For the clone-level detection results shown
in Figure 9a–f between the two models, the Yolov5s model has more wrong and missed
detections than the improved network model. In Figure 9a, Yolov5s predicted two wrong
detection and nine correct detections, while the improved network model in Figure 9d
predicted thirteen correct detections with one wrong detection. Both models predicted
three correct detections in Figure 9b,e, but Yolov5s predicted two wrong detections while
the improved network model had only one wrong detection. Additionally, in Figure 9f, the
improved network model predicted twelve correct detections, while, Yolov5s predicted
eight correct detections (Figure 9c). However, although the improved model still has
satisfactory detection ability with some degree of occlusion, and overlap of leaves, as
shown in Figure 9c,f, both models failed to detect small diseased leaves in the image at
long distances.

To further verify the effectiveness of the improved Yolov5s-CA model proposed in the
present study, nine test sets representing different spatial scale detection scenarios were
analyzed (Table 5). There were 78 mummy berry disease objects in nine test sets. The
number of objects detected by these methods was 47 and 54 for Yolov5s and Yolov5s-CA,
respectively, of which mummy berry disease was 41 for Yolov5s and 52 for Yolov5s-CA.
The recall rate, accuracy, and misdetection rate of the methods were 52.56%, 87.23%, and
12.77% for Yolov5s and 66.67%, 96.30%, and 3.70% for the improved Yolov5s-CA.

From Table 5 and Figure 8d–f, it can be seen that the detection is the best in the plant
stem scenario with a recall and precision rate of 80.95% and 100.00%, respectively. The
plant parts taken at close distances are also accurately detected. Both methods can correctly
detect plant parts in the image and their recall rate is 77.78%. In addition, the proposed
method can effectively detect mummy berry disease objects at a long distance in the clone
with, a recall rate of 58.33%,and a precision of 93.33%.

The loss and mAP curves for the two network models tested in the present study are
shown in Appendix A. The loss curves of both models had a downward trend and the values
of the loss function decreased rapidly when tested against the real field and mixed datasets
(Figures A1b and A3b). However, when the network iterations reach approximately 150,
the loss curves gradually exhibited a slowed rate of change and stabilized. In contrast,
the loss curves in Figure A2b using the synthetic dataset had a downward trend, but only
after approximately 25 iterations, the loss curves showed an upward trend indicating
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noisy movements and no improvement in the values of the loss function. Analysis of the
loss function from Figures A1 and A3 shows that the integrated attention module on the
Yolov5s backbone can effectively accelerate the network convergence speed and improve the
model performance.

Table 5. Detail detection results of mummy berry disease at different spatial scales.

Models
Spatial Plant Scales

Total
Plant Part Plant Stem Clone 1

Yolov5s
Number of objects detected correctly 7 14 20 41

Number of annotations 9 21 48 78
Recall rate (%) 77.78 66.67 41.67 52.56

Precision rate(%) 87.50 93.33 83.33 87.23

Yolov5s-CA
Number of objects detected correctly 7 17 28 52

Number of annotations 9 21 48 78
Recall rate (%) 77.78 80.95 58.33 66.67

Precision rate(%) 100.00 100.00 93.33 96.30
1 Clone is a term that refers to a genetically distinct plant (range: <1–>25 m diameter).

5. Discussion

In the present study, a deep learning model based on the improved Yolov5s for
automatic detection of mummy berry disease in a real wild blueberry field environment
is proposed. In order to highlight important information that is relevant to the current
task and improve the effectiveness of the network model, the coordinate attention (CA)
module was introduced on the backbone structure of the original Yolov5s. In addition,
to overcome the problem of data scarcity, we present a method for generating synthetic
training images for object detection models, which greatly reduces the effort required to
collect and annotate large datasets.

The overall performance of the improved network model was better than the original
Yolov5s. A one-way ANOVA test on precision found a significant difference between the
means of the two network models (F(1299) = 18.069, p < 0.001). The precision of the improved
network model reached 71.4%, which is 1.2% higher than Yolov5s precision. This result
is consistent with previous studies conducted to recognize plant diseases. Yan et al. [58]
compared the original Yolov5s network model with the improved Yolov5s for real-time
apple disease target detection, and the improved Yolov5s model mAP@0.5 increased by
5.1%. Similar results and comparisons with Yolov5 models were shown in a study [59],
where the authors found that with the joint efforts of the coordinate attention module and
Softpool pooling, the multi-scale feature fusion (MFF) convolutional neural network (CNN)
obtained the optimal detection accuracy with a 1.6% improvement compared to Yolov5s.
Another study [60] developed an accurate apple fruitlet detection method with a small
model size and the channel pruned Yolov5s model provided an effective method to detect
apple fruitlets under different conditions. For tomato disease detection, the study in [20]
used a mobile phone to collect images of tomato disease in a greenhouse and the improved
SE-Yolov5 mAP@0.5 was 1.78% higher than the Yolov5 model.

The performance of our improved network model was evaluated on the field-collected,
synthetic and mixed datasets. Compared to training the object detection model only on
synthetic images, we found a detection model with satisfactory performance on field-
collected images, but a significant increase in performance was achieved when trained
on a mixed dataset of field-collected and synthetic images. Our proposed Yolov5s-CA
network model trained on a mixed dataset of 70% real field images and 80% of synthetic
images outperformed, by 1.2% precision and 0.5% mAP@0.5 values, the baseline model
trained using only field-collected images. The results indicated that labeled real-world
field-collected datasets are key to improving performance by overcoming domain gaps
when training a plant disease detection model with synthetic datasets.
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The improved Yolov5s network model has improved disease prediction performance
under a certain degree of occlusion, leaf overlap, and different spatial scale scenarios
(Table 5, Figures 7–9 and Figure A4). This is because the integrated coordinate attention
(CA) mechanism at the backbone of the Yolov5s network model suppresses less relevant
information and highlights key disease-related visual features to help identify mummy
berry disease in a field environment. The lightweight coordinate attention (CA) module
captures long-term dependencies in one space, retains accurate disease location information
in the other, and forms a pair of direction-aware and position-aware feature maps, which
can help the model locate and identify potential targets more precisely and enhance the
representation capability of effective information. In addition, the CIoU loss used in this
study takes into account the overlap area, the center point distance and the aspect ratio
similarity between the actual box and the prediction box, which improves the network’s
regression accuracy and sensitivity to small disease organs [61]. The advantages of our
method become even more obvious when dealing with scenarios of large spatial scale
where a huge number of interacting and overlapping plant parts are present in a clone
level image. Therefore, the effectiveness of the improved network model for mummy berry
disease detection makes it clearly better than the l Yolov5s family and meets the needs of
real-time detection of mummy berry disease under field conditions.

In general, promising results were obtained for training object detection models by
combining a small number of field-collected images with synthetic datasets. The presented
synthetic image generation method is essential when the collection and annotation of
a large dataset are expensive and/or prohibitive. In addition, the coordinate attention
(CA) module integrated into the Yolov5s backbone has contributed to the detection of
mummy berry disease in a commercial lowbush blueberry field environment by efficiently
discriminating important features.

6. Conclusions

This study focused on detecting mummy berry disease in a real natural environment
based on the deep learning method and proposed an improved Yolov5s network model.
By integrating the coordinate attention module into the backbone of Yolov5s, the visual
features associated with mummy berry disease are well focused and extracted, which
boosts the performance of the model in identifying disease symptoms. In addition, we
presented the cut-and-paste method for synthetically augmenting the available dataset to
generate annotated training images which greatly reduces the effort required to collect
and annotate large datasets. To test the generalization ability of the improved network
model and prove the usefulness of the synthetic dataset to enhance the performance of
deep learning-based object detection models, quantitative performance comparisons of
the improved network model and Yolov5s trained on field-collected, synthetic and mixed
datasets were conducted (Tables 1–3). Compared to the baseline model with a 100%
real field dataset, the synthetic dataset combined with 70% of real field outperformed
the baseline model (Table 3). In all three datasets tested, the overall performance of the
improved Yolov5s-CA network model is superior to that of the Yolov5s model with only
slightly higher computational costs. Moreover, the improved Yolov5s network model has
improved the disease prediction performance in occlusion, leaf overlaps, and different
spatial scales. In general, the effectiveness of the improved network model for mummy
berry disease detection is better than the original Yolov5s and meets the needs of real-time
detection of mummy berry disease under field conditions. However, as the synthetic data
generation process and the network model were trained on small numbers of field-collected
images with limited variability in disease symptoms and camera shooting distances, some
missed or incorrect detection cases were observed. In addition, the presented cut–paste
synthetic data generation method is highly influenced by the quality of segmentation of
the object from the image.

In the future, taking images using high-resolution cameras at different shooting dis-
tances will contribute to creating a more robust model, as well as solving the limitations of
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missed or incorrect detection over different occlusions and spatial scales. Furthermore, we
will automate the segmentation process to extract the object from the image. Finally, we
will work on implementing the models to run on a cloud server so that web and mobile
applications can access it to make predictions.
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Appendix A

(a) (b) 

Figure A1. Experimental results of each model on the field-collected dataset. (a) mAP@0.5 curves for
the real field dataset. (b) Loss curves for the real field dataset.

Table A1. Number of images in each data subset.

Train Validation Test

Real field 367 46 46
Synthetic 1661 - -
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(a) (b) 

Figure A2. Experimental results of each model on the synthetic dataset. (a) mAP@0.5 curves for the
synthetic dataset. (b) Loss curves for the synthetic dataset.

  
(a) (b) 

Figure A3. Experimental results of each model on the mixed dataset. (a) mAP@0.5 curves for the
mixed dataset. (b) Loss curves for the mixed dataset.
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Figure A4. Comparison of correct detection between the Yolov5s and Yolov5s-CA models.
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Abstract: The stability of vehicles is influenced by the suspension system. At present, there are
many studies on the suspension of traditional passenger vehicles, but few are related to agricultural
mobile robots. There are structural differences between the suspension system of agricultural mobile
robots and passenger vehicles, which requires structural simplification and modelling concerning
suspension of agricultural mobile robots. This study investigates the optimal design for an agricultural
mobile robot’s suspension system designed based on a double wishbone suspension structure. The
dynamics of the quarter suspension system were modelled based on Lagrange’s equation. In our
work, the non-dominated sorting genetic algorithm III (NSGA-III) was selected for conducting multi-
objective optimization of the suspension design, combined with the Technique for Order Preference
by Similarity to the Ideal Solution (TOPSIS) to choose the optimal combination of parameters in the
non-dominated solution set obtained by NSGA-III. We compared the performance of NSGA-III with
that of other multi-objective evolutionary algorithms (MOEAs). Compared with the second-scoring
solution, the score of the optimal solution obtained by NSGA-III increased by 4.92%, indicating that
NSGA-III has a significant advantage in terms of the solution quality and robustness for the optimal
design of the suspension system. This was verified by simulation in Adams that our method, which
utilizes multibody dynamics, NSGA-III and TOPSIS, is feasible to determine the optimal design of a
suspension system for an agricultural mobile robot.

Keywords: multi-objective evolutionary algorithms; double wishbone mechanisms; multibody
dynamics; pareto solution set

1. Introduction

The smoothness of a vehicle during driving is one of its important evaluation indi-
cators. When a vehicle is driven in irregular road conditions, uncomfortable vibrations
may be transmitted to the driver. As unpaved roads make up the majority of an agricul-
tural mobile robot’s working environment, considerable of vibration can be transmitted
to the operating equipment carried by an agricultural mobile robot, reducing its working
precision and shortening its lifespan. As an important system in a vehicle that has a vibra-
tion mitigation function, a properly designed suspension system can absorb some of the
vibrations and reduce the impact on the driver or working equipment, and has therefore
long been the subject of research and optimization by academics. There have been many
studies on conventional vehicle suspensions. The optimal design of an agricultural robot
suspension system is essentially a constrained optimization problem. Lagrange multiplier
methods, evolutionary algorithms and machine learning are commonly applied to solve
constrained optimization problems. These methods are utilized in many areas, such as path
planning [1], lesion diagnosis [2–4], defect detection [5,6], structural design [7] and resource
allocation [8,9]. There are very few studies on the optimal design of agricultural robot
suspensions. Therefore, it is helpful and instructive to carry out research on the optimal
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design of the suspension of agricultural robots by investigating the existing research on the
suspension optimization design of passenger cars.

Ciro Moreno Ramírez et al. [10] investigated the effect of two different structures of
suspension systems on vehicle dynamics, and investigated the stability of the systems
using root trajectory analysis methods. Li et al. [11] used the response surface method
to establish an approximate model of the MacPherson suspension systems and verified
the reliability of it, and then used the NSGA-II algorithm to optimize the key hard-point
coordinates of the suspension. To optimize the design of the pertinent parameters, Qian
and Jin [12] examined the performance of an SUV double wishbone suspension and applied
the D-optimal method based on the response surface model. Guang Li et al. [13] used
the NSGA-II algorithm to optimize the suspension parameters of high-speed locomotives.
The locomotive dynamics model established by SIMPACK software was used to optimize
the design of six parameters by the NSGA-II algorithm, and the three evaluation indexes
designed were minimum indicators. None of the above studies established an accurate
non-linear mathematical model, which may lead to problems such as inaccurate solution
results or reduced solution efficiency in the solution process.

Chen et al. [14] established a mathematical model of the double wishbone suspension
matching an in-wheel motor with a cosine matrix method. Zhang and Li [15] established
a nonlinear mathematical model of a double wishbone independent suspension using a
kinematic analysis method, and then used simulation analysis in Adams software and
bench testing to demonstrate that the developed mathematical model accurately expressed
the dynamic properties of the suspension. The nonlinear motion equation for flexible
double wishbone suspension was developed by Abdelrahman et al. [16] using the concept
of imaginary displacement, but the main focus of this study was on how flexible structures
respond to various road unevenness, vehicle speed, and material damping coefficients. By
utilising laser scanning to create 3D models of the suspension parts, and Adams to simulate
their dynamics, Prastiyo and Fiebig [17] compared the benefits of linear and progressive
double wishbone suspensions and found no discernible differences between them, which
showed that it is more practical to use a traditional linear double wishbone suspension. A
mathematical model of the suspension system was created by the aforementioned analysis,
but further optimization of the current suspension system has not been done.

A mathematical model of an independent steering-suspension guidance mechanism
was developed by Chen et al. [18] based on the theory of spatial mechanics, and the struc-
tural hard-point coordinates of the suspension were optimized using sensitivity analysis.
Sancibrian et al. [19] developed a model containing a large number of structural parameters,
mainly the lengths of the individual links, for the structure of a double wishbone suspension.
Seven functional parameters were applied to evaluate the design parameters. This study was
based on the gradient descent method to find the optimal solution. Shi et al. [20] investigated
the issue of optimizing the MacPherson suspension’s hard-point coordinates, established
the relationship between the hard-point coordinates of the suspension and the evaluation
index based on a dynamics model and support vector regression (SVR) established in the
Adams/Car software, and designed a double-loop multi-objective particle swarm algorithm
to optimize the hard-point coordinates of the suspension. The results showed that the
improved algorithm outperformed the traditional multi-objective particle swarm algorithm
and the genetic algorithm. Totu and Alexandru [21] presented a comprehensive design
method based on the least squares approach for the optimal design of an innovative racing
car suspension system. This study used Adams/View and Adams/Insight to build a regres-
sion model and carry out the optimization design. Zhu et al. [22] provided a sliding mode
control method for the equivalent two-degrees-of-freedom model and calibrate the unknown
parameters in the equivalent two-degrees-of-freedom model by parameter identification for
a quarter double wishbone suspension model. In this study, the equivalent two-degrees-
of-freedom suspension model was constructed by parameter identification, allowing for
the analysis of the suspension response without the need to create a dynamic model. The
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above studies did not consider the influence of suspension performance parameters (such
as damping and stiffness) on suspension performance during the optimization process.

Issa and Samn [23] used the Harris Hawk Optimization (HHO) algorithm to optimize
the damping and stiffness coefficients of passive suspension, which they simplified to a
two-degrees-of-freedom model. The result showed that the optimized passive suspension
performance was improved. Huang et al. [24] simplified the double wishbone suspension
to a single-wheel two-degrees-of-freedom model and employed evolutionary algorithms to
find its parameters. Based on the suspension equivalent two-degrees-of-freedom model
and the seat-passenger equivalent eight-degrees-of-freedom model, Papaioannou and
Koulocheris [25] improved the solution speed and quality of evolutionary algorithms by
dividing the optimization targets into primary optimization objectives and auxiliary ones.
Drehmer et al. [26] modeled the motion of the whole vehicle by introducing the influence
on the driver’s seat to establish an 8-degrees-of-freedom motion model. Particle swarm
optimization algorithms and sequential quadratic programming algorithms were used to
optimize the damping and stiffness of the four independent suspensions of the complete
vehicle under different road conditions. Gobbi et al. [27] used a 2-degrees-of-freedom linear
model to analytically describe the dynamic behaviour of a vehicle travelling on a randomly
contoured road, and respectively optimized the damping and stiffness of the passive
suspension and the damping, stiffness and controller gain of the active suspension based
on multi-objective planning theory and robust design theory. Kwon et al. [28] developed a
mathematical model of a hydro-pneumatic suspension system and a whole vehicle model
for the design of hydro-pneumatic suspension in heavy vehicles. This study developed an
agent model to reduce the computational effort in the optimal design process, and used
it for multi-objective optimization solutions. Zheng et al. [29] designed an active, tuned
inertial damper (TID) suspension systems based on a combination of active actuator and
inertializer, and proposed a parameter optimization method based on an analytical solution.
Stability algebraic analysis was carried out using Hurwitz’s criterion and it was verified that
the parameters obtained with this method could guarantee the stability of the suspension.
Yang et al. [30] used a decomposition-based multidisciplinary optimization approach for
the optimal design of passive suspension systems based on an equivalent two-degrees-of-
freedom model. In terms of the selection of design parameters, this study focused on the
refinement of the parameters affecting damping and stiffness in the suspension system,
such as the number of coils of the spring, the spring diameter and the piston diameter,
among other structural parameters. Li et al. [31] proposed a dimensionless hybrid index
based on safety probability to evaluate suspension performance for the optimal design
of energy-harvesting suspension systems, transformed the multi-objective optimization
problem into a single-objective optimization problem, and then used a genetic algorithm to
solve the multi-parameter optimization problem. Truong and Dao [32] proposed a hybrid
HNSGA-III & MOPSO algorithm based on the MOPSO algorithm and NSGA-III for the
optimal design of the stiffness and damping of a powertrain suspension model. HNSGA-III
& MOPSO algorithms showed better efficiency and solution quality than MOPSO and
NSGA-III in this study. Grotti et al. [33] proposed a multi-objective archive-based Quantum
Particle Swarm Optimizer (MOQPSO) algorithm for the optimization of suspension systems.
The results were compared with NSGA-II algorithm and COGA-II algorithm. It was shown
that the MOQPSO algorithm proposed in this study could obtain better non-dominated
set solutions than the NSGA-II and COGA-II algorithms. Bingul and Yildiz [34] carried
out a multi-objective optimized design of a non-linear suspension system for an electric
vehicle based on the NSGA-II algorithm. Three suspension systems, including passive
suspension, active suspension based on PD control, and active suspension based on FL
control, were optimized. This study designed seven minimum optimization objectives
to evaluate the degree of influence of the active suspension on the driver under road
vibration conditions. Prasad et al. [35] optimized and improved the stiffness and PID
control parameters of a semi-active suspension system in a quarter suspension model.
They proposed a fast convergence optimization algorithm for saving computational costs.
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Compared with NSGA-II algorithm, the geometry-inspired genetic algorithm proposed in
this study converges quickly under small population conditions. The above studies did
not consider the influence of suspension structural parameters on suspension performance
during the optimization process.

Gialleonardo et al. [36] used the NSGA-II algorithm for optimal design of control
strategy parameters for active suspensions. They designed six minimum targets to evaluate
the parameters of three different active control strategies and to compare the performance
of them. Xu et al. [37] used a multi-objective particle swarm algorithm to optimize the
design of key parameters of a straw back-throwing device. This study showed that the
multi-objective evolutionary algorithm is effective and feasible for the optimal design of
mechanical structures. Jiang et al. [38] used the Kriging model and NSGA-II algorithm for
the multi-objective lightweight design of two parts for a control arm and torsion beam,
which are widely used in passenger car suspensions. Dang et al. [39] used NSGA-III to opti-
mize the parameters of the rotational speed and opening length of a fertiliser spreader with
the objectives of accuracy, uniformity, adjustment time, and crushing rate. They chose the
single-objective evolutionary algorithm GA and the multi-objective evolutionary algorithm
MOEA-D-DE for comparison. The evaluation metrics showed that NSGA-III has significant
advantages in solving this kind of problem. Li et al. [40] proposed a multi-objective optimal
control method for an active suspension system aimed at solving the negative vibration
problem generated by the in-wheel motor of an electric vehicle. An integrated model
considering the electromechanical coupling between the electromagnetic excitation of the
motor and the transient dynamics of the vehicle was established and developed. The
Pareto solution set for the optimal parameters of the active suspension system was solved
using the particle swarm optimization algorithm. Chen et al. [41] conducted a study on the
multi-objective optimization problem of high-speed train suspension systems using the
NSGA-II algorithm to optimize four suspension parameters with three minimum objectives.
The research above did not offer a clear strategy on how to select the optimal solution from
the Pareto solution set. Some studies [13,31–34,36,37,41] lacked comparisons with other
multi-objective optimization algorithms.

To address the above problems, our study proposes an optimal design method for
the suspension of the agricultural mobile robot based on NSGA-III and TOPSIS. First, a
dynamics model of the suspension system of the agricultural mobile robot was established
based on the first-class Lagrange equation, which includes structural and performance
parameters of the suspension system. Four minimum objectives were established for
evaluating the performance of the suspension system. Second, the dynamics model was
multi-objective optimized using eight multi-objective optimization algorithms including
NSGA-III. The optimal solution in the Pareto solution set obtained by the multi-objective
optimization algorithm was selected using the TOPSIS method. Finally, the optimal solu-
tions set obtained by the multiple evolutionary algorithms was scored and ranked using
the TOPSIS method. The results show that the NSGA-III algorithm obtained the optimal
parameter combinations in this study. The top five parameter combinations were simulated
by Adams software to verify the feasibility and effectiveness of the method.

This work aimed to find the optimum design of an agricultural robot passive suspen-
sion system using the NSGA-III algorithm and TOPSIS method. The main contributions
and innovations of this study are as follows:

1. A suspension system dynamics model based on the first type of Lagrangian equations
containing structural and performance parameters was developed to facilitate the
optimization process for the overall optimal design of both types of parameters.

2. NSGA-III was used to compute the multi-objective optimization problem, resulting
in a more significant diversity and convergence of feasible solutions. A comparison
with various multi-objective evolutionary algorithms was also made, showing the
advantages of NSGA-III in solving this problem.

3. The optimal solution in the Pareto solution set was selected by scoring it using the
TOPSIS method. In the comparison to multiple algorithms, the optimal solution set
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composed was again scored and ranked using the TOPSIS method, and the scoring
was more reasonable.

2. Materials and Methods

2.1. Suspension Dynamics Model
2.1.1. Mechanical Model Simplification

The study was carried out concerning the suspension system of the agricultural mobile
robot. The quarter model of the suspension system is shown in Figure 1, where the slider is
fixed to the ABC bar, indicating that the robot’s frame is able to move freely in the vertical
direction. The BD and CF bars indicate the wishbone in the double wishbone suspension,
the AE bar indicates the spring damped shock absorber, the DEF bar indicates the steering
system, and G indicates the wheels.

 

(a) (b) 

Figure 1. The quarter model of a suspension system: (a) model diagram; (b) simplified model
diagram. (A–H indicate the hinge connection points between the parts).

For analysis of the quarter suspension system model shown in Figure 1a, the BD bar
and CF bar motion forms and motion parameters are the same, so a simplified model of the
quarter suspension system can be obtained, as shown in Figure 1b.

2.1.2. Dynamic Model

In Figure 1b, H is the BC midpoint. For the motion analysis of the simplified model shown
in Figure 1b, the generalised coordinates can be taken as q = x, xE, yE, yH, yA (m). The active
member is the frame AH bar, the wheel bracket E is constrained by the ground, the centre
of mass of each member is si(i = 2, 4, 5), the mass of each member is mi(i = 2, 4, 5) (kg), the
velocity of motion at the centre of mass of each member is vi(i = 2, 4, 5) (ms−1), the angular
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velocity at the centre of mass of each member is ωi(i = 2, 4) (rads−1), the spring deformation is
x, the wheel bracket E is subjected to the support reaction force F(N) from the ground, and its
motion analysis is shown in Figure 2.

Figure 2. Motion analysis diagram of the quarter simplified model of suspension system. (A, E and
H indicate the hinge connection points between the parts).

The dynamics of the suspension system can be modelled on the basis of the first type
of Lagrange equation as follows:

d
dt
(

∂L
∂

.
qi
)− ∂L

∂qi
+

4

∑
a=1

λa
∂Ca

∂qi
= Qi (1)

where L is the Lagrangian function of the system, L = Ek − Ep.
Ek is the kinetic energy of the system.
Ep is the potential energy of the system.
qi are generalized coordinates.
Qi for broad forces.
The structural constraints are

C1 : (xE − xH)
2 + (yE − yH)

2 = l22 (2)

C2 : yA − yH = lah (3)

C3 : (xE − xA)
2 + (yE − yA)

2 = (l − x)2 (4)
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C4 : yE = YE (5)

The Lagrangian function of the system is
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Generalized forces Qi
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.
x

Q2 = 0
Q3 = (m2 + m4 + m5 + mb)g
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Q5 = 0
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According to Equations (1)–(7), we can obtain
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The relevant symbols in the quarter suspension dynamics model are defined as shown
in Table 1.
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Table 1. Parameter setting of the quarter suspension model.

Parameter Symbol Value Unit

Body mass mb 50.000 kg
Length of damper l - * m

Length of horizontal arm l2 - * m
Damping coefficient c - * N · s · m−1

Stiffness coefficient k - * N · m−1

Mass coefficient of damper ρd 3.566 kg · m−1

Mass coefficient of horizontal arm ρa 1.614 kg · m−1

Mass coefficient of frame ρ f 2.400 kg · m−1

* These values are given by the optimization procedure.

Suspension system parameters include damper length (l), wishbone length (l2), damp-
ing factor (c) and stiffness factor (k). The selection of the suspension system parameters
affects the objectives of the mobile robot’s own weight, stability, the degree of fluctuation
and the deformation of the shock absorber. These four objectives are described as follows.

1. The total mass of the quarter suspension system is used as a measure of the degree of
lightness, as shown in Equation (13).

J1 = Min(Msum) (13)

where Msum = ∑ mi.

2. The height of the centre of mass at steady state is used as a measure of suspension
stability, as shown in Equation (14).

J2 = Min(Ycm) (14)

where Ycm = ∑ miyi
∑ mi

.

3. The standard deviation of the suspension centre-of-mass height time response curve
is used as a measure of the degree of system fluctuation, as shown in Equation (15).

J3 = Min(σ) (15)

where σ =

√
T
∑

t=1
[(Ycm)t−Ycm ]

2

T−1 .

4. The ratio of the deformation of the shock absorber x to the wishbone l2 is chosen as
the deformation factor to measure the deformation of the shock absorber as shown in
Equation (16).

J4 = Min(DF) (16)

where DF = x
l2

.
The focus of the optimal design problem for the suspension system of an agricultural

mobile robot is the selection of the optimal combination of parameters for the quarter
suspension model damper length (l), wishbone length (l2), damping factor (c) and stiffness
factor (k) to achieve the optimal objective function, i.e., the optimal suspension own weight,
stability, degree of system fluctuation and damper deformation.

2.2. Suspension Structure Optimization Based on Non-Dominated Sorting Genetic Algorithm III
(NSGA-III) and Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)

In single-objective optimization problems, since only one objective function needs to
be considered optimal, the optimal solution can be found by some common mathemat-
ical methods. In multi-objective optimization problems, however, there may be certain
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constraints between the various objective functions. When one of the objectives reaches
optimality, the performance of the other objectives may be unacceptable. Therefore, solving
the multi-objective problem for the optimal solution is very difficult. Further, in the solution
of multi-objective optimization problems, the non-dominated solutions set, the Pareto set,
is usually used to represent the acceptable better solution. The solutions of the Pareto set
are non-dominated by any other solution, and are considered as equally optimal solutions.
With the TOPSIS method, it is possible to select the optimal solution needed from the
non-dominated solution set.

2.2.1. Non-Dominated Sorting Genetic Algorithm III (NSGA-III)

The non-dominated genetic sorting algorithm is a multi-objective evolutionary algo-
rithm based on a genetic algorithm that simulates the evolutionary behaviour of natural
populations in terms of “survival of the fittest” and the reproduction of offspring.

In natural selection, individuals in a population that are well adapted to nature are
more likely to survive and thus reproduce their offspring, passing on the genes for good
traits from generation to generation. The process of reproduction produces offspring with
different traits from their parents due to crossover and variation, ensuring a diversity of
traits in the population. Through multiple generations of evolution, the individuals that
eventually survive in the population are those that are well adapted to nature.

Compared to NSGA, NSGA-II reduces the computational complexity of nondominated
sorting, introduces and elitism strategy which could help prevent the loss of good solutions,
and doesnot require specifying the sharing parameter. With the above improvements,
the iterative convergence speed of NSGA-II is improved, and the computational complex-
ity is reduced from O(MN3) to O(MN2). NSGA-II, when faced with high-dimensional
multi-objective optimization problems with more than three objectives, suffers from the
shortcomings of convergence. Compared to NSGA-II, NSGA-III, based on the reference
point selection mechanism, is effective in reducing computational complexity and improv-
ing convergence for high-dimensional multi-objective optimization problems with a large
number of objectives. NSGA-III improves on the population update selection mechanism
of NSGA-II by providing and adaptively updating a number of well-distributed reference
points to help maintain diversity among population members. With these improvements,
the computational complexity of NSGA-III is the greater of O(MN2) or O(N2 logM−2 N).

2.2.2. Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)

The TOPSIS method is a ranking method that approximates an ideal solution and
makes full use of the information from raw data to accurately reflect the gaps between
individual evaluation objects. It is a method of ranking a limited number of evaluation
objects according to their proximity to an idealised target, and is an evaluation of the relative
merits of the available objects. Therefore, TOPSIS is a common and effective method for
multi-objective decision analysis.

In this study, since there are a finite number of evaluation objects in the non-dominated
solution set, and each object has four known evaluation indicators, the TOPSIS method of
scoring is as follows.

Assume that there are n solutions in the non-dominated solution set, i.e., there are n
evaluation objects and four evaluation indicators, consisting of a standardised matrix.

Z =

⎡
⎢⎢⎢⎣

z11 z12 z13 z14
z21 z22 z23 z24

...
...

...
...

zn1 zn2 zn3 zn4

⎤
⎥⎥⎥⎦ (17)

Define the minimum value
Z− = (Z1

−, Z2
−, Z3

−, Z4
−) = (min{z11, z21, · · · , zn1}, min{z12, z22, · · · , zn2}, min{z13, z23, · · · , zn3}, min{z14, z24, · · · , zn4})
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Define the distance of the i(i = 1, 2, · · · , n) evaluation object from the minimum value

Di
− =

√
4
∑

j=1
(Zj

− − zij)
2

The unnormalised score of the i(i = 1, 2, · · · , n) evaluation object can be calculated
Si =

1
Di

−

Normalised scores for the i(i = 1, 2, · · · , n) evaluation objects Si =
Si

n
∑

i=1
Si

.

The individual with the highest score based on the normalised score is selected as the
optimal solution.

2.2.3. Parameters Optimization of the Suspension System Based on NSGA-III and TOPSIS

This section describes the use of NSGA-III to optimize the structural parameters of a
robotic suspension system and to select the optimal solution in a non-dominated solutions
set using the TOPSIS method. The objective of the optimized robotic suspension system
problem is to find optimal values for the system parameters (damper length, cross arm
length, stiffness and damping coefficient), aiming to minimise the four evaluation metrics
developed (total suspension mass, suspension centre of mass height, suspension fluctuation
coefficient and suspension compression coefficient) to obtain the highest score. Algorithm 1
describes the process of optimizing the optimum parameter values for the quarter passive
robot suspension system.

Algorithm 1: Parameters Optimization of the Suspension System Based on NSGA-III and TOPSIS

1: Input the ranges of (l), (l2), (k) and (c)
2: Initialize (N) search agents of NSGA-III with four values of l(1:N), l2(1:N), k(1:N) and c(1:N)

3: Calculate the indicators (Msum
(1:N), YCM

(1:N), σ(1:N), DF(1:N)) of search agents using the
multibody dynamic modal.

4: Determine the nondominated solution set (lF1 , l2F1 , kF1 and cF1 ) that have the lowest
indicators (Msum

(1:N), YCM
(1:N), σ(1:N), DF(1:N)).

5: Update the search agents values (l(1:N), l2(1:N), k(1:N) and c(1:N)) based on NSGA-III genetic
operations.

6: Repeat from step 3 for T iterations.
7: Output the nondominated solution set (lF1 , l2F1 , kF1 and cF1 ).
8: Calculate the scores of the nondominated solution set (lF1 , l2F1 , kF1 and cF1 ) by the indicators

(Msum
F1 , YCM

F1 , σF1 , DFF1 ) based on TOPSIS.
9: Select the highest score solution as the best global solution (lgbest, l2gbest, kgbest and cgbest).

3. Results and Discussion

To investigate the advantages of multi-objective evolutionary algorithms in multi-
objective optimization problems, we compared the performance of NSGA-III with some
multi-objective evolutionary algorithms. At the same time, we built a quarter suspension
model in Adams software to perform a dynamics analysis of the parameter optimization
results and compare the time response of the parameter combinations in the optimal
solution set for the suspension dynamics analysis.

3.1. Comparison of Multi-Objective Evolutionary Algorithms’ (MOEA) Results

The non-dominated ranking genetic algorithm II (NSGA-II), the covariance matrix
adaptive evolution strategy (CMA-ES), the third generation generalised difference algo-
rithm (GDE3), the decomposition-based multi-objective evolution algorithm (MOEAD), the
multi-objective particle swarm optimization algorithm (OMOPSO), the speed-constrained
multi-objective particle swarm optimization algorithm (SMOPSO) and the strength Pareto
Evolutionary Algorithm (SPEA2) as representatives of multi-objective evolutionary algo-
rithms were compared with NSGA-III. The parameter settings for the experimental tests
are shown in Table 2.
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Table 2. Parameter setting of the optimization test.

Parameter Lower Bound Upper Bound Unit

l 0.150 0.450 m
l2 0.035 0.300 m
c 1.000 1000.000 N · s · m−1

k 0.100 30,000.000 N · m−1

The differential equation model based on Equations (8)–(12) was optimally solved
within the parameter intervals shown in Table 2 using the Wolfram Language NDSolve
function and the multi-objective evolutionary algorithm described above. NDSolve function
is a general-purpose numerical solver for differential equations. It can solve many ordinary
differential equations (ODEs) and some partial differential equations (PDEs). The set of
Pareto solutions obtained from each evolutionary algorithm solution was selected using
the TOPSIS method to find the optimal solution. The optimal solutions obtained by the
eight evolutionary algorithms were integrated and scored again using the TOPSIS method.

The experimental results of the optimization of the multi-objective dynamics model
using NSGA-III on a quarter suspension model compared to other multi-objective evo-
lutionary algorithms are shown in Tables 3–5. Each algorithm was run five times and
standard deviations analysed to determine the stability of the algorithm. The experimental
results show that the NSGA-III achieved optimal evaluation metrics for best, worst and
average results with the lowest standard deviation. Meanwhile, among the 40 optimal
solution sets obtained by the eight multi-objective evolutionary algorithms, the optimal so-
lution obtained by the NSGA-III achieved the highest score in the TOPSIS composite score.
This indicates that the NSGA-III outperforms other comparative algorithms in terms of
solution quality and robustness in solving multi-objective suspension optimization design
problems. A comparison of the computational time of NSGA-III with other multi-objective
evolutionary algorithms is presented in Table 6. All optimizations were conducted on a
laptop with Intel i7-6700HQ (2.60 GHz) and 16 GB RAM. Both NSGA-III and MOEAD
took longer than the others in terms of computation time. However, there was no real-time
requirement for the task of suspension design. Therefore, the average computation time
of 183.31 s for NSGA-III is acceptable, which does not affect the excellent performance of
NSGA-III in accomplishing the design problem targeted in our study.

Table 3. Optimum score of the NSGA-III in comparison with other evolutionary algorithms.

Algorithm Best Worst Average St. Dev

CMA-ES 0.02879 0.01780 0.02394 0.00424
GDE3 0.03361 0.01547 0.02198 0.00648

MOEAD 0.03835 0.01957 0.02782 0.00655
OMOPSO 0.02954 0.01375 0.02094 0.00537

SMPSO 0.03858 0.01252 0.02681 0.00896
SPEA2 0.03278 0.01483 0.02250 0.00753

NSGA-II 0.02954 0.01387 0.02141 0.00554
NSGA-III 0.04048 0.03017 0.03460 0.00381

Table 4. Based on TOPSIS method, the optimal solution sets integrated by eight evolutionary
algorithms were comprehensively scored, and the top five solutions are listed.

Rank Algorithm Score l (m) l2 (m) k (Nm−1) c (Nsm−1)

1 NSGA-III 0.04048 0.21790 0.08181 19,201.10593 385.76418
2 SMPSO 0.03858 0.21371 0.08497 16,474.23182 188.98510
3 MOEAD 0.03835 0.22376 0.07908 21,444.41076 300.06606
4 NSGA-III 0.03749 0.21944 0.09227 14,775.16239 237.24490
5 GDE3 0.03361 0.23349 0.06862 24,567.76130 404.21663
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Table 5. The top five scoring solutions correspond to the four design objective values based on
Equations (13)–(16), respectively.

Rank Algorithm Msum (kg) Ycm (m) σ (×10−5 m) DF

1 NSGA-III 1.39373 0.33824 4.33187 0.31139
2 SMPSO 1.36980 0.33203 6.27938 0.34897
3 MOEAD 1.42793 0.34342 3.33967 0.29398
4 NSGA-III 1.40929 0.33234 6.18176 0.32603
5 GDE3 1.47897 0.35391 2.31888 0.28621

Table 6. Computational time of the NSGA-III in comparison with other evolutionary algorithms.

Algorithm Shortest (s) Longest (s) Average (s) St. Dev

CMA-ES 37.86 43.88 40.76 2.04
GDE3 37.58 54.15 47.44 5.54

MOEAD 174.59 216.50 193.76 14.05
OMOPSO 40.62 52.04 44.05 4.35

SMPSO 45.54 62.82 51.32 6.49
SPEA2 41.24 54.02 46.28 4.22

NSGA-II 42.95 50.79 46.85 2.51
NSGA-III 173.21 195.65 183.31 8.78

3.2. Simulation Experiments

Further comparative validation of the above optimization results was carried out. A
parametric quarter suspension model was built in Adams software and the dynamics of
the optimized parameter combinations were analysed to compare results.

The Adams model used in the dynamic simulation is shown in Figure 3, and its rele-
vant parameters are shown in Table 7. In the Adams model, we used RigidBody: Link to
represent frame and horizontal arm in the suspension system; RigidBody: Cylinder to rep-
resent damper, and RigidBody: Box to represent the body, under-spring mass (e.g., wheel)
and the ground. Artificial masses of all entities were used to ensure that the model pa-
rameters in the Adams simulation were the same as the PDE model parameters, involving
the parameterized frame, horizontal arm and damper corresponding RigidBody: Link
density calculated by linear density shown in Table 1. Table 8 compares the parameters
of the globally optimal solution (obtained from NSGA-III) in the PDE model with those
in the Adams model. Since the parameters of the Adams model were calculated based on
the parameters of the PDE model, the quality parameters of the two models were exactly
the same. In Adams View, add fixed, revolute and translational joints to the model at the
corresponding position.

Table 7. Main parameters of the Adams parametric model for dynamics simulation.

Parameter Symbol Value Unit

Mass of body mb
Sim 50.000 kg

Length of damper lSim - * m
Length of horizontal arm l2Sim - * m

Damping coefficient cSim - * N · s/m
Stiffness coefficient kSim - * N/m
Density of damper ρd

Sim 11,350.931 kg/m3

Density of horizontal arm ρa
Sim 29,494.779 kg/m3

Density of frame ρ f
Sim 5328.001 kg/m3

* These values relate to the optimization results.
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Figure 3. Adams parametric model for dynamics simulation (1. Body, 2. Frame, 3. Damper, 4. Horizontal
arm, 5. Under-spring mass, 6. Ground).

Table 8. Parameters of the globally optimal solution (obtained by NSGA-III) in the partial differential
equation model compared with those in the Adams model.

Parameter PDE Value (kg) Adams Value (kg)

Mass of body 50.00000 50.00000
Mass of damper 0.77703 0.77703

Mass of horizontal arm 0.13204 0.13204
Mass of frame 0.55860 0.55860

A step signal was applied at the wheel-ground contact position, the amplitude of
which was the sum of the suspension gravity and the design load of the individual wheels.
Three parameters: suspension centre of mass acceleration, suspension centre of mass height
and damper spring deflection coefficient, were evaluated for comparison over a period of
1.5 s. The parameter response curves over time are shown in Figures 4–6.

Analysis of Figure 4 shows that the optimal combination of suspension parameters
derived from NSGA-III can quickly reduce the body acceleration while keeping the ac-
celeration within a small fluctuation range, which has a positive impact on maintaining
smoothness in the work of agricultural mobile robots. By analysing Figure 5, it can be seen
that the NSGA-III optimal combination of suspension parameters allows the suspension
to reach a steady state in the shortest possible stabilisation time, while keeping the sus-
pension’s centre of mass variation range to a minimum, which is beneficial to the mobile
robot’s ability to effectively maintain and quickly recover a steady state when encountering
bumps. Analysis of Figure 6 shows that the optimal combination of suspension parameters
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obtained by NSGA-III enables the spring deflection coefficient of the suspension to be kept
at a low value. The deflection coefficient was chosen as a measure of spring deflection
rather than a direct measure of deflection because an increase in the length of the cross-arm
causes an increase in spring deflection when other parameters are held constant. The use
of a deflection factor avoids this problem affecting the optimization process. The results
of the combined dynamics simulations show that the NSGA-III combined with the TOP-
SIS method is indeed the best solution in the Pareto solution set of the multi-objective
evolutionary algorithm for the multi-objective suspension optimization problem.

Figure 4. The quarter suspension modal barycenter’s acceleration time response curve.

Figure 5. The quarter suspension modal barycenter’s height displacement time response curve.
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Figure 6. The quarter suspension modal spring deformation factor time response curve.

Combining Tables 4 and 5 and Figures 4–6, it is obvious that no solution is optimal for
all evaluation criteria. For example, when we wish to reduce the deformation factor (DF) of
the damper, we can do so by increasing the length of the horizontal arm (l2). However, at
the same time, increasing the horizontal length (l2) leads to an increase in the total mass
of the suspension (Msum). The conflict between the objectives makes it difficult to select
an optimal solution from the non-dominated solution set, which is why we introduced
the TOPSIS method for optimal solution selection. The TOPSIS method measured the
advantages and disadvantages of different non-dominated solutions in a scientific and
rational way and scored them. Table 4 shows that one of the solutions obtained by NSGA-
III after analysis using the TOPSIS method received the highest score. The four objective
values corresponding to the top five scoring solutions are shown in Table 5. We identified
that both of the four objectives of the highest scoring NSGA-III solution were not the
smallest, i.e., optimal. The smallest total mass (Msum) and the lowest centre-of-mass height
(Ycm) appeared in the solution obtained by SMPSO and the smallest degree of centre-of-
mass fluctuation(σ) and the smallest degree of damper deformation (DF) appeared in the
solution obtained by GDE3. Meanwhile, the time response curves for the NSGA-III derived
solution in Figures 4–6, respectively, were not optimal. In the centre-of-mass acceleration
time response curves and the damper deformation factor time response curves, the GDE3
solution exhibited better attenuation than NSGA-III, while both the peak acceleration and
deformation factor were smaller than the NSGA-III solution. In the centre-of-mass height
time response curve, another solution derived by NSGA-III (ranked 4th) was able to obtain
the lowest centre-of-mass height, which meant that it has the best stability.

The above results do not seem to indicate that the solution found by NSGA-III is
optimal, but when the four objectives were considered collectively, the solution found
by NSGA-III showed superiority over the other solutions. We calculated the difference
between each objective and their minimum of the sample set according to the TOPSIS
method. This meant that any solution will only receive a higher score if all four objectives
are as close as possible to their minimum of the sample set. The SMPSO derived solutions
had the largest degree of centre-of-mass fluctuation (σ) and damper deformation factor
(DF), the GDE3 derived solutions had the second largest total mass (Msum) and the largest
height of mass (Ycm); therefore, their scores were weakened. Under the comprehensive
scoring of the TOPSIS method, the solution obtained by NSGA-III had the highest score,
i.e., the optimal solution.
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4. Conclusions

We proposed a multi-objective optimization design method for the suspension of
agricultural robots that can balance different performance indicators and obtain the optimal
parameter combination of the suspension. We utilized the Lagrangian equation to establish
the partial differential equation(PDE) model of the agricultural robot double wishbone
suspension, including structural parameters and performance parameters, and utilized
the multi-objective evolutionary algorithm NSGA-III and TOPSIS method to carry out the
agricultural robot double wishbone optimum design of the suspension. We established four
evaluation indicators to evaluate the performance of the suspension, including the total
mass of the suspension system, the barycenter’s height of the suspension in a stable state,
the fluctuation degree of the suspension under the step response, and the deformation
degree of the damper. We selected eight typical multi-objective evolutionary algorithms to
solve the multi-objective suspension optimization design problem, took advantage of the
TOPSIS method to score the non-dominated solution set, and selected the solution with the
highest score as the optimal solution. The results show that the optimal solution obtained by
NSGA-III and TOPSIS method has advantages in a comprehensive performance. Therefore,
we come to the conclusion that NSGA-III combined with the TOPSIS method can effectively
obtain a high-quality design of an agricultural mobile robot’s suspension system.
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Abstract: Many agro-industrial companies grow amaranth for the subsequent production of amaranth
oil, flour, cereals, flakes, and bran. After the grain is extracted, waste in the form of inflorescences
remains, which can be used to obtain useful new products. This work investigated the use of
pyrolysis to recycle amaranth inflorescence wastes (AIW). Thermochemical conversion experiments
in an inert medium were carried out in a laboratory setup at 550 ◦C and a heating rate of 10 ◦C/min.
It was found that the AIW pyrolysis produced 37.1 wt.% bio-oil, 35.8 wt.% pyrogas and 27.1 wt.%
biochar. The oil fraction of the obtained bio-oil contains 41.8% of hydrocarbons. Thermogravimetric
analysis of AIW was performed in the temperature range from 40 to 1000 ◦C at heating rates of
10, 15, and 20 ◦C/min in argon medium (75 mL/min). The kinetic parameters were determined by
the model-free Friedman, Ozawa-Flynn-Wall, and Kissinger-Akahira-Sunose methods. The average
activation energy values are in the range of 208.44–216.17 kJ/mol, and they were used to calculate the
thermodynamic parameters. The results indicate that the pyrolysis application will allow efficient
conversion of AIW into value-added products.

Keywords: amaranth inflorescence wastes; pyrolysis; thermogravimetric analysis; hydrocarbon
rich bio-oil

1. Introduction

Amaranth is of great importance for world food security, especially for developing
countries in Africa and Asia [1,2]. These plants are pseudocereals that were very important
for ancient civilizations [3]. Currently, interest in this culture is growing for a number of
reasons. First, amaranth can grow in a wide range of weather conditions and is drought-
tolerant. Secondly, the growing demand for a healthy diet encourages the use of this plant.
Amaranth is recognized as a rich and inexpensive source of dietary fiber, minerals, vitamins,
proteins, and antioxidants [2,4]. One of the most common cereal species is Amaranthus
cruentus [5]. After the grain is extracted, waste in the form of inflorescences remains, which
can be used to obtain useful new products.

Pyrolysis is a technology widely used for waste disposal [6–8]. The uniqueness of
this process lies in the simultaneous production of gaseous, liquid and solid products.
The sphere of use of these products is quite wide, including the chemical industry [9],
energy [10,11], and agro-industrial complex [12,13]. The process of biomass pyrolysis can
be carried out in a decentralized manner, which is especially important for agriculture [14].
It is necessary to assess the energy potential of the resulting pyrolysis products in order
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to assess the possibility of creating a local non-volatile enterprise. It should be noted that
biooil is of particular interest since its composition is very complex and largely depends on
the feedstock [15]. It is important to find such a source of biomass, which initially, without
the use of catalysts during thermochemical conversion and joint pyrolysis with polymers,
contains a significant amount of hydrocarbons.

Currently, thermogravimetric analysis (TGA) is used for a detailed assessment of the
pyrolysis process [16–18]. TGA data are used to study the kinetics of the thermochemi-
cal conversion. This allows a comprehensive study of pyrolysis reactions, revealing the
characteristic mechanism and predicting the degree of complexity of the reaction, which is
necessary for designing pyrolysis apparatuses and evaluating the possibilities of using prod-
ucts [19]. The kinetics of the amaranth inflorescence wastes (AIW) pyrolysis process was
studied using the model-free methods of Friedman, OFW (Ozawa-Flynn-Wall) and KAS
(Kissinger-Akahira-Sunose), since they have shown themselves to be effective in assessing
the kinetics of biomass pyrolysis reactions [6,20–26]. Currently, numerous studies are being
carried out on the use of biomass as a raw material for thermal decomposition [27,28];
however, there are few works on the pyrolysis of amaranth [8,29–31], and no study has
yet been reported on the thermal decomposition characteristics of the inflorescences of
this plant.

This study is aimed at solving the following problems: (a) determining the material
balance of the pyrolysis process of a new type of plant waste; (b) study of the composition
and quality of the resulting pyrolysis products to assess their subsequent use; (c) analysis
of the features of thermal decomposition of waste according to TGA data at heating rates
of 10, 15 and 20 ◦C/min in an inert atmosphere; (d) determination of kinetic triplets for the
main stage of pyrolysis—isolation of volatile components using model-free methods; and
(e) determination of thermodynamic functions for subsequent design, optimization and
scaling of the parameters of the pyrolysis reactor. Thus, the cultivation of amaranth and the
subsequent pyrolysis of the remaining waste will improve not only food, but also energy
security, which is especially important for countries with adverse climatic conditions.

2. Materials and Methods

2.1. Amaranth Inflorescence Wastes

AIW samples were taken from a farm after harvest (Russia). Inflorescences were dried
at room temperature. All samples of AIW were manually cut into small pieces with the help
of blades and then finely powdered using a mixer-cum-grinder. All powdered samples
were kept in airtight containers for use in further experiments.

2.2. Physicochemical Characterization

The proximate analysis of all samples was performed to estimate the volatile matter,
ash content, moisture, and fixed carbon using appropriate ASTM protocols (E1755-01, 2020;
ASTM E1756-08, 2020; E871-82, 2019; E872-82, 2019; D1762-84, 2021). The percentages
of carbon, hydrogen, nitrogen, and sulfur were determined using the CHNS analyzer
(Euro EA 3000, Eurovector, S.p.A., Milan, Italy) and oxygen was calculated by difference.
The higher heating value (HHV) was calculated according to the formula presented in
the work [32]. The content of macro- and microelements was studied using the energy-
dispersive fluorescence X-ray spectrometer (EDX-800HS2, Shimadzu, Kyoto, Japan) by a
semi-quantitative method. Gas chromatography–mass spectrometry of the pyrolysis liquid
were carried out on spectrometer (GCMS-QP2010, Shimadzu, Japan) on HP-5MS column
(0.25 μm, 30 m). The evolved gas was analyzed by a gas chromatograph Chromatec-Crystal
5000.2 (Chromatec, Yoshkar-Ola, Russia) using GOST 32507−2013 and ASTM D 5134-98,
2008. The gas samples were delivered to the given machine from the autoclave’s gas output
through special heat-resistant tubing. The gas separation was carried out in capillary
column with a length of 30 m and two absorption chambers. Chromatography was run in
following temperature mode: 90 degrees for 4 min, from 90 ◦C to 250 ◦C with the heating
rate of 10 ◦C/min. The gas carrier was helium and the stream velocity was 2.5 mL/min.
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2.3. Pyrolysis Experimental Procedure

Pyrolysis was carried out on a laboratory setup described in [8]. The initial temperature
was 25 ◦C, the heating rate was 10 ◦C/min, and the temperature of the pyrolysis process
itself was 550 ◦C. The material balance was determined according to the method presented
in [8,33]. Each experiment was repeated at least three times.

2.4. Thermogravimetric Analysis (TGA)

A thermogravimetric analyzer (STA 449 F1 Jupiter, Netzsch, Selb, Germany) was
applied to record the mass loss as a function of temperature during the pyrolysis of AIW.
The sample was placed in a crucible and heated from 40 to 1000 ◦C at three different heating
rates (10, 15, 20 ◦C/min) with argon flowing at 75 mL/min. To ensure the repeatability
of the experiment with an error of 1.5%, the experimental conditions were repeated at
least three times. The results showed that the TG and DTG curves were almost identical,
which consequently gave very low standard deviations for the calculated kinetic param-
eters obtained. The results presented here are a set of those experiments that satisfy the
above conditions.

2.5. Kinetic Analysis

The mechanism of pyrolysis is characterized by a rather complex set of competitive
and parallel reactions, which is also complicated by the variability of the lignocellulosic
composition of the biomass [34]. The global pyrolysis reaction is expressed by the following
equation [35]:

Biomass (solid)
k(T)→ Volatiles (condencable + noncondencable)+ Char, (1)

where k(T) is reaction rate constant, which is expressed by the Arrhenius equation:

k(T) = Ae−Eα/RT , (2)

where Eα is the activation energy (kJ/mol); T is temperature (K); R is the universal gas
constant (8.314 J/mol·K); and A is the pre-exponential factor (1/s).

The biomass conversion rate α is defined as the mass fraction of the degraded sample.
It can be calculated for each point of TGA according to the equation [36–38]:

α =
m0 − m
m0 − m f

, (3)

where m0 is the initial sample weight of the sample (mg); m is actual weight to each point
of analysis (mg); and mf is the final weight of the sample after pyrolysis (mg).

Generalized fundamental expression for non-isothermal TGA experiments at linear
heating rate:

β =
dT
dt

=
dT
dα

dα

dt
, (4)

Or
dα

dt
=

A
β
· exp

(−Eα

RT

)
f (α), (5)

where f (α) is function of conversion.
The analytical form of the function f (α) depends on the thermal decomposition mech-

anism. Integration of Equation (5) makes it possible to analyze the kinetic data obtained
by the TGA method. Integration can be performed using model-free (isoconversion)
methods [38,39], which estimate the activation energy (Eα) when changing the degree of
conversion α. These methods are also called “multi-curve” since they require the use of
several kinetic curves for analysis [40].

189



Agriculture 2023, 13, 260

2.6. Model-Free Methods

In this work, the modeless methods of Friedman, OFW, and KAS were used to analyze
the kinetic parameters [6,20].

The Friedman’s method is a differential method which is expressed by the equation:

ln

[
βi

(
dα

dT

)
α,i

]
= ln[Aα f (α)]− Eα

RT
, (6)

where the subscript i is given heating rate value, and subscript α is given conversion degree.
The OFW method is an integral method which is expressed by the equation:

ln(βi) = ln
(

AαEα

Rg(α)

)
− 5.331 − 1.052

Eα

RTαi
, (7)

The KAS method used for kinetic determination is given in equation:

ln

(
βi
T2

αi

)
= ln

(
AαR

Eα g(α)

)
− Eα

RTαi
, (8)

where g(α) is constant with given conversion value.

2.7. Reaction Model Determination for AIW Pyrolysis

The master-plot method is used to predict solid state mechanisms in the thermal de-
composition of biomass. The master graph is built either in a differential or in a differential-
integral form [37]. Various models are fitted to solid-phase kinetic data based on such
reaction mechanisms as nucleation, geometric shape, diffusion, and reaction order [19,40].
The theoretical master plots do not depend on the heating rate, but strictly depend on
the kinetic model used to model the reaction [41]. To construct a differential graph, a
comparison is used at the control point α = 0.5 [42].

dα
dθ(

dα
dθ

)
0.5

=
f (α)

f (0.5)
, (9)

where f (α)
f (0.5)– theoretically determined from the function, the expressions for which are

given in [43]; θ denotes the reaction time taken to attain a particular α at infinite tem-
perature. The left side of expression (9) is the experimental curve calculated using the
following equation:

dα
dθ(

dα
dθ

)
0.5

=
dα
dt(

dα
dt

)
0.5

·
exp

(
E

RT

)
exp

(
E

RT0.5

) , (10)

where T0.5 is the reaction temperature at α = 0.5.

2.8. Thermodynamic Parameters

Estimating thermodynamic parameters is a useful tool for understanding biomass
pyrolysis, determining the feasibility of a thermal decomposition process, and calculating
energy performance. Enthalpy change ΔH (kJ/mol), Gibbs free energy ΔG (kJ/mol), and
entropy change ΔS (J/mol·K) were calculated according to the equations derived from the
activation complex theory (Eyring Theory) using the following formulas [44–46]:

ΔH = Eα − R · Tpeak, (11)

ΔG = Eα +

(
R · Tpeak · ln

KB · Tpeak

h · A

)
, (12)
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ΔS =
ΔH − ΔG

Tpeak
, (13)

where Tpeak is the temperature corresponding to the maximum mass loss rate, ◦C; KB is
Boltzmann constant (1.38 · 10−23 J/K); h is Planck’s constant (6.626 · 10−34 J·s).

3. Results and Discussion

3.1. Results of Proximate and Ultimate Analyses

To assess the possibility of using AIW as a bioenergy raw material, the main physical
and chemical characteristics were considered (Table 1).

Table 1. The results of the proximate and ultimate analyses of AIW sample.

Analysis Values

Proximate (wt.%)—based on air-dried basis:
Moisture 7.42 ± 0.02

Volatile matter 74.65 ± 0.30
Ash 8.76 ± 0.01

Fixed carbon 9.17 ± 0.06
HHV, MJ/kg 17.87

Ultimate (wt.%)—based on dry basis:
Carbon 41.83 ± 0.26

Hydrogen 6.81 ± 0.08
Nitrogen 4.71 ± 0.13
Oxygen 37.89 ± 0.17

Humidity and ash content in the AIW sample corresponds to the range of val-
ues typical for commercial biomass fuels (humidity up to 25.6 wt.%, ash content up to
9.8 wt.%) [47]. The test sample has a high content of volatile substances; therefore, it
is suitable for various thermochemical processes due to its high flammability. The ob-
tained value of volatile substances is comparable with the values obtained for other agri-
cultural wastes suitable for energy use [47,48]. In addition, this means that the AIW
sample is more reactive than traditional energy sources such as coal. The HHV of the
sample corresponds to the commercial fuel olive stone (17.88 MJ/kg), energy crops–thistle
(17.75 MJ/kg) [47], as well as such biomass as: apple tree branches (17.82 MJ/kg), feijoa
leaves (17.81 MJ/kg), hazelnut tree leaves (17.87 MJ/kg), kiwi branches (17.81 MJ/kg), and
olive stone (17.88 MJ/kg) [49].

3.2. Pyrolysis Products Yields and Their Quality

The pyrolysis products of AIW are shown in Figure 1. The presented values are
consistent with the data obtained from the pyrolysis of rice husks [34], switchgrass [50],
algal waste [51], and poultry litter [52]. The maximum mass fraction of 37.1 wt.% is
characteristic of the pyrolysis liquid. In connection with the subsequent use of pyrolysis
liquid for energy purposes, it was separated into oil and aqueous fractions. It is important
to use a homogeneous fuel to ensure timely ignition, as well as efficient atomization in the
combustion zone and maintaining flame stability in combustion devices [53].

The aqueous fraction of the pyrolysis liquid contains 85.72% water, 10.4% acetic acid,
and 3.88% unidentified components. Water is the main component in the liquid, which
is explained by the humidity of the AIW sample, dehydration reactions at temperatures
below 550 ◦C, and the occurrence of secondary cracking reactions of oxygen-containing
macromolecular compounds at high temperatures [54]. The oil fraction has a diverse
and rich composition. Approximately 70.85% of the relative content of the total peak
area was identified (GC-MS analysis). The identified compounds were classified into the
following main chemical categories: hydrocarbons, phenols, alcohols, ketones, ethers, and
N-containing heterocycles. Components with a peak area ≥ 1% are presented in Table 2.
Saturated hydrocarbons tetratetracontane and tetracontane are present in large quantities.
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It is known that the oil fraction from red amaranth seeds is a rich source of squalene, so
the content of 2,6,10,14,18,22-Tetracosahexaene, 2,6,10,15,19,23-hexamethyl-, (all-E) equals
5.44% [55]. All identified compounds (including peak area ≤ 1%) are grouped and shown
in Figure 2. The oil fraction contains 41.8% hydrocarbons, which characterizes it as a
high-quality fuel.

Figure 1. AIW pyrolysis products.

Table 2. The main components of the oil fraction (peak area ≥ 1%).

N◦ Area, % Name Formula Mw, g/mol

1 12.36 Tetratetracontane C44H90 619.8
2 9.70 Tetracontane C40H82 563.1
3 8.20 1-Octacosanol C28H58O 410.8

4 5.44 2,6,10,14,18,22-Tetracosahexaene,
2,6,10,15,19,23-hexamethyl-, (all-E)- C30H50 410.7

5 2.19 Octacosanoic acid, methyl ester C29H58O2 438.8
6 2.00 Phenol C6H5OH 94.11
7 1.80 Pentadecane C15H32 212.41
8 1.50 Triacontanoic acid, methyl ester C31H62O2 466.82
9 1.43 Tetracosane C24H50 338.7
10 1.40 Phenol, 2-methoxy- C7H8O2 124.12
11 1.24 Pyridine, 3-methyl- C6H7N 93.13
12 1.11 Octadecane C18H38 254.49

Figure 2. Pyrolysis Liquid: (a) photograph and (b) composition of the oil fraction.

It should also be noted that there are no organic acids in the oil fraction; they are
present only in the composition of esters. Accordingly, the pH value is high and the
liquid is characterized by an alkaline reaction, which is also important for the design of
power plants.

The concentrations of the detected pyro-gas components, converted to nitrogen-free
composition, are shown in Table 3. It was found that the predominant components in
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AIW pyrolysis are CO2 and CO. The total concentration of these gases reaches 94.44%. The
combustible part of the pyrolysis gas includes 52.7% of the components, which is consistent
with the data of other authors [52,56,57].

Table 3. Pyro—gas composition.

Component CO2 CO CH4 C2H6 CxHy C2H4 H2

Concentration, % 47.30 47.14 3.51 1.17 0.75 0.12 0.01

The main physicochemical characteristics of AIW biochar (Table 4) correspond to
biochars obtained by pyrolysis (process temperature 500 ◦C) of different biomass [58].
The elemental composition of AIW biochar is typical, in which the content of carbon is in
the range of 50–87.2%, hydrogen 0.7–4.5%, nitrogen 0.08–6.94%, and oxygen 6–30% [59].
Figure 3 shows the microelement composition of the ash of the solid carbonaceous residue.
The predominant components of the ash were K and Ca, and their total content was 81.8%
of the total mass.

Table 4. The results of the proximate and ultimate analyses for biomass biochars.

Analysis
Biomass

AIW Maize Stalk [58] Lantana Camara [58] Pine Needles [58] Black Gram [58]

Proximate (wt.%)
Volatile matter 21.34 ± 0.03 20.67 22.56 27.62 23.56

Ash 20.49 ± 0.01 19.7 15.7 13.5 23.3
Moisture 4.4 ± 0.19 11.5 6.13 8.05 12.41

Fixed carbon 53.77 ± 0.0,9 48.13 55.61 50.83 40.73
HHV *, MJ/kg 20.92 23.7 25.87 22.33 21.06

Ultimate (wt.%)
carbon 56.56 ± 0.17 61.9 70.5 65.8 56.7

hydrogen 3.09 ± 0.05 3.56 2.69 2.13 3.14
nitrogen 4.12 ± 0.01 1.17 0.86 0.78 1.24
oxygen 15.75 ± 0.14 13.67 10.25 17.79 15.62

* calculated.

Figure 3. Biochar: (a) photography; (b) elemental composition of mineral part.

Thus, the studied biochar can serve as a direct source of potassium, which is the most
important element—a biophile, the removal of which with the harvest of agricultural crops
is always greater than that of phosphorus and nitrogen. An analysis of the literature showed
that elevated values of K, Mg, and Ca in the solid pyrolysis product make it possible to use
it for liming and neutralizing acidic soils [60,61].
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3.3. Thermal Degradation Analysis

The results of pyrolysis of AIW samples at heating rates of 10, 15, and 20 ◦C/min in an
argon atmosphere are shown in Figure 4. The TG curves are the change in weight loss with
temperature, and the DTG curves are the rate of weight loss with temperature. According
to the shape of the curves, it can be judged that the thermal degradation of the studied AIW
sample occurs similarly to the general trend of biomass pyrolysis.

Figure 4. (a) TG−curves; (b) DTG−curves.

Based on the analysis of the obtained TG data, the AIW pyrolysis process can be
divided into 3 main stages (Table 5).

Table 5. Main stages of thermal decomposition.

N◦ Pyrolysis
Stage

Heating Rate
(◦C/min)

Starting Temperature
(◦C)

Ending
Temperature (◦C)

Temperature Peak
(◦C)

I Moisture
evaporation

10
15
20

40
40
40

191.26
190.76
191.77

103.1
115.4
126.7

II Devolatilization
10
15
20

191.26
190.76
191.77

529.5
544.48
558.95

317.7
322.6
328.5

III
Degradation of

char and
minerals

10
15
20

529.5
544.48
558.95

1000
1000
1000

668.2
685.6
690.6

The first stage in the temperature range from 40 ◦C to 190 ◦C corresponded to the
process of evaporation of physically bound moisture from samples of AIW. It is also possible
to release light volatile components at this stage [46]. The average weight loss at this stage
was 9.25 wt.% for three heating rates (Table 6). The first stage has a small peak characterized
by an endothermic reaction, which is associated with the absorption of heat in the process
of moisture evaporation [44].

The main stage, corresponding to the main pyrolysis, occurred in the temperature
range from 190 ◦C to the temperature range of 530–560 ◦C for three heating rates and was
accompanied by the main loss of organic matter mass. During this stage, there was an active
decomposition of the biomass components and the release of volatile substances associated
with the thermal destruction of hemicellulose, cellulose, and lignin [62,63]. The average
weight loss during the release of volatiles was 59.63 wt.%. As can be seen from Figure 4,
rapid weight loss begins above a temperature of 190 ◦C, which is associated with the rapid
breakdown of thermally unstable components of hemicellulose and extractives [37,64].
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Hemicellulose consists of short chain heteropolysaccharides and is an amorphous and
branched structure [8,19,33,37,39,41,65,66]. Furthermore, with an increase in the pyrolysis
temperature, cellulose is involved in the degradation process, which is characterized by
a higher decomposition temperature (315–400 ◦C) due to the presence of a long polymer
of glucose units and a large number of hydrogen bonds in its composition [67]. Cellulose,
due to its chemical structure, is more resistant to thermal degradation; its decomposition is
typical for the temperature range of 270–350 ◦C [68,69].

Table 6. Mass loss characteristics of AIW obtained from TGA analysis.

Heating Rate (◦C/min)

Mass Loss, wt.%

Residual Mass, wt.%
Moisture Evaporation Devolatilization

Degradation of Char
and Minerals

10 9.14 58.65 5.79 26.24
15 9.33 59.17 5.89 25.61
20 9.28 61.08 4.88 24.76

Average, % 9.25 59.63 5.52 25.54

On the DTG-curves (Figure 4) at the stage of devolatilization, one can note the maxi-
mum temperature peak, which has values of 317.7, 322.6, and 328.5 ◦C for the three heating
rates. This peak is characterized by an endothermic reaction. In addition, a small tem-
perature exothermic peak is found at 402.7–422.1 ◦C, which can be associated with the
beginning of the decomposition of lignin in the test sample. The literature data indicate that
the onset of lignin decomposition for various types of biomass occurs in the temperature
range of 280–550 ◦C [16]. The mechanism of lignin pyrolysis is more complex than that of
cellulose and hemicellulose; it includes reactions of free radicals [70,71]. Due to the fact
that lignin has the highest thermal stability, it decomposes slowly throughout the thermal
degradation up to a temperature of 900 ◦C [16].

The third stage, which is typical for the temperature range of 529.5 ◦C and up to
1000 ◦C for three heating rates, is associated with the process of degradation of char and
minerals. At this stage, after the completion of the release of volatiles and the main thermal
destruction, the process of enrichment with carbon and the formation of the structure of
carbonaceous matter continue. Although small, inorganic minerals in biomass can have a
significant effect on the pyrolysis process. In this regard, the process of thermal degradation
of mineral components is primarily associated with the decomposition of CaCO3 in the
temperature range from 780 to 1000 ◦C [72]. In addition, pyrolysis products can interact
with inorganic elements in the residual carbonaceous matter [73]. In this case, the mineral
components act as catalysts in the reactions of gas formation from pyrolysis products [72].
The residual fraction as a result of AIW pyrolysis was 25.5 wt.% for the three heating rates.
As a result of the experiments, it was revealed that the nature of the TG and DTG curves of
the studied samples is similar to the biomass of herbaceous plants, which were reported
in [16,17,74].

3.4. Kinetic Analysis

In this work, a kinetic analysis was carried out for the main stage of pyrolysis—
devolatilization—since at this stage, the maximum mass loss occurs [75]. AIW kinetic
parameters were determined using three model-free methods: Friedman, KAS, and OFW,
based on TGA data. Figure 5 shows the results of linear regression in the range of conver-
sions from 0.1 to 0.9 of the kinetic analysis of the total thermal decomposition reactions of
the AIW samples. Straight line slope data obtained from each model-free method were
used to calculate the Eα values presented in Table 7.
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Figure 5. Plots for determination Eα of AIW pyrolysis using: (a) Friedman; (b) KAS; (c) OFW.

Table 7. Values of activated energy according to different methods.

α
Friedman KAS OFW

Eα (kJ/mol) Log A (1/s) Eα (kJ/mol) Log A (1/s) Eα (kJ/mol) Log A (1/s)

0.1 164.48 13.22 185.27 15.72 185.42 15.68
0.2 152.52 11.44 156.78 12.26 157.00 12.23
0.3 184.77 14.16 167.31 12.93 167.50 12.90
0.4 212.88 16.47 189.57 14.76 189.74 14.72
0.5 231.03 17.80 209.08 16.31 209.23 16.26
0.6 250.60 19.10 225.76 17.52 225.91 17.48
0.7 291.94 21.85 253.73 19.48 253.88 19.44
0.8 244.29 16.61 265.25 19.30 265.43 19.26
0.9 213.02 13.17 223.21 14.75 223.43 14.70

Average 216.17 15.98 208.44 15.89 208.61 15.85

The dynamics of Eα values obtained by the Friedman, KAS, and OFW methods
highlight the complexity of the AIW sample kinetics. Eα gradually increases until reaching
its maximum at a conversion rate of 0.8 for the OFW and KAS methods, and α conversion
rate of 0.7 for the Friedman method. A similar trend in Eα values was found during
pyrolysis of such biomass as bark of Ficus natalensis [7], water hyacinth [76], elephant
grass [77], and mustard stalk [78].

The pre-exponential factor A characterizes the frequency of collisions of reacting
molecules. This indicator makes it possible to explain the chemistry of reactions, which is
important for optimizing the pyrolysis process [36]. Almost all obtained A values are in the

196



Agriculture 2023, 13, 260

range from 104 to 109, which indicates a low reactivity of the test sample and the occurrence
of a surface reaction, as well as a tight junctional complex (closed complex) [36,39].

The Eα values are in the range of 152.52–291.94 kJ/mol (Friedman), 156.78–265.25 kJ/mol
(KAS), and 157.00–265.43 kJ/mol (OFW). The value of Eα shows a measure of the minimum
energy required to start a chemical reaction, as well as a potential measure of reactivity [79,80].
According to the literature data, the KAS and OFW methods are less accurate than the
Friedman method [39,79], since it does not contain assumptions and approximations [39,81].
It should be noted that the Eα values calculated by the KAS, OFW, and Friedman methods for
the AIW sample agree with each other. The average value of Eα obtained by the Friedman
method is only 3.7% higher than that calculated by the OFW and KAS methods. Comparative
analysis of Eα values for different types of biomass is presented in Table 8.

Table 8. Comparison of biomasses activation energy.

Fuel Heating Rate (K/min) Used Methods Activation Energy (kJ/mol) Reference

AIW 10, 15, and 20
Friedman,

KAS,
OFW

216.17
208.44
208.61

Present Study

Cotton stalk 10–40 KAS,
OFW

223–230
213–240 [82]

Sugarcane leaves 5–40
Friedman,

KAS,
OFW

239.58
226.75
226.97

[21]

Prosopis juliflora
fuelwood 2–25

Friedman,
KAS,
OFW

219.3
204.0
203.2

[22]

Phyllanthus emblica seeds 10–50
Friedman,

KAS,
OFW

189.95
184.77
195.10

[23]

Camphor branch 2.5, 5, and 10 Ozawa 190 [83]
Microalgae Chlorella

vulgaris 10–40 Kissinger, Friedman, OFW,
KAS, Vyazovkin, DAEM 135.6–337.1 [24]

Digested biomass wastes 10, 15, and 20 Friedman,
KAS

202.55
202.21 [75]

Sorghum bicolor 2, 5, and 8 Friedman and KAS 226.6 [84]

Pea waste 10–40 KAS,
OFW

212.71
211.55 [85]

Basswood waste 20–40 KAS,
OFW

197.2
207.9 [86]

Figure 6 compares the theoretical differential plots of f (α))/f (0.5) versus α with the
experimental plot of (dα/dθ)/(dα/dθ) 0.5 versus α for a heating rate of 10 ◦C/min to draw
a conclusion about the reaction mechanism of solid-phase pyrolysis.

Figure 6. Comparison of experimental and theoretical master plots for samples AIW.
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In the range of α from 0.1 to 0.5, the AIW degradation mechanism refers to the one-
dimensional diffusion (D1) process, i.e., heat transfer in the sample occurs by diffusion.
When α values are greater than 0.5, the AIW degradation mechanism tends to random
nucleation with one nucleus in a single particle (F1). In the range of α from 0.7 to 0.9, the
mechanism is reduced to random nucleation with two nuclei in the individual particle (F2).
The F1 and F2 degradation mechanisms are initiated from random points that act as growth
centers for the development of the degradation reaction [87]. Similar results were obtained
for other types of biomass [88]. A slight discrepancy between the experimental curves of
the master plot for the studied AIW samples can be explained by the deviation of the ideal
conditions adopted in the kinetic models from the actual pyrolysis conditions.

3.5. Thermodynamic Analysis

To design, optimize, and scale the parameters of the pyrolysis reactor, it is also nec-
essary to know the thermodynamic properties of the feedstock used. Thermodynamic
parameters were determined for a heating rate of 10 ◦C/min (Figure 7). In biomass py-
rolysis, ΔH is the total energy required for biomass decomposition into solid, liquid, and
gaseous products [45,89,90]. The ΔH values for the studied AIW sample were in the range
of 152.28–287.03 kJ/mol according to the Friedman method, 151.86–260.34 kJ/mol accord-
ing to the KAS method, and 152.05–260.52 kJ/mol according to the FWO method. Positive
values of ΔH indicate the endothermic nature of biomass pyrolysis, which implies the need
for energy from an external heat source [6]. The difference between the average values of
Eα and ΔH is insignificant, approximately 5 kJ/mol (for all methods), which indicates that
the studied AIW sample is suitable for pyrolysis [43,87,88,90–94].

Figure 7. Cont.
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Figure 7. (a) ΔH, (b) ΔG, and (c) ΔS of the pyrolysis of AIW.

The change in ΔG makes it possible to judge the energy available in biomass [6,49,95,96].
The ΔG values for the studied AIW sample ranged from 147.90 to 150.78 kJ/mol by the
Friedman method, 148.38–150.19 kJ/mol by the KAS method, and 148.38–150.18 kJ/mol
by the OFW method. For most known biomasses and their mixtures, the ΔG values are
positive [87,90,95–98]. The resulting average value of ΔG is 149.61 kJ/mol of the AIW sample.
It is comparable to the ΔG values for pseudo-hemicelluloses of cocoa shell (143.19 kJ/mol) [99],
torrefied biomass of Acacia nilotica T-250 (159.97 kJ/mol) [100], and red macroalgae Gelidium
floridanum for stage 1 (147.25 kJ/mol) [44], but higher than mustard stalk (128 kJ/mol) [78].
The data obtained indicate the high energy potential of AIW.

Entropy is a function of the state of a thermodynamic system, which characterizes the
direction of spontaneous processes and is a measure of their irreversibility. The change
in ΔS serves as a measure of the change in the order of a thermodynamic system. The
entropy of the system is the higher the greater the degree of disorder of the system. Thus,
if the process goes in the direction of increasing the disorder of the system, then ΔS is a
positive value. To increase the degree of order in the system, it is necessary to expend
energy [90,93]. The ΔS values of amaranth samples range from 2.15 to 235.45 J/mol·K by
the Friedman method and 1.42-189.78 J/mol·K by the KAS and OFW methods. Throughout
the conversion process, the ΔS values were positive for the three model-free methods,
indicating a high reactivity of the biomass and a rapid formation of the activated complex.
It should be noted that the degree of disorder in the resulting products was quite high,
and this is typical of the pyrolysis process [48,100]. The mean ΔS of the AIW sample
was 105.41 J/mol·K by the Friedman method, 91.15 J/mol·K by the KAS method, and
91.46 J/mol·K by the OFW method. The ΔS value is comparable with the values obtained
for mixtures of sugarcane bagasse, water hyacinth Eichhornia crassipes and yellow oleander
Thevetia Peruviana [101].

4. Conclusions

In this work, a study was made of the pyrolysis of a new type of plant waste using
TGA and experiments in a laboratory installation for thermochemical processing. The
physicochemical parameters of the studied raw materials correspond to the range of val-
ues typical for commercial biomass fuels. The test sample has a high content of volatile
substances and high reactivity. The maximum specific gravity in the pyrolysis products of
37.1% corresponds to the pyrolysis liquid. The maximum mass fraction in the pyrolysis
products of 37.1 wt.% corresponds to the pyrolysis liquid. At the same time, the oil frac-
tion contains 41.8% hydrocarbons, which characterizes it as a high-quality fuel. Analysis
of the features of thermal decomposition of waste was determined at heating rates of
10, 15, and 20 ◦C/min in an inert atmosphere. The main stage of thermochemical degrada-
tion is devolatilization. The kinetic parameters for this stage were determined using the
model-free methods of Friedman, OFW, and KAS. The one-dimensional diffusion model
(D1), then random nucleation with two nuclei in the individual particle (F1), and random
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nucleation with two nuclei on the individual particle (F2) were recommended to describe
the mechanism of AIW thermal destruction. The average activation energy values are in
the range of 208.44–216.17 kJ/mol, and they were used to calculate the thermodynamic
parameters. The results indicate that the pyrolysis application will allow the efficient
conversion of AIW into value-added products.
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93. Postawa, K.; Fałtynowicz, H.; Szczygieł, J.; Beran, E.; Kułażyński, M. Analyzing the kinetics of waste plant biomass pyrolysis via
thermogravimetry modeling and semi-statistical methods. Bioresour. Technol. 2022, 344, 126181. [CrossRef] [PubMed]

94. Xiao, R.; Yang, W.; Cong, X.; Dong, K.; Xu, J.; Wang, D.; Yang, X. Thermogravimetric analysis and reaction kinetics of ligno-
cellulosic biomass pyrolysis. Energy 2020, 201, 117537. [CrossRef]

95. Maia, A.A.D.; De Morais, L.C. Kinetic parameters of red pepper waste as biomass to solid biofuel. Bioresour. Technol. 2016, 204,
157–163. [CrossRef] [PubMed]

96. Sahoo, A.; Kumar, S.; Mohanty, K. Kinetic and thermodynamic analysis of Putranjiva roxburghii (putranjiva) and Cassia fistula
(amaltas) non-edible oilseeds using thermogravimetric analyzer. Renew. Energy 2021, 165, 261–277. [CrossRef]

97. Hu, L.; Wei, X.-Y.; Guo, X.-H.; Lv, H.-P.; Wang, G.-H. Investigation on the kinetic behavior, thermodynamic and volatile products
analysis of chili straw waste pyrolysis. J. Environ. Chem. Eng. 2021, 9, 105859. [CrossRef]

98. Mishra, A.; Kumari, U.; Turlapati, V.Y.; Siddiqi, H.; Meikap, B. Extensive thermogravimetric and thermo-kinetic study of waste
motor oil based on iso-conversional methods. Energy Convers. Manag. 2020, 221, 113194. [CrossRef]

99. Simões, L.M.S.; Setter, C.; Sousa, N.G.; Cardoso, C.R.; de Oliveira, T.J.P. Biomass to biofuel densification of coconut fibers: Kinetic
triplet and thermodynamic evaluation. Biomass Conv. Bioref. 2022, 12. [CrossRef]

100. Singh, S.; Chakraborty, J.P.; Mondal, M.K. Intrinsic kinetics, thermodynamic parameters and reaction mechanism of non-
isothermal degradation of torrefied Acacia nilotica using isoconversional methods. Fuel 2020, 259, 116263. [CrossRef]

101. Muigai, H.H.; Choudhury, B.J.; Kalita, P.; Moholkar, V.S. Co–pyrolysis of biomass blends: Characterization, kinetic and thermody-
namic analysis. Biomass Bioenergy 2020, 143, 105839. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

203





Citation: Ignatkin, I.; Kazantsev, S.;

Shevkun, N.; Skorokhodov, D.; Serov,

N.; Alipichev, A.; Panchenko, V.

Developing and Testing the Air

Cooling System of a Combined

Climate Control Unit Used in Pig

Farming. Agriculture 2023, 13, 334.

https://doi.org/10.3390/

agriculture13020334

Academic Editor: Massimo Cecchini

Received: 22 November 2022

Revised: 11 January 2023

Accepted: 27 January 2023

Published: 30 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Developing and Testing the Air Cooling System of a Combined
Climate Control Unit Used in Pig Farming

Ivan Ignatkin 1,*, Sergey Kazantsev 1, Nikolay Shevkun 1, Dmitry Skorokhodov 1, Nikita Serov 1,

Aleksei Alipichev 1 and Vladimir Panchenko 2

1 Moscow Timiryazev Agricultural Academy, Russian State Agrarian University, Moscow 127550, Russia
2 Department of Theoretical and Applied Mechanics, Russian University of Transport, Moscow 127994, Russia
* Correspondence: ignatkin@rgau-msha.ru

Abstract: This article presents the results of developing and testing the air-cooling system of a
combined climate control unit used in pig farming. The authors have found a water-evaporative
system to be the most efficient for cooling the air supply. Cooling systems of this type consume
0.003 kW/kW of electric power to produce 1 kW of cold. Based on the developed mathematical model
for water-evaporative cooling in the combined climate control unit, the authors have determined that
an air supply with a temperature of 31.2 ◦C and a relative humidity of 30.4% can be cooled by 8.3 ◦C
when saturated with moisture to a relative humidity of 90.0% (by 11.7 ◦C at 100%). Experimental
studies of the cooling system confirmed the theoretically obtained data.

Keywords: indoor climate; air cooling; water-evaporative systems; sprayed panels; heat recovery
units

1. Introduction

Pig breeding is a highly productive branch of animal husbandry due to fast-growing
pig breeds. Thanks to its nutritional value, availability and extraordinary cooking character-
istics, pork meat plays a significant role in the human diet. In Russia, pork meat accounts
for 25.6% of the meat resources consumed. The number of pigs in the Russian Federation
amounted to 25.9 million by the end of 2021, 90.2% of which were industrially grown [1].
Such enterprises use flow technologies, high animal concentration, and intensive use of
breeding stock to achieve maximum productivity. All these factors require a high level
of production at all stages. Indeed, any deviation from the optimum production mode
inevitably leads to losses.

The indoor climate is determined by a combination of temperature, relative humidity,
chemicals, air composition, contaminants, micro-organisms, light, etc. Each of these indica-
tors has a significant impact on animal productivity and must be maintained within strict
limits based on the physiological needs of the animals. The most important indicators are
temperature and relative humidity [2]. It is reasonable to use these indicators as regulators
for the heating and ventilation system.

The body of a pig is covered with very sparse wool. It does not actually protect
against external temperature influences. A stable body temperature is maintained by the
thermoregulation system, in which the body uses energy to maintain a constant temperature.
This energy consumption rate is minimal at an optimum temperature (Figure 1) [3].

Currently, genetics companies have significantly lowered the fat content of pork meat
by reducing the thickness of the subcutaneous tissue that acts as natural thermal insulation
in pigs. As a result, breeds developed with modern genetic techniques are more sensitive
to temperature drops.

Figure 2 shows that a high relative humidity (ϕ > 75%) results in a decrease in pig
weight gain (by 20%) and an increase in feed consumption (by 40%) [3].

Agriculture 2023, 13, 334. https://doi.org/10.3390/agriculture13020334 https://www.mdpi.com/journal/agriculture
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Figure 1. Influence of ambient temperature on the performance of fattened pigs.

Figure 2. Effect of relative humidity on Large White pig productivity.

Dry air (relative humidity under 50%) also negatively affects the animal’s body, causing
irritation of the mucous membranes of the eyes and the respiratory tract, decreased local
immunity, increased thirst, and consequently reduced appetite and nutrient absorption.

The above materials show the considerable influence of indoor climate on the produc-
tivity of animals.

Indoor climate indicators and animal excretion rates are taken by planners as input
data from their manuals. It should be noted that the updated norms currently operating in
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Russia—“RD-APK 1.10.02.04-12 methodological guidelines on engineering design of pig
farms and facilities”—are based on the All-Union Science and Technical Regulations 2–96.
The requirements have not changed much as to the emission of heat and harmful gases by
animals and indoor climate parameters.

Russian pig breeders have achieved tremendous results in ensuring early maturity
and increasing prolificacy [4]. The animal’s body has become longer. The ratio of the
surface area of a pig to its volume has changed; the thickness of the rump has decreased,
which inevitably influences the parameters of its heat exchange with the environment. By
comparing domestic and foreign excretion rates and indoor climate requirements, we can
see a number of differences [5].

The entry “Nursing sows with piglets” in RD-APK provides data for animals weigh-
ing up to 200 kg, although the weight of a typical sow is 200–300 kg. These data are also
available in the DIN 18910 standard operating in Germany (Berechnungs- und Planungs-
grundlagen fuer das klima in geschlossenen ställen—norms for calculating parameters and
indoor climate planning in closed stables (barns)).

The standard indoor climate parameters are also different, as shown in Table 1.

Table 1. Standard indoor climate parameters (data taken from RD APK and DIN 18910).

Age and Gender
Group

Weight, kg

Standard Parameters

RD-APK 1.10.02.04-12 DIN 18910

Indoor
Temperature, ◦C

Indoor Relative
Humidity, %

Indoor
Temperature, ◦C

Indoor Relative
Humidity, %

Reproductive,
barren, gestation

sows, boars
Over 50 16 80 16–20 75

Nursing sows with
local heating

for piglets
Over 100 18 80 20 75

Pigs fattened using
the “all empty—all
occupied” method

10 24 70 24 70

20–30 20 80 - -

40–50 18 80 - -

60–100 16 80 18 70

The data presented in Table 1 show that the requirements are basically the same, but
DIN 18910 is stricter with regard to the requirements for relative humidity and temperature.
However, the CO2 concentration requirements are stricter in the RD-APK and amount
to 0.2%, compared with 0.3% in DIN 18910. In our opinion, this is due to the fact that in
the Soviet Union central heating systems were used everywhere to provide the required
concentration of carbon dioxide. However, decentralized heating systems operating on
natural gas are more common now due to their lower cost, as described in the thesis written
by D. Tikhomirov [6].

Open combustion heat generators direct the flue gases indoors. The main component
of natural gas is methane. The products of its combustion include carbon dioxide and water.
With these systems, a carbon dioxide concentration of 0.2% is theoretically unachievable in
pig houses during the coldest period, but 0.3% is still achievable.

Climate control systems used in crop production [7] and livestock farming aim to achieve
normative values for temperature, relative humidity, and pollutant concentration [8]. Temper-
ature is an important indicator of the indoor climate in livestock buildings [9].

In winter, a good supply of heat is required for heating the air supply [10]. There-
fore, exhaust air heat recovery systems offer an effective way to reduce heating energy
consumption [11,12]. Supply and exhaust air units with heat recovery exchangers utilize
the heat in the exhaust air without mixing exhaust and supply air [13], thus supplying
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clean heated air to the production facilities. There are also ventilation systems with spiral
recuperators [14,15] for heat recovery in winter and air cooling in summer.

Regenerative heat exchangers are widely used in the industry, e.g., in transcritical
CO2 heat pumps [16] and in CO2 heat pump systems with compression/ejection for
simultaneous cooling and heating [17].

In decentralized pit-type systems it is important to ensure reliable separation of supply
and extract air [18].

However, in summer the challenge is no less important for decreasing the indoor
temperature [19]. This is often achieved with individual cooling systems [20].

The importance of energy-saving systems using heat recovery can hardly be overesti-
mated; they can be found in both mobile and stationary equipment [21]. In our opinion, it
is reasonable to consider retrofitting supply and exhaust heat recovery units with cooling
systems [22]. Such a solution would increase the intensity of equipment use, reducing the
payback period.

However, in some cases the use of modular coolers is feasible [23].
This work aims to develop and test an air cooling system in a combined climate control

unit used in pig farming.
To achieve this goal, it is necessary to solve the following tasks:

1. To analyze and classify the available air cooling ventilation systems;
2. To justify the construction of the combined climate control unit with the air cool-

ing system;
3. To design a mathematical model of cooling in the climate control unit;
4. To experimentally test the developed system.

Air temperature can be decreased to the required values in different ways.
For pig farms, air cooling methods can be divided into two types: water-evaporative

cooling systems and vapor-compression refrigerating units (Figure 3).

Figure 3. Classification of cooling systems.

The vapor-compression refrigeration unit is a closed hermetic system consisting of an
evaporator, a compressor, a heat exchanger condenser, a filter-dryer and a throttle connected
by pipelines. The unit is filled with a refrigerant with a boiling point lower than that of
the cooled medium. The cooled air comes into contact with the surface of the evaporator
and transfers its heat to the refrigerant, turning it into vapor. The compressor forces the
refrigerant vapor into the condenser, where the latter is turned into its liquid state. Vapor-
compression refrigeration systems are used extensively in industry and civil engineering,
but they are rarely used in animal husbandry. However, where strict temperature limits are
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set, regardless of weather conditions, vapor-compression refrigeration units are the only
feasible solution.

With water evaporation cooling, the air is cooled by being blown through a spray
chamber or a cartridge package soaked in water and subjected to consecutive heat ex-
changes. Another option is spraying water into the cooled air stream via nozzles. The
evaporated moisture absorbs the heat of vapor formation and the air is cooled.

Water-evaporative cooling is fundamentally simpler and less demanding in terms of
maintenance and operating conditions, but it has a number of limitations and its efficiency
depends significantly on the temperature and relative humidity of the outdoor air.

In spite of their fundamental similarity, water-evaporative cooling systems are avail-
able in a wide range of designs. The most noteworthy are water spray systems and systems
with sprayed surfaces. Table 2 presents the results of their comparative assessment.

Table 2. Analysis of cooling system efficiency.

Parameter

Vapor-Compression
Refrigerating Units

(VCRU)
Water-Evaporative Cooling Systems

VCRU
On/Off

Inverter
VCRU

Low-
Pressure
Nozzles
(2 atm)

High-
Pressure
Nozzles
(70 atm)

Sprayed
Panel

Centrifugal
Cooling

Unit

Sprayed
Modules

Ejector
Modules

Supply air temperature
reduction efficiency, ◦C - - 1 3 15 6 8 4.5

Cooling capacity of the
system, kW 282 282 34.2 102.6 424.9 170.0 226.6 127.5

Installed electrical capacity of
the cooling units, kW 95.9 95.9 1 2.2 1.6 33.4 25.2 66.0

Hourly energy consumption
of the cooling units, taking

into account irregular
use, kWh

95.9 67.1 0.8 2.2 1.2 33.4 25.2 66.0

Set air exchange rate, m3/h 151,800 151,800 442,750 442,750 366,850 366,850 366,850 366,850

Installed fan power, kW 6.6 6.6 18.9 18.9 15.6 15.6 15.6 15.6

Installed electric power of the
system, kW 102.4 102.4 19.9 21.1 17.2 48.9 40.8 81.6

Electrical power consumption
for producing 1 kW of cold,

kW/kW
0.340 0.238 0.023 0.021 0.003 0.196 0.111 0.518

Refrigeration production
efficiency criterion, kW/kW 2.9 2.9 34.2 46.6 265.6 5.1 9.,0 1.9

Water consumption, m3/h 0 0s 44.2 0.7 3.7 2.5 3.7 0.2

Specific energy consumption
per 1000 m3/h air, W

631.6 442.1 1.8 5.0 3.3 90.9 68.8 179.9

Water is evaporated by absorbing the heat of vapor formation. The energy is thus spent
to provide the required air exchange and water supply to the evaporation zone [24]. Ejection
and nozzle systems do not directly consume energy for the cooling process. However,
their operation requires water supplied at a given flow rate and pressure, which results
in electricity costs at the water plant [25]. These costs have been taken into account in
estimating the costs of electric power for the production of 1 kW of cold.

The following conditions and assumptions are taken into account when comparing
cooling systems:

- vapor-compression cooling systems have unlimited cooling capacity under the operat-
ing conditions;

- the estimated air exchange of the water-evaporative cooling systems takes into account
equal air exchange for the removal of excess heat and moisture.
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Among the water-evaporative cooling systems, systems with sprayed surfaces are
the most effective in terms of reducing the air supply temperature. They are also the most
energy efficient.

Based on the above and considering the fact that the climate control unit has a large
heat exchange surface area, it is advisable to spray water on it to use the effect of water-
evaporative cooling of the supply air.

Water-evaporative cooling is widely used in the climate control systems of various
production facilities due to its combination of low cost and high efficiency [26]. However,
the system’s operation is highly dependent on outdoor air parameters [24]. When designing
climate control systems, it is important to analyze the main process indicators [27] and
to predict the efficiency of water-evaporative cooling in different climate zones. In this
connection, it is advisable to design a computational model of the combined unit [28] to
link geometric parameters of the cooling unit based on the recuperative heat exchanger, its
performance, total aerodynamic resistance of the system and air parameters at the inlet and
outlet of the refrigerating unit.

2. Materials and Methods

2.1. Description of the System

The heat-exchanging surfaces are to be cleaned periodically in the process of operation.
Consequently, the spraying system performs cleaning and disinfecting functions in addition
to cooling [29]. This requires the use of detergent and/or disinfectant solutions. Disinfection
can affect both the working surfaces of the unit and the ventilation air, making it possible
to disinfect the supply and exhaust air of the serviced area.

The spraying system consists of a pipeline with nozzles, a time switch and a solenoid
valve, and is connected to a water supply system for periodic water spraying in the exhaust
and supply ducts above the heat exchanger. The sprayed liquid can be used in a flow-
through or a cyclic mode. In the latter case, it requires a storage tank, which can take the
form of a sump unit [30].

The offered solution ensures a more intensive use of the equipment, helps save on the
number of cooling units and provides for the implementation of previously unavailable
functions that are extremely important in terms of longevity, operational efficiency and
biological safety—thus increasing the economic efficiency of the system as a whole.

The block diagram is shown in Figure 4.

 

Figure 4. Schematic diagram of the combined climate control unit.

During the warm season, the ventilation system is used to remove excess heat, and the
ventilation rate is significantly higher than in winter. In particular, in winter the specific
air consumption per 1 kg of live weight of fattened piglets is 0.17 to 0.21 m3/kg/h, and in
summertime this value increases to 1.1 to 2.5 m3/kg/h, that is, 5.2 to 14.7 times higher.

In warm periods, air cooling occurs as follows. The indoor air is extracted by separate
window or roof fans. The exhaust fan of the unit is reversed, and both channels provide
the air inflow. A process diagram of the prototype of the combined climate control unit
equipped with the water-evaporative cooling system is shown in Figure 5. The surface of
the heat exchanger is sprayed with water via nozzles. On contacting the heat exchanger
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surface, the water wets it in a film or droplet pattern, creating a large cooling area. The
air supply passes through the heat exchanger, comes into contact with the heat exchanger
surface, is cooled there and then discharged into the room by the fans.

Figure 5. The cooling mode of the combined climate control system: 1—inlet window; 2—inlet duct;
3—heat exchanger; 4—exhaust fan; 5—sump; 6—discharge pipe; 7—supply fan; 8—recirculation
opening; 9—recirculation damper; 10—pipeline with nozzles; 11—exhaust duct; 12—pipeline
with nozzles.

2.2. Theoretical Research
Modelling of Water-Evaporative Cooling in the Unit

The water-evaporative cooling process in systems with sprayed layers can be rep-
resented as a convective heat exchange of the air flow with heat exchanger plates and a
simultaneous evaporation of water from the unit surface accompanied by the absorption of
vaporization heat.

The finite difference method is widely used to find a numerical solution to heat
exchange problems. In a steady-state mode, the system is described by a set of parameters:
the surface temperature of the unit (equal to the wet-bulb temperature), temperature
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and relative humidity of the supply air. The air supply cools as heat and moisture are
exchanged, approaching the cooling surface temperature, while its enthalpy (heat content)
remains unchanged.

The process is limited by the exposure (the process duration), the relative humidity at
the unit outlet (climate requirements) and the outdoor air parameters (the temperature and
moisture content), which will determine the physical cooling potential.

For practical calculations, these parameters can be considered conditionally stationary.
In the boundary layer, at the cooling surface, the relative humidity is 100%. The temperature
of the unit wall is equal to the wet-bulb temperature and is assumed as constant for the
considered conditions (Figure 6) [16].

Figure 6. Diagram of water-evaporative air cooling.

The heat and mass transfer process is characterized by equality of heat extracted from
the supplied air and the heat of vaporization expended for moisture evaporation from the
unit surface [31]. The cooling intensity (heat transfer) of the air supply is determined based
on Newton’s equation

qcool = S·α·(to − tw), (1)

where S—the heat exchange surface area, m2; α—the heat transfer coefficient average over
the heat exchange surface, W/(m2·K); to—the outdoor air temperature, ◦C and tw—the heat
exchange surface (wet-bulb) temperature, ◦C.

The heat transfer coefficient α is the amount of heat transferred through the unit heat
transfer surface per unit time at a temperature difference of 1 ◦C [32].

In engineering calculations, it is expedient to use criterion analysis to determine its
value. Thus, based on the aerodynamic similarity criteria it is possible to determine the
heat transfer coefficient with high accuracy [33].

qcool = S·α = Nu
(
to·7·10−5 + 0.0237

)
de.p

, (2)

where Nu—Nusselt criterion characterizing the correlation of the intensity of heat transfer
by convection and heat conduction and de.p—hydraulic diameter of the pipe, m.
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In the considered unit, the air ducts are pipes with a rectangular cross-section. The
channels of the plates are directed along the main air flow (taken conditionally as vertical),
as shown in Figure 7.

Figure 7. Heat exchanger in cooling mode.

The equivalent diameter for a pipe of rectangular cross-section is determined by the
following formula ([32], p. 189):

de.p = 4
A
P

= 4
b·h

2·(b + h)
, (3)

where A = b·h—cross-section area, m2; P = 2·(b + h)—perimeter, m; b—width of the tube base
of a triangular cross-section, m and h—height of the tube of a triangular cross-section, m.

The Nusselt criterion (Nu = f
(

Pr; Re; ΔT
T

)
) is defined by the following formula:

Nu = 0.28·Re0.6·Pr0.36·
(

Pr
Prl

)0.25

, (4)

where Re—the Reynolds criterion value for the air flow in the cooling unit; Pr—the average
Prandtl criterion value for the air flow in the cooling unit and Prc —the Prandtl criterion
value for the boundary layer.

The Reynolds criterion value is defined by the formula

Re =
υ·de.p

νsu
, (5)

where νsu—the average kinematic viscosity of the supply air, determined at an average air
temperature in the unit tav = to+tw

2 .
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The Prandtl criterion value for the boundary layer is defined by the following formula:

Prl =
ηl·cm·103

tw·7·10−5 + 0.0237
, (6)

where ηl—dynamic viscosity of the layer, Pa·sec and cm—specific mass heat capacity of the
air, J/(kg·K).

The dynamic viscosity of the air in the boundary layer is determined by the follow-
ing formula:

ηl = νl·ρsu, (7)

where νc—kinematic viscosity of air in the boundary layer, m2/s and ρsu—air density in
the boundary layer, kg/m3.

The temperature of the air in the boundary layer is asymptotically close to the wall
temperature and numerically may be assumed to be equal to the wet-bulb temperature.
In this case, the kinematic viscosity of air in the boundary layer can be found using the
following formula [34]:

νl =
324 − 1.5·tw

109 p0 + 16.81 + 0.048·tw·10−6·287
tw + 273

p0
, (8)

where tw—wet-bulb temperature, ◦C and p0—atmospheric pressure, Pa.
Air’s density largely depends on its temperature and pressure. The present analysis

uses the atmospheric pressure, as the working pressure difference in the cooling unit is
about 10–30 Pa, which is 0.01–0.03%. This analysis uses approximations of lower accuracy.
Taking differential pressure of this order into account would complicate the analysis in the
pursuit of imaginary accuracy. The air density of the boundary layer equals

ρl =
p

R(tw + 273)
, (9)

where R—gas constant, J/(kg·K).
V.P. Gavrikin and E.A. Kuranov obtained the formula to determine the wet-bulb

temperature [35] resulting from the analysis of reference data [30]:

tw =
−7.14 + 0.651·l

1 + 9.7·10−3·l − 3.12·10−6·I2 , (10)

where I—enthalpy (heat content) of the air, kJ/(kg·K).
The results obtained using the formula deviate from the tabulated values within 0.6%,

which is quite sufficient for an engineering analysis.
Water-evaporative cooling takes place with the constant heat content, taking into

account that enthalpy of humid air depends on the temperature and moisture content.
Taking into account the availability of all initial data for outdoor air, it will be convenient to
determine its heat content. The enthalpy is to be determined from the formula

I = cd.a.·to +
(r + cv·to)do

1000
, (11)

where cd.a.–specific mass heat capacity of dry air, kJ/(kg·K).
On the other hand, in a steady-state process the heat flux can be defined as the

vaporization heat of the moisture evaporated in the cooling unit, which is expressed by the
following formula:

qvap =
W·ρ(dsu − do)(r + cv·tw)

3600·103 , (12)

where W—cooling unit capacity, m3/h; ρ—average density of the cooled air, kg/m3; dsu—
moisture content of air at the cooling unit outlet, g/kg d.a.; do—moisture content of outdoor
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air, g/kg d.a.; cv—specific mass heat capacity of dry vapor, kJ/(kg·K) and r—specific heat
of water vaporization at 0 ◦C kJ/kg.

Relationship (12) is of a deterministic nature, and its accuracy is absolute under
conditions of initial data reliability. The specific humidity of the air at the unit inlet and
outlet is measurable. However, in our case air parameters at the unit outlet are forecast. In
a particular case, the expected moisture content of the air at the cooling unit outlet is equal
to the one required by the technology. In all other cases, it is different, which is caused by
the difference in the physical properties of the interacting media.

The surface may be covered with a continuous stable film (the film-wetting mode)
or individual droplets or drips (the droplet-wetting mode), which determines the size of
the interaction surface area. When hygroscopic materials are used, in addition to good
wettability they have a certain buffer capacity, which can compensate for disturbances in
the film mode.

The specific humidity of air is defined by the formula

d = 0.77
ϕ

100
e5516.89( 1

273− 1
273+t ), (13)

where ϕ—relative humidity of the air, %; e—the basis of natural logarithm and t—the air
temperature, ◦C.

A similar formula is used to determine the specific humidity of air at the cooling unit
outlet.

The water-evaporative cooling process is iso-enthalpic. On L.K. Ramzin’s I-d diagram,
it appears as a segment connecting points 1 and 2, which characterize the state of moist
air before (1) and after (2) entering the cooling unit (Figure 8). It is obvious that water-
evaporative cooling is possible only if the following condition is observed: d1 < d2.

 
Figure 8. Water-evaporative cooling in the I-d diagram.
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The average air velocity in the cooling unit is determined from the formula

υ =
W

3600· S
2

, (14)

where W—cooling unit capacity, m3/h and S—cross-sectional area of the heat exchanger, m2.
In the process of heat exchange, the air temperature decreases and its density in-

creases proportionally. The average density of the cooled air can be determined from the
following formula:

ρ =
p

R
(

to+tw
2 + 273

) (15)

The supply air temperature drop is proportional to the heat dissipated from it, pro-
vided that it does not exceed qv (the heat of vaporization, with a known difference in the
specific humidity of the air) and can be found from the following system of conditions:⎧⎨

⎩ Byqcool ≤ qvaptsu = qcool·103

0.28·W·ρ
Ifqcool � qvaptsu =

qvap ·103

0.28·W·ρ
(16)

By determining the air supply temperature and taking into account its specific humid-
ity, we can obtain the relative humidity at the cooling unit outlet:

ϕsu =
100·dsu

3.8·e5404.3·( 1
273− 1

273+t )
, (17)

where dsu—moisture content of the air at the cooling unit outlet, g/kg of d.a.
To increase the practical value of the model, it is advisable to determine the minimum

necessary water consumption for water-evaporative cooling with a given capacity under
specific weather conditions, and the annual water consumption for water-evaporative cooling.

To do this, the wet flow rate for cooling one kilogram of air for specific weather
conditions must be determined. Then, the sum of the required air exchange, the specific
moisture consumption and the duration of specific weather conditions over a year will
give the required value of the annual water consumption for water-evaporative cooling.
Weather conditions vary from year to year, so climate data should be used in the design
calculations.

The maximum hourly water consumption (m3/h) for evaporation is determined from
the formula

Qw = Wmax·ρ·Δdmax·10−6, (18)

where Wmax—air exchange rate at maximum design outdoor temperature, m3/h and
Δdmax—the amount of moisture consumed by one kilogram of supply air during cooling at
the maximum estimated outdoor temperature, g/kg of d.a.

Annual water consumption for water-evaporative cooling can be determined from
the formula

Qw.a. =
n

∑
i=1

Wi·ρ·Δdi·τi·10−6, (19)

where Wi—air exchange required at temperature ti (determined from the balance of hu-
midity and heat), m3/h; Δdi = dsu − do—amount of moisture consumed by one kilogram of
supply air during cooling, g/kg d.a. and τi—duration of temperature period ti, h.

For aggregate calculations, the values of relative humidity can be obtained by linear
interpolation of reference points obtained from building regulations (BR) and local building
norms (LBN). For more precise calculations it is necessary to use data tables (the relationship
between temperature and relative humidity) or diagrams that take into account the duration
of specific combinations of temperature and relative humidity for the considered climatic
zone. Such data can be found in the works of A.Y. Kreslin and other scientists.
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Knowing the required air exchange rate and the permissible total aerodynamic drag or
limiting the flow speed with the condition that no droplets of moisture can escape from the
sprayed surfaces, we can determine the required cross-sectional area, and, consequently,
the required number of units.

2.3. Experimental Study
Description of the Experimental Facilities

The climate control system using the combined climate control unit was tested in
fattening sector No. 6 on Farm No. 7 of “Firma Mortadel” LLC. Indicators of test conditions
are given in Table 3.

Table 3. Parameters and conditions of the tests.

Index Value

Material of the building Reinforced concrete

Holding capacity, heads 250

Internal dimension of the building L × W × H, m 14.6 × 14.6 × 2.6

Total floor area, m2 214.3

Area of the technological section, m2 200.3

Utilization factor of the floor area of the premises 0.9

Actual number of animals, heads 279

Floor area of the technological section per one animal, m2/head 0.7

Characteristics of the livestock

Age and sex group Fattened pigs

Average weight, kg 70

Climatic conditions

Region Vladimir region

Estimated temperature of the coldest five-day period with a probability
of 0.98, ◦C

Average monthly relative humidity at 3 p.m. of the warmest month, %
temperature, ◦C

−34

Average monthly relative humidity at 3 p.m. of the coldest month, % 83

Air temperature in summer, ◦C, probability 0.98 27

Average monthly relative humidity at 3 p.m. of the warmest month, % 57

Indoor climate

temperature, ◦C 21

relative humidity, % 60

As a control sector, we used fattening sector No. 5, having 241 pigs with a weight
of 30.5 kg (20 animals per pen). The climate maintenance system was designed by FG-
CLIMITED, Ontario, CA, USA, using equipment from Ag-Co Products Limited Ontario,
CA, USA. The front wall has four extractor fans (one extractor from the manure channel).
The air is supplied through supply valves located in the ceiling and distributed in the room
at the rate of one valve per box for a total of 12. The automation system is controlled by a
temperature sensor installed in the room center at a height of 1.2 m above the floor level.

The experimental sector was additionally equipped with a tested system consisting
of three prototypes of a combined climate control system with a water sprinkler cooling
system (Figures 9 and 10): No. 1, 2—general exchange ventilation; and No. 3—air extraction
from the manure channel and a system for regulating indoor climate parameters according
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to temperature and relative humidity sensors placed along the passage at a height of 1.2 m.
Technical characteristics of the units are presented in Table 4.

 
Figure 9. View from the pig house roof: 1,2—UT-6000S units (for general exchange ventilation);
3—UT-3000 unit (for air extraction from the manure channel).

 
Figure 10. General view of the experimental system of climate control inside the pig house: 1,2—UT-6000C
unit (for general exchange ventilation); 3—UT-3000 unit (for air extraction from the manure channel).

Table 4. Technical characteristics of the units.

Designation Value

Working designation UT—6000C UT—3000

Air capacity, m3/h 6000 3000

Heat output at −25 ◦C, kW 50.7 25.4

Installed electric power, kW 1.6 0.8

Type With defrosting system Without defrosting system

Note Reduced sump dimensions With two supply fans

The summer ventilation system was supplemented with an option to use the climate
control units in the cooling mode.

During the test period, the outdoor air temperature ranged from −8 ◦C to +31 ◦C, and
climate measurements were taken automatically by a climate control computer according
to temperature and relative humidity sensors placed as shown in the diagram in Figure 11.
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Figure 11. Control point diagram with sensors.

The climate control computer automatically maintains the specified indoor air temper-
ature and relative humidity. Manual climate control is also possible.

As the relative humidity in the room increases, the air exchange rate smoothly increases
as well. The air supply is controlled automatically by changing the speed of the fans and
the degree of opening of the air inlet flaps. If the room temperature falls below the set
point while the excess moisture is being removed, the heating devices are switched on. If
the temperature drops further below the set point value, the ventilation level is set to the
minimum value (depending on the weight and age of the animals), with the temperature
taking priority.

This solution ensures the removal of excess moisture, heat and harmful gases from the
house throughout the year.

3. Results

Study of Water-Evaporative Cooling

The problem was solved in Excel 2007 (Microsoft Corporation, Redmond, WA, USA).
Within the variation range of relative humidity from 20 to 100% and outdoor air

temperature from 20 to 50 ◦C; the calculation results are graphically presented in Figure 12.

Figure 12. Reduction of air temperature in the unit as a function of the temperature and relative
humidity of the outdoor air.

The graph is plotted in a three-dimensional coordinate system, showing the rela-
tionship of Δt = f (t, ϕ). The result obtained shows that the maximum cooling value is
achieved at minimum relative humidity and maximum outdoor air temperature, otherwise
the supply air cooling value decreases monotonically.

Over the test period, the outdoor air temperature was 30.4 ◦C and relative humidity
was 31.2%. The test results are shown in Table 5. Figure 13 presents a diagram of the
exhaust and supply air temperatures.
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Table 5. Test results of the combined climate control unit in the cooling mode.

Air Parameters in Control Points

Points Indoor Temperature, ◦C
Difference between Indoor

and Outdoor
Temperatures, ◦C

Indoor Relative
Humidity, %

1 29.4 1.8 37.1

2 29.5 1.7 34.4

3 28.8 2.4 34.3

4 28.7 2.5 37.2

5 28.4 2.8 39.2

6 28.6 2.6 38.8

7 27.3 3.9 44.3

8 27.4 3.8 46.2

9 25.3 5.9 45.6

10 24.9 6.3 44.8

11 25.5 5.7 43.9

12 25.3 5.9 42.5

Average: 27.4 3. 8 40.7

 

Figure 13. Diagram of the exhaust and air supply temperatures.

Table 5 shows that the maximum value of the air supply temperature reduction was
6.3 ◦C (in the pens closest to the units). As the distance from the units increased, the indoor
air temperature increased. This effect was due to the fact that the share of cooled air (from
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the units) in the total ventilation system was 49%. As a result, the cooled air mixed with
untreated outdoor air from the general ventilation system. Therefore, the average room
temperature drop was 3.8 ◦C.

When analyzing the convergence of the results, we noted some discrepancies with
the analytical data. The calculation model shows that supplied air with a temperature
of 31.2 ◦C and a relative humidity of 30.4% can be cooled by 8.3 ◦C when saturated with
moisture to a relative humidity of 90.0% (by 11.7 ◦C at 100.0% relative humidity).

At small values of the coefficient of spraying heat-exchange plates, we registered
reduced values of the air supply temperature as compared to the calculated ones. This
effect is caused by the influence of the wettability of the heat exchange surface on the
efficiency of water-evaporative cooling. When the water flow rate was increased, the
experimental data came close to what was theoretically possible, but this was accompanied
by a detachment of moisture droplets.

The stated assumption can be proven by the fact that in sprayed layers made of
hygroscopic and well-wetted cellulose, the above effect was not observed in prcatice (under
condition of a sufficient water flow rate for water evaporation).

Further research is required to study the influence of the wettability of sprayed surfaces
on the efficiency of water-evaporative cooling.

4. Discussion

The problem of ensuring proper climate control in livestock buildings is rather urgent
and requires special attention. A considerable amount of research focuses on the develop-
ment and optimization of climate control systems to increase functionality and improve
technological and energy efficiency. The authors aimed to develop and test an air cooling
system in a combined climate control system used in pig production. To achieve this goal,
we analyzed the existing cooling systems for ventilation air, developed the design of a
climate control system and a mathematical model of air cooling, made a prototype and
conducted experimental research.

In the course of our research, different methods of air cooling in climate control systems
were considered. For livestock farming, it is advisable to use water-evaporative cooling
systems with sprayed surfaces. This variant is optimal as these systems are characterized
by constructive simplicity, reliability and technological and energy efficiency. As compared
to other methods of air cooling, surface-filled water-evaporative cooling systems require a
minimum amount of electricity per kW of cooling. This was the main argument for the use
of the water-evaporative cooling system with sprayed surfaces in the combined climate
control unit.

The authors developed a mathematical model describing air cooling for the offered
technical solution. The model considers a heat exchanger consisting of tubes with a
rectangular cross-section. The flow of the cooled air and the refrigerant water is direct in
the considered heat exchanger. The water sprayed by the nozzles wets the surface of the
heat exchanger. This makes it possible to obtain a large cooling surface, which has a positive
effect on cooling intensity. Based on the obtained mathematical model, we determined
the theoretical values of air temperature reduction depending on outdoor air temperature
and humidity.

The developed combined climate control unit with a water-evaporative cooling system
was tested on the “Firma Mortadel” Ltd. farm. In the course of testing, measurements
of temperature and relative air humidity were taken in the animals’ pen according to the
conventional procedure, and the test results confirmed expectations. The developed system
decreases the air temperature.

The prototypes were tested in the operating heating and ventilation system. The
capacity of the three test units was 15,000 m3/h, which provided 49% of the total capacity
of the combined system. Since all the cooling units were concentrated on one side, the
cooled air was unevenly distributed inside the space. To reduce this effect, it is advisable to
distribute the units evenly over the space and cool the whole air supply.
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The efficiency of water-evaporative cooling systems strongly depends on the climatic
conditions in the region of operation. The highest efficiency is achieved in hot and arid
as well as in temperate climates. Under conditions of high relative humidity—80% and
above—the cooling effect tends to zero. As the cooling effect increases, so does water
consumption. For example, at an outside air temperature of 40.0 ◦C and a relative humidity
of 20.0%, it is possible to warm air to a temperature of 28.8 ◦C and ensure a relative humidity
of 85.0%. Under these conditions, a unit with a capacity of 6000 m3 of air per hour will
have a water consumption of 23 m3/h.

5. Conclusions

The analysis of the existing air cooling systems has shown that it is advisable to use
water-evaporative cooling systems for livestock houses due to their simplicity, technological
and energy efficiency and low requirements for operating conditions.

The comparative analysis of the energy efficiency of cooling systems has shown that
systems with sprayed surfaces require a minimum amount of electric power to produce
1 kW of cold (0.003 kW/kW).

The combined climate control system includes a heat exchanger with a large heat
exchange surface. Adding a heat exchanger spraying system is therefore sufficient to
ensure water-evaporative cooling in the system. This system can also perform cleaning
and disinfection of the unit’s working surfaces as well as the inlet and outlet air of the
serviced area.

To describe the cooling process in the combined climate control unit, the authors have
developed a mathematical model that links air parameters at the inlet and outlet of the
unit, its geometrical characteristics and performance.

The mathematical model can determine the potential cooling of the air supply and
the minimum water consumption required to produce this effect. An air supply with a
temperature of 31.2 ◦C and a relative humidity of 30.4% can be cooled by 8.3 ◦C when
saturated with moisture to a relative humidity of 90.0% (by 11.7 ◦C at 100.0% humidity).

As the experimental research proved, the air supply was cooled by 6.3 ◦C (in the pens
nearest to the units), which confirms the efficiency of water-evaporative cooling. However,
additional research is required to study the influence of the wettability of the sprayed
surfaces on the efficiency of water-evaporative cooling.

6. Patents

Heat recovery unit. Ilyin, I.V. and Ignatkin, I.Yu. Patent for the invention No. 2627199
C1 RU, MICROPK A01K 29/09 (2006/01). Applicant and patent holder—Russian State
Agrarian University—Moscow Timiryazev Agricultural Academy—No. 2016127599; ap-
plied on 8 July 2016; issued on 3 August 2017, Bulletin No. 22-6 p.: ill.
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Abstract: The long-term storage of vegetable crops and potatoes in storage, even with a small content
of soil and plant impurities in the heap, does not ensure the preservation of the required quality
indicators of marketable products. The lack of modern technological foundations for improving the
design parameters of machines for harvesting vegetables and potatoes leads to the impossibility
of eliminating the loss of root crops, their damage, as well as the high-quality process of cleaning
from impurities. This circumstance is due to the fact that modern technologies and technical means
of harvesting root crops and onions are not able to provide high-quality marketable products with
minimal labor costs. In this regard, a modern separating system of the harvesting machine has been
developed, which ensures the variation of technological parameters under changing conditions for
the harvesting of root crops and onions. The experimental studies of the developed harvester with an
experimental separating system made it possible to ensure the high-quality harvesting of potato and
onion tubers with the following parameter values: a completeness of separation of more than 98%
and a damage to products up to 1.7%, at a speed of movement of 1.7 m/s for the separating system; a
completeness of separation of more than 98% and a product damage of up to 1.1% at a speed of up to
1.0 m/s for the harvester; and a separation completeness of more than 98% and a product damage of
up to 1.4% at a commercial product extraction depth of 0.02 m. The results of comparative studies
on the quality indicators of the machine for harvesting root crops in the harvesting of potato and
onion tubers are presented, indicating the prevailing values of the quality indicators of work in the
harvesting of potatoes, depending on the change in the regime indicators of the quality of work.
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1. Introduction

The development of agricultural engineering in the Russian Federation cannot be
ensured without the development of machines with digital intelligent systems [1–6].

The quality of work is determined by the optimal solution to the problem of pro-
viding the required parameters of the machines, both for sowing, harvesting, and the
post-harvest processing of crops [7–9], while maintaining the full potential of seeds and
grown products [10–12]. The determining indicator of the quality of crop harvesting is
their preservation and the minimum amount of losses and damage to marketable products,
with an effective value of cleaning from various impurities, which cannot be achieved
without the introduction of modern harvesting machines. The main difference between the
harvesting of root crops and onions from the harvesting of other agricultural crops is the
increased volume of separated soil and plant impurities, therefore, the separating system
of machines for harvesting vegetables and potatoes should have a high-throughput [13,14].
However, the separating system of harvesters, represented by bar elevators, does not allow
the full cleaning of commercial products from mechanical impurities, and to eliminate this
drawback, separation intensifiers of various types have been introduced into their design.
R. Farhadi et. at [15] intensified the process of the separation of potato tubers, the scheme
and the general view of which are shown in Figures 1 and 2.
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Figure 1. Gradation pipes cross-section at a semicircle of the helix ((a) scheme; and (b) general form):
d—the bar diameter; е—bar thickness; s—bar spacing; r—drum radius; G—center of gravity of the
drum; and Ŷ—distance from the center of gravity to the center of the bar.

 
Figure 2. Constructive scheme of the improved machine for haulm cutting: 1—chassis frame;
2—support (reference) wheel; 3—rotor; 4—auger; 5—cutter of heads root crops; 6, 9—drum; 7—knife;
8—chute; 10—spiral; 11—casing; 12—parallelogram hinged suspension; 13—bracket; 14—copier;
15—knife; ←—forward movement.

Figure 1 shows the cross-section of the pipes at a semicircle of the helix. For the deter-
mination of the pipe diameter, the following points should be attended to: the semicircle
radius and perimeter are 15 cm and πr. The initial distance between the pipes is two cm
and the final distance is eight cm. The pipes’ numbers of helix semicircle generators are
14 at first, for suitable grading. Anything lower than six pipes does not appear at the last
pitch. The pipes’ size should exist in industrial productions. This equation should be valid
for avoiding semicircle defectiveness.

The various stages of piece construction were done with consideration to the presented
matters before parts. Figure 2 shows the total side view of the system. Just as observed
in the figure, the helix was rotated by a tractor with use of the multipurpose joint, belt
and pulley, gearbox, chain, and sprocket wheel. This power transmission system was
applied successfully to the reduction of the speed up to a necessary level, and diminished
the rotational speed of 540 on 9 RPM. The main disadvantage of the well-known design
of the separating device is the turbulent movement of the tuberous heap, which ensures
the distribution of the marketable products of tubers along the diameter of the working
body, without the presence of a soil layer, which increases the damage to the potato. A
known separating device was developed by Ping Yuan Xiong, Xuan Lin, and Yi Wang [16].
A known machine for harvesting table roots was developed by Storozhuk I.M. and Pankiv
V.R., the scheme of which is shown in Figure 2, providing an increase in the quality of the
cleaning of commercial products as a result of improving the root adapter [17].

However, the disadvantage of this technical solution is the uneven height of the cut of
the tops due to the changes in soil density when the machine moves across the field, which
leads to a decrease in the product quality as a result of an additional mechanical impact on
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the root crop and the impossibility of the further utilization of plant impurities remaining
on the surface of the root crop.

Thus, the improvement of the design of the digging working bodies of harvesting ma-
chines does not fully allow for the improvement of the quality of the harvesting, therefore,
it is necessary to carry out the research and development of the functioning elements of the
harvesting machine to clean the commercial products from plant and mechanical impurities.

The purpose of the study is to develop separating devices for harvesters that improve
the quality of the separation and reduce the damage to commercial products, which
is achieved through the determination of the quality indicators of harvesting with an
experimental machine for harvesting potatoes and onions.

2. Materials and Methods

2.1. Bar Elevator with Adjustable Web Angle

The developed bar elevator (RF patent No. 2679734) helps to improve the quality of
harvesting, in terms of indicators such as: the damage and completeness of the separation
when changing the angle of inclination α1 of the separating system web, depending on the
variation in harvesting conditions [13].

In order to change the vertical position of the bar elevator (1), the weight sensors (2)
installed on the harvesting machine (3) are used. (Figure 3).

Figure 3. Scheme for changing the angle of inclination of the bar elevator conveyor: 1—bar elevator;
2—weight sensor of the digging share; 3—digging share; 4—microcontroller; 5—electric cylinder;
and 6—inertial sensor; ←—forward movement.

The mass control device (2) of the heap entering the separation transmits a control
signal to the microcontroller (4), and as a result, the web inclination angle is corrected when
the mass of the incoming products changes.

The drive for changing the inclination angle of the web of the bar elevator (1), con-
sisting of electric cylinders (5), ensures the movement of the rod to the required distance
when the heap mass changes and, accordingly, the inclination angle of the elevator web
(1) changes.

The control of the soil that has passed through the openings of the elevator is provided
by inertia sensors (6), located along the length of the elevator (1).

In spite of this, the amount of sieved soil will be characterized by peak amplitude
values. Thus, the evaluation of the separation efficiency of the elevator is carried out
according to the amplitude values.

If the sieving of the soil on the rod elevator is below the required value set by the
microcontroller (4), the angle α1 of the inclination of the web of the rod elevator (1) is
corrected in the set range of values.

Having determined the mass of a heap of root crops and onions on the digging share,
the controller with a time delay T, with the movement of the bar elevator, transmits a
control signal to move the rod of the electric cylinders.

Field studies on the separating rod elevator with an adjustable tilt angle of the machine
for harvesting root crops and onions (Figure 3) were carried out on the fields of the farm
“Tsirulev E.P.” This was in the Privolzhsky district of the Samara region in 2019 for the
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harvest of Meduza onion, and also in 2022 for the harvest of the Red Scarlett potato variety
at Krasnaya Gorka LLC, in the Kolyshleysky district of the Penza region. The studies were
carried out in accordance with STO AIST 8.7-2013 “Machines for harvesting vegetables and
melons. Methods for assessing functional indicators”.

The scheme of the experiment included the performance of comparative studies on
the quality indicators of onion and potato harvesting by a harvester with a developed
separating system on a planting area of 0.04 ha.

Before performing studies on the experimental sample of the separating systems, the
physical and mechanical properties of the soil were determined, and the quality indicators
of the separation of a heap of turnips and potato tubers were also determined. Other factors
considered were the soil of the digging plowshare, the forward speed vK of the movement
of the machine for the harvesting of the root crops and onions, as well as the forward speed
vEL of the movement of the rod elevator web on the indicators of the quality of harvesting.
The assessment of the quality of the technological process of cleaning was carried out
according to the following indicators:

- The damage D to the bulbs/tubers;
- The completeness of the separation ν of a heap of onions/tubers [17,18].

The extraction of the marketable products from the soil was carried out at a depth hL
of digging from 0.02 to 0.06 m, with a value of its change equal to 0.1 m.

The step of changing the speed vK of the harvester varied within 0.2 m/s in the range
from 1.0 to 1.8 m/s.

By changing the gear ratio of the separating system, the speed vEL of the rod elevator
varied from 1.0 to 1.8 m/s, with a step of 0.2 m/s.

The quality indicators of the machine with an experimental separating system were
determined after passing the accounting plot, and the sifted products on the tarpaulin
along the entire length of the harvested area were collected.

In the selected heap, its fractional composition was determined: bulbs/tubers, free
soil, and the soil associated with marketable products.

Before performing studies on the experimental sample of the separating systems, the
physical and mechanical properties of the soil were determined, and the quality indicators
of the separation of a heap of turnips and potato tubers were also determined. For con-
ducting research on the site, the following were insured: that there was medium loamy
chernozem, that the field relief was even, that the field contour was close to rectangular, and
that the length of the rut was 350 m. Other factors considered were the soil of the digging
plowshare, the forward speed vK of the movement of the machine for the harvesting of
the root crops and onions, as well as the forward speed vEL of the movement of the rod
elevator web on the indicators of the quality of harvesting. The assessment of the quality of
the technological process of cleaning was carried out according to the following indicators:

2.2. Bar Elevator with Asymmetric Shakers

Due to the fact that the technology of growing potatoes differs from onion crops
in-depth, their patterns of planting, tillage, and, accordingly, the depth of digging during
harvesting also differ. This is due to the fact that when onion ripens, more than 1/2 of the
bulb is located on the soil surface, which contributes to the ripening, the formation of a
good shirt, and facilitates mechanized harvesting while reducing the flow of soil impurities
to the separating working bodies, which is a distinctive feature of potato harvesting, since
the tuber nest is located at a digging depth of 15–20 cm and, together with marketable
products, a large amount of the soil provides impurities.

Therefore, to intensify the process of separating the potato tubers from the soil impuri-
ties, separation intensifiers with an asymmetric arrangement of shakers are installed in the
separating system of the harvester (Figure 4).
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Figure 4. Scheme of separating rod elevator: 1—frame; 2—rod elevator; 3, 4—branches of rod
elevator; 5—leading roller; 6—support roller; 7—driven roller; 8—elliptical shaker; 9—driven roller
shaft; and 10—the mechanism for regulating vertical movement.

The separating rod elevator with asymmetrically installed passive elliptical shakers
(RF patent No. 2638190) and with an adjustable angle of the rod elevator provides a
reduction in the damage to and an increase in the quality of the separated products. This is
as a result of reducing the effect of the vertical component of the gravity of the roots and
bulbs to a minimum, as well as increasing the uniformity of the distribution of a pile of root
crops and bulbs along the separating surface, when the angle α of the inclination of the rod
elevator changes as a result of the changes in soil and climatic conditions for harvesting
root crops, onions, and potatoes [17].

The separating conveyor of the machine for harvesting root crops, onions, and potatoes
(Figure 4) contains a bar elevator (2) mounted on frame (1), undersides (3), and branches of
a rod elevator (4), of which a leading roller (5) is installed, and support (6) and driven (7)
rollers are mounted on a frame (1).

The results of field studies on the developed machine for harvesting potatoes of the
Red Scarlett variety obtained dependencies that determined the performance indicators
for the completeness of the cleaning and damage to tubers in the conditions of Krasnaya
Gorka LLC in 2022.
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The studies were carried out after the desiccation of the tops of a potato plant, with its
subsequent removal on medium sandy soils at a moisture content along the entire length
of the accounting plot, within 18–22%.

When conducting research within the conditions of the above farms to determine the
quality indicators of harvesting, with a duration of harvesting an area of 0.1 ha, the bulbs
and tubers were sorted into intact and damaged.

The damaged bulbs/tubers included products with slight and severe damage caused
by machine harvesting.

Light damage to the bulbs/tubers includes:

- bulbs/tubers, bare up to 1/2 with cracks 1 mm deep, up to 10 mm long.

Severe product damage includes:

- bulbs/tubers more than 1/2 bare, with cracks more than 1 mm deep and more than
10 mm long, with dents more than 10 mm.

The damage to the bulbs/tubers was determined by the formula:

P =
GP

GCT − GP
·100%, (1)

where

GP—the weight of the damaged standard bulbs/tubers in a heap, kg;
GСТ—the mass of the separated bulbs/tubers in a heap, kg.

The completeness of the separation of a heap of onions/tubers was determined by the
formula:

ν =
νI

P − νK
P

νI
P

·100%, (2)

where

νI
P—the mass of the soil impurities in the initial heap, kg;

νK
P —the mass of the soil impurities in the container (non-isolated impurities), kg.

The quality of the harvester was determined as follows.
At the beginning of the accounting plot, with the non-stop movement of the harvesting

unit, on a signal, a tarpaulin was placed under the separating rod elevator, into which the
entire harvested mass was collected.

In the process of passing the plot, a tarpaulin was unwound behind the machine, onto
which a heap fell after the separation.

Next, samples were taken from the surface of the tarpaulin from the entire territory
of the accounting plot. At the same time, the fractional composition of the heap was
determined, which took into account: the bulbs/tubers, the free soil, and the soil associated
with the bulbs/tubers.

2.3. Research Processing Methods

The reliability of the obtained data is ensured by the methods of mathematical process-
ing and statistical analysis used for the research results and multivariate analysis, which
included the use of licensed mathematical software packages for PC: “Microsoft Excel”,
“STATISTICA-10.0”, “Math CAD 2020”.

At the same time, the concepts and elements generally accepted in variation statistics
that characterize the variation series were used: the average variation—X, the standard
deviation—σ, and the coefficient of variation—ν. Each of the main elements was deter-
mined according to the known formulas of variation statistics.

This made it possible to determine the accuracy of the experimental data and establish
the acceptable limits within which they are sufficiently reliable.
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To determine the number of intervals (K) for the varying values of the parameters of
the size–mass characteristics of the tubers, we will use the empirical relationship:

К =
√

n, (3)

where n = number of tubers, pcs; and К =
√

100 = 10.
The sampling range:

R = xmax − xmin, (4)

where xmax and xmin are the maximum and minimum values of the investigated feature.
The interval of the investigated feature:

D = R/K. (5)

3. Results and Discussion

Based on the results of the experimental data processing, graphs were plotted for
the dependence of the completeness of separation of the marketable products of bulbs
νB and tubers νT, as well as their damage (Db and Dt), on the mode and technological
parameters of the harvesting machine (hL and νP) and the separating rod elevator (vEL)
with an adjustable angle canvas tilt. The research results are presented in Figures 5–9.

With a change in the depth of digging onions and potato tubers, there is a variation
in the completeness of the separation of and damage to marketable products, which is
explained by the presence of an additional soil layer between the roots and the working
surface of the bar cloth, with an increase in the depth of the digging while reducing the
damage and increasing the completeness of the separation, regardless of the harvested crop
(Figure 7A,B)

 

Figure 5. General view of the harvesting machine for root crops and onions, equipped with a
separating rod elevator with an adjustable blade inclination angle and a receiving plowshare for
digging/picking up root crops and bulbs.
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Figure 6. General view of the harvesting unit for harvesting root crops and onions, equipped with
a separating rod elevator with an adjustable blade inclination angle: 1—MTZ 1221 tractor; and
2—machine for harvesting root crops and onions.

The greatest damage to 1.8% and 1.4% of the commercial products of onions and
potatoes, respectively, is observed with a decrease in the depth of digging to 4 cm, which is
explained by the difference in their physical and mechanical properties, and the formation
of a more stable peel in the potato tubers than a scaly shirt in bulbs.

The difference between the minimum 1.1% and maximum 1.9% damage to the root
crops within the identical values of the studied technological parameter is no more than
0.4%, and is expressed by the correlation dependence:

{
DB(hL) = 1.88 − 0.47·hL − 0.07·h2

L,
DT(hL) = 1.39 − 0.85·hL + 0.53·h2

L.
(6)

An obvious circumstance is an increase in the completeness of the cleaning of the root
crops (Figure 7B), with a decrease in the depth of digging, which is due to a decrease in the
supply of soil impurities to the cleaning devices and a simultaneous increase in damage to
the marketable products.

The maximum completeness of the cleaning of the bulbs was more than 96%, and is
observed at a depth of digging of up to 4 cm, which, when extracting potato tubers from
the soil, provides 95.4% of the completeness of the separation.

The minimum value of the completeness of the separation of the root and tuber crops
was 91%, and is observed at a depth of 10 cm of digging in the potato tuber nest (which is
91.6% in comparison with the commercial onion products), however, with an increase in
the depth of digging to 12 cm, an increase in the completeness of the cleaning is observed
by 0.4% and is explained by an increase in the time of the separated mass on the working
surface of the rod elevator, in view of increasing its load and reducing the forward speed of
its movement. Differences between the completeness of the cleaning of the studied root
crops with a change in the depth of digging are observed, on average, up to 0.5%, and are
expressed by a correlation dependence:

{
νB(hL) = 98.6 − 2.66·hL + 0.3·h2

L,
νT(hL) = 98.4 − 3.56·hL + 0.45·h2

L.
(7)
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Figure 7. Dependence of: (A) damage to bulbs DB and tubers DT %; and (B) completeness of
separation of onions νB and tubers νT% of the separating rod elevator with an adjustable blade
inclination angle from the depth hL of digging share into the soil.
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Figure 8. Dependence of: (A) damage to bulbs DB and tubers DT, %; and (B) completeness of
separation of onions νB and tubers νT% of the separating rod elevator with an adjustable blade
inclination angle from the center distance SL between the shakers.
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1.0 1.2 1.4 1.6 1.8 

Figure 9. Dependence of: (A) damage to bulbs DL and tubers DK%; and (B) completeness of
separation of onions νB and tubers νT% of the separating rod elevator with an adjustable blade
inclination angle from the forward speed vK of the machine.
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An increase in the quality of the harvesting of potato and onion tubers using a sep-
arating rod elevator with asymmetrically installed shakers is ensured by increasing the
time for the discrete comparison of impurities with the slotted openings of the working
body, as a result of moving not only along the length, but also the width of the rod elevator.
At the same time, the maximum amount of the damage to the bulbs is no more than 1.8%
at a constant digging depth of 0.1 cm and a forward speed of the rod elevator vEL and
machine vK within 1.0 and 1.2 m/s, respectively. The difference between the maximum
and minimum damage to the potato tubers in the studied range of the shaker locations
is no more than 0.3%, with a minimum value of 1.52%. In addition, the combination of
asymmetrically located shakers on the rod elevator provides a better process of potato
tuber separation within 96%, which is 2.3% lower compared to its use in onion harvesting
at a technological parameter value of 0.34 cm.

With an increase in the center distance to the maximum allowable value of 0.42 m,
a decrease of 91.5% in the completeness of separation is observed in the cleaning of the
potato tubers, which is lower than the minimum value of the cleaning of the bulbs by 7%,
and is explained by a decrease in the transverse amplitude of the oscillation of the web,
due to the connectivity of the potato tubers in the tuber nest of the plant.

The performance indicators are expressed by the correlation dependence:

{
DB(SL) = 1.88 − 0.17·SL − 0.02·S2

L,
DT(SL) = 1.54 + 0.03·SL − 0.07·S2

L.
(8)

{
νЛ(SЛ) = 99.2 − 2.84·SL + 0.43·S2

L,
νK(SЛ) = 98.1 − 3.16·SL + 0.35·S2

L.
(9)

The graphic dependences of the change in the quality indicators of the harvesting of
potatoes and onions using a rod elevator with an adjustable blade inclination angle on the
forward speed vK of the machine, are shown in Figure 9.

An increase in the studied technological indicator of potato harvesting leads to a
decrease in the quality indicators of the minimum values of 1.0% of damage to the tubers,
and the 93.8% completeness of separation to the maximum of 1.2% for damage and 97.3%
of the completeness of separation.

At the same time, it should be noted that there is a distinctive feature in terms of
the damage to onion commercial products, with an increase in the forward speed of the
machine from 1.5% to 2.0%, which is explained by an increase in the collisions between the
bulbs due to the thickening of their planting, and an increase in the supply of commercial
products for separation.

The difference between the minimum values of the damage to bulbs and tubers
reaches 1.5% and 1.0%, respectively, with maximum values of 1.2% and 2.0% damage, and
is expressed by the equations of parabolic functions:

{
DB(vK) = 1.88 − 0.17·vK − 0.02·v2

K,
DT(vK) = 1.54 + 0.03·vK − 0.07·v2

K.
(10)

The difference between the quality of the cleaning by groups of commercial products
is no more than 2%, with an increased completeness of separation of 97.3% for the har-
vesting of onions and a minimum value for the harvesting of potatoes of 93.8% with a
correlation dependence:

{
νB(vK) = 98.7 − 2.56·vK + 0.27·v2

K,
νT(vK) = 98.2 − 1.82·vK + 0.15·v2

K.
(11)

Upon analyzing the graphical dependencies (Figure 10), we can say that the maximum
damage value is observed for the commercial onion products and is 1.9%, which is 1.7% for
potato tubers.
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Figure 10. Dependence: (A) damage to bulbs DB and tubers DT%; and (B) completeness of separation
of onions νB and tubers νT% of the separating rod elevator with an adjustable blade inclination angle
from the translational speed vEL of the rod elevator.

The minimum damage value of 1.2% is for all the groups of the commercial products,
and increases with an increase in the forward speed of the rod elevator in the range of 1.0 to
1.8 m/s. The correlation between the damage to the marketable products of potato tubers
and onion bulbs is determined by the expression:

DB, DT(vEL) = 1.08 − 0.12·vEL + 0.7·v2
EL. (12)
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The maximum separation completeness of more than 98.8% is observed in onion
harvesting, which is higher than the completeness of the potato tubers’ cleaning by 1%, at a
forward speed of the rod elevator of 1.8 m/s.

At the minimum value of the studied indicator of the harvesting machine, equal to
1 m/s, the completeness of the cleaning has a minimum value for potato tubers of 96%,
which is 2% higher than that for onion harvesting.

In addition, the optimal value of the forward speed of the rod elevator, at which the
approximation of the cleaning completeness curves is 96.8% at a speed value of 1.3 m/s, is
described by the correlation dependence:

{
νB(vEL) = 92.4 − 2.08·vEL − 0.15·v2

EL,
νT(vEL) = 96.2 + 0.31·vEL + 0.07·v2

EL.
(13)

According to the results of the research, it follows that the optimal ratio of the quality
indicators of onion harvesting is ensured when crossing curves approximate the complete-
ness of separation at 95.5% and the damage to the bulbs at 1.2% at a forward speed of
1.38 m/s of the machine for the harvesting of root crops and onions.

The reliability of the conducted studies was assessed by the calculated value of the
mathematical expectation М(Х), and the normal law of the distribution of the damage to
the commercial products on a bar elevator is:

М(Х) = 0.3. (14)

Student’s distribution quantile:

Т = qt
(

1 − α

2
,υ
)
= 2.012. (15)

Calculation of statistics criterion and distribution of a random variable over intervals
submitted in Table 1.

Table 1. Calculation of statistics criterion and distribution of a random variable over intervals.

Observed Cumulative Percent Cumul. % Expected Cumulative Percent Cumul. % Observed

2.5 0 0 0 0 0.26 0.26 1.79 1.79 −0.26

2.55 0.5 1 6.66 6.66 0.47 0.74 3.17 4.97 0.52

2.6 1 3 13.33 20.0 0.98 1.73 6.56 11.54 1.01

2.65 1.5 3 0 20.0 1.67 3.41 11.15 22.69 −1.67

2.7 2.5 8 33.33 53.33 2.32 5.73 15.53 38.22 2.67

2.75 2.5 8 0 53.33 2.65 8.39 17.72 55.95 −2.65

2.8 2.5 13 33.33 86.66 2.48 10.88 16.59 72.54 2.51

2.85 2 0 0.00000 86.66 1.91 12.79 12.73 85.27 −1.91

2.9 1 15 13.33 100.0 1.21 13.99 8.01 93.29 0.79

Infinity 1 15 0 100.0 1.0 15.0 6.7 100.0 −1.0

Graphically, the observed and expected frequencies are determined by constructing
scatter plots (Figure 11).
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Figure 11. Plot of observed values (empirical cumulative distribution) versus expected frequencies
(theoretical cumulative distribution).

The mathematical expectation M(X) of the normal distribution law for the separation
of the potato tubers and bulbs on the developed cleaning device:

М(Х) = 0.2. (16)

Student’s distribution quantile:

Т = qt
(

1 − α

2
,υ
)
= 2.012. (17)

Calculation of statistics criterion and distribution of a random variable over intervals
submitted in Table 2.

Table 2. Calculation of statistics criterion and distribution of a random variable over intervals.

Observed Cumulative Percent Cumul. % Expected Cumulative Percent Cumul. % Observed-

95 0 0 0 0 0.16 0.16 1.08 1.08 −0.16

95.5 1 1 6.66 6.66 0.31 0.47 2.06 3.15 0.69

96 1 2 6.66 13.33 0.68 1.15 4.58 7.73 0.31

96.5 0 2 0 13.33 1.26 2.42 8.43 16.16 −1.26

97 0 2 0 13.33 1.93 4.35 12.88 29.04 −1.93

97.5 2.4 8 40 53.33 2.44 6.81 16.32 45.37 3.55

98 2.6 11 20 73.33 2.57 9.38 17.15 62.53 0.42

98.5 0 11 0 73.33 2.24 11.62 14.96 77.49 −2.24

99 3 14 20 93.33 1.62 13.24 10.82 88.31 1.37

99.5 0 14 0 93.33 0.97 14.22 6.49 94.81 −0.97

100 1 15 6.66 100 0.48 14.71 3.23 98.04 0.51

Infinity 0 15 0 100 0.29 15 1.95 100 −0.29

Graphically, the observed and expected frequencies are presented in the scatter plot
(Figure 12).
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Figure 12. Plot of observed values (empirical cumulative distribution) versus expected frequencies
(theoretical cumulative distribution).

The statistical processing of the results of the experimental studies, according to the
criteria S2

y и S2
LF, are shown in Figure 13.

 

Figure 13. Statistical characteristics of experience error.

The results of the conducted field studies on a machine for harvesting root crops and
onions, equipped with a bar elevator with an adjustable blade inclination angle and an
asymmetric arrangement of shakers, showed the high-quality performance of the technolog-
ical process of separating turnips and potato tubers at the optimal values of the parameters:
a completeness of separation of more than 98%, and damage to the products of up to 1.7%
at a speed of movement of 1.7 m/s of the separating system; a completeness of separation
of more than 98%, and s product damage of up to 1.1% at a speed of up to 1.0 m/s of the
harvester, and a separation completeness of more than 98%, and product damage of up to
1.4% at a commercial product extraction depth of 0.02 m.

The results obtained from the studies are consistent with the previously known data
on the development and testing of machines in terms of the cleaning of the marketable
products of root and tuber crops.

The obtained research results are consistent with the previously known directions for
improving the design of harvesters.

Research performed by V.P. Khambalkar and colleagues developed an onion harvester
that has been helpful in harvesting the onion bulb effectively. The design of the onion
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harvester greatly depended on the working width, the depth of the operation, and the
conveying capacity. The agro-technical data of the crop has been collected from the uni-
versity field regarding the depth of the onion bulb, the spacing between the plant and the
row-to-row distance, the height of crop, and the polar and equator dimensions of the onion
bulb. The overall size of the harvester is 1020 × 600 × 300 mm. The width-to-depth ratio
for the optimum operation performance is chosen to be 6:1. The depth of the operation
according to the agro-technical requirement comes to be 10 cm. The working width of the
machine, with respect to the power availability and the crop sowing characteristics, comes
to be 60 cm [18].

4. Conclusions

For the manufacture and production of the technical means of a potato harvesting
machine, it is recommended to choose technological parameters from experimentally
confirmed values that ensure the high-quality performance of the harvesting process.

Improving the design and technological schemes of the machines for harvesting
potatoes and onions, on the basis of the conducted research, can further be used in the
system for monitoring the quality indicators of the machines for the harvesting and post-
harvest processing of potatoes and other agricultural root crops, which will provide a new
level of synthesis of the complex technical systems of agricultural production.

The proposed technological and technical solutions can serve as a basis for expanding
the research on and practical implementation of Russia’s transition to the sustainable
development of vegetable production.
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Abstract: The development and application of optical luminescent methods and devices will help
obtain information quickly and objectively about the level of Fusarium infection of agricultural plants.
For the previously obtained ranges, the spectral characteristics of excitation and luminescence of
wheat, barley, and oats of various degrees of infection were measured. The obtained dependences
of flows on infection were approximated by linear regression models and relative sensitivities were
determined. For wheat and barley, it is advisable to determine the degree of infection by the ratio
of flows Φλ1/Φλ2, which makes it possible to calibrate the measuring device in relative units and
increase its sensitivity. A method for determining the degree of infected seeds with Fusarium was
developed. After the seeds are placed in a light-tight chamber, they are excited by radiation, and
photoluminescence is recorded. The electrical signal from the radiation receiver is amplified and
processed accounting for previously obtained calibration curves. In the universal device that measures
the infection of wheat, barley, and oats seeds, it is necessary to have three radiation sources: 362 nm,
424 nm, and 485 nm. Based on the energy efficiency criteria, optimal LEDs and photodiodes, as well
as a microcontroller, switches, operational amplifiers, a display, and other components of the device,
were selected.

Keywords: grain plants seeds; Fusarium; photoluminescence; linear regression models

1. Introduction

One of the main factors which affects yield losses are plant diseases. Plant diseases
are dangerous because they are difficult to detect and identify in the early stages. This
factor affects crop yields and it can seriously affect the sustainability of the agricultural
sector. It is important for agricultural enterprises to detect diseases early in order to control
their spread.

The acceptance of operational management decisions depends on the availability of
information about the diseases. Traditionally, plant diseases are detected by interpretation
of visual symptoms followed by laboratory evaluation [1]. However, these methods require
skills and experience in the relevant plant pathology, significant time to complete the
diagnosis, and expensive chemicals and equipment. These disadvantages of traditional
methods have prompted the development of modern technologies such as machine vision
and remote sensing for the detection and identification of plant diseases. These technologies
make it possible to assess the disease with greater reliability, accuracy, and speed [2]. These
technologies are based on the determination of the optical properties of plants in various

Agriculture 2023, 13, 619. https://doi.org/10.3390/agriculture13030619 https://www.mdpi.com/journal/agriculture
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spectral ranges. Optical methods such as RGB imaging, multi- and hyperspectral sensors,
thermography, or chlorophyll fluorescence show potential for conscious, objective, and
reproducible detections for disease detection and quantification of epidemic diseases [3–5].

Using infrared thermography, chlorophyll fluorescence imaging and hyperspectral
imaging, Fusarium damage to wheat on spikelet scales was monitored. The method made it
possible to visualize the temperature difference inside the infected spikelets starting from
5 days. At the same time, the violation of photosynthetic activity was confirmed by the
maximum fluorescence yield of spikelets over 5 days. NIR spectroscopy with a reflectance
prefix was used to categorize weedy rice from cultivated rice [6]. As a means of assessing
microbial contamination and shelf life of leafy green vegetables, spectral analysis of near-IR
reflectance (NIR) and transmission (absorption) in the visible region was used [7]. The
effectiveness of early detection of three European endemic diseases, wheat septoria, rust,
and blotch, has also been analyzed [8].

Monitoring of Fusarium damage to wheat on spikelet scales was carried out using
infrared thermography, chlorophyll fluorescence imaging, and hyperspectral imaging. The
method made it possible to visualize the temperature difference inside the infected spikelets
starting from 5 days.

Hyperspectral imaging is used to detect rust blistering in southwestern white pine
seedlings [9,10]. The application of hyperspectral imaging for detection of Fusarium was
evaluated in these study [11]. Hyperspectral images were obtained in the wavelength
range of 400–1000 nm. Another study [12] provided the basis for the development of
automated and monitoring systems of the myrtle rust detection based on reflectance
spectrum sensors. An algorithm for recognizing cucumber diseases based on leaf images
using sparse representation classification has been developed [13].

In a coffee leaf rust study [14], researchers obtained data using a Sequoia camera,
which produced images with a spatial resolution of 10.6 cm in four spectral bands: green
(530–570 nm), red (640–680 nm), far red (730–740 nm), and near infrared (770–810 nm).
Researchers used conventional cameras such as the Nikon D80 to image leaf diseases in
the study of rice and wheat leaf diseases [15]. The use of low-cost drones equipped with
digital cameras as a field phenotyping tool to determine the severity of foliar diseases in a
wheat breeding program is being explored [16].

Based on the application of chlorophyll fluorescence and hyperspectral imaging, it is
possible to detect Fusarium species infection in wheat [17]. To detect brown rust disease in
winter wheat, an optical sensor device was developed that excites chlorophyll fluorescence
at discrete wavelengths and detects induced emissions [18].

Increasingly, remote sensors are being used to monitor plant health, offering non-
destructive spatial detection and quantification of plant diseases at various levels of mea-
surement. When applied on various platforms, these optoelectronic sensors open new
possibilities for predicting and responding to stress and plant diseases [19].

Portable NIR reflectance instruments have been used to evaluate feed on farms, in-
cluding predicting crude proteins, acidic detergent fiber, and others [20–22].

The Leaf Scanner device was developed to analyze the distribution of chlorophyll
content in whole leaves based on visible and near-infrared LEDs for visual and near-
infrared imaging of leaves [23]. For the same purposes, a crop chlorophyll detector based
on an optical sensor with an interference filter was developed in the spectral range of
400–1000 nm [24].

A portable near infrared spectroscopy system has been developed for the rapid mea-
surement of water content in rapeseed leaves. The spectra were collected using an inte-
grated spectrometer from 900 to 1700 nm [25]. Sensors capable of automatically measur-
ing canopy temperature using a thermal imaging camera [26] have been made to non-
destructively measure the area of individual leaves outdoors in daylight using an RGB-D
sensor, Kinect v2 as part of a handheld device [27], or image processing techniques [28].

A system for estimating biomass from measurements of the vegetation cover of leafy
vegetables based on laser sensors has been developed [29]. A portable system has been
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developed that can take 3D measurements and classify objects based on color and depth
images obtained from multiple RGB sensors [30].

A diagnostic tool was proposed to assess the degree of ripeness of oilseed olive in
the visible and near infrared ranges, calibrated using image analysis. An RGB image has
been received. Spectroscopic analyses were performed using a benchtop FT-NIR and a
portable vis/NIR instrument. The desktop device was equipped with a fiber optic probe,
and the spectra were recorded in the range of 800–2500 nm [31]. Yang et al. [32] presented a
portable touch detector for the degree of sweetness and firmness of kiwi fruit. The detector
consisted of a control/processing unit, an LED panel, a driver unit, and a unit for detecting
and amplifying the light signal. LEDs of 1000 and 1100 nm were used as the light source.

A reflectance spectrometer using NIR spectra (850–1040 nm) has been proposed to
measure protein concentration directly on the combine [33]. At the same time, insufficient
attention has been paid to luminescent methods and devices for determining plant infection,
which also make it possible to diagnose plant pathologies with high sensitivity but at a
lower cost.

Most of the existing methods for assessing biochemical characteristics use destructive
chemical analyses, which require time and a lot of labor. In addition, these methods use
highly potent chemicals that require special handling and disposal. Currently, various spec-
troscopic methods are used: reflection spectroscopy, chlorophyll fluorescence spectroscopy,
IR thermal imaging, terahertz spectroscopy in the time domain, and hyperspectral imaging
have all been used for biochemical studies by focusing on changes in the ratio of chlorophyll
content, physical changes, or the aquatic status of plants. The development of reliable,
non-invasive, accurate, and effective methods for evaluating breeding material based on
physiological, morphological, biochemical, and other indicators that closely correlate with
the productivity and stability of plants is relevant.

However, reflective infrared, thermal imaging, terahertz spectroscopy requires ex-
pensive high-precision equipment, so luminescent spectroscopy of the ultraviolet and
visible range may be an effective alternative. During the excitation and emission of lumi-
nescence, a deeper and longer interaction of radiation and biological tissue occurs than
during reflection.

The effectiveness of the use of spectral methods has been revealed to assess the con-
tamination during key periods of growth of collected seeds when they are laid for storage.

The spectroscopic diagnostics included FTIR in the mid-IR region, Raman, and lumi-
nescence methods. Combination of chemometric tools with FTIR and Raman spectroscopy
allowed obtaining approaches based on identified characteristic spectral features which
may be used as infection markers. These approaches make it possible to detect the infection
on the grain husk. The carotenoid type fungi pigment was identified within the resonance
conditions of Raman scattering excitation [34].

The aim of this study is to design a device for optical photoluminescent diagnostics of
Fusarium infection of seeds of cereal plants. On the basis of previously obtained spectral
characteristics, it is necessary to establish the dependence of luminescent fluxes on infection
and develop a method for determining the proportion of infected seeds in a sample.
For practical implementation of the methodology, based on energy efficiency criteria,
components and parts of the device were selected.

2. Materials and Methods

The infection of seeds with Fusarium was investigated. Winter wheat “Irishka No.
172”, barley “Moskovsky 86”, and oats “Salp” were used as seed samples.

The degree of infection of seeds was determined by external signs. Additionally, the
chromatography method was used to determine the T-2 toxin by fluorescence in long-
wavelength ultraviolet light.

The spectral characteristics of excitation and luminescence were measured using a
previously developed technique [35,36]. Statistical processing was carried out, averaged
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over 250 spectra. The integral absorption capacity N and photoluminescence flux Φ were
calculated using the Panorama Pro software package.

3. Results and Discussion

3.1. Obtainment and Analysis of the Spectra

The luminescence spectra ϕl(λ) were measured based on previously obtained re-
sults [35] for wavelengths of excitation maxima λe equal to 232, 362, 424, 485, and 528 nm.
Figure 1 shows the spectral characteristics of the luminescence of wheat seeds at various
λe. Researchers [34,37] have suggested that the glow is caused by the luminescence of
chlorophyll α. Its presence in infected plants may be associated with infection during the
flowering period.

Figure 1. Luminescence spectra of wheat seeds excited by radiation: λe,1 = 232 nm: 1—not infected,
2—infected; λe,2 = 362 nm: 3—not infected, 4—infected; λe,3 = 424 nm: 5—not infected, 6—infected;
λe,4 = 485 nm: 7—not infected, 8—infected; λe,5 = 528 nm: 9—not infected, 10—infected.

Figure 1 shows that all photoluminescence spectra of infected seeds are higher than
those of healthy seeds at λe,1 = 232 nm, λe,2 = 362 nm, λe,5 = 528 nm. When excited at
λe,3 = 424 nm, the spectrum of infected seeds is located lower in the range of 450–542 nm,
and at λe,4 = 485 nm, the spectra repeatedly intersect.

The calculation of integral flows and the construction of infestation dependencies on
the β(Φ) flow are presented in previously published articles [35,36].

3.2. Calculation of Regression Models

The obtained dependencies were approximated by linear regression models.
The relative sensitivity of a change in flux with a change in the degree of infection can

be determined by the formula:

SΦ = 100 ×
∣∣∣∣∣ ΔΦλ

Δβ× Φβ=0

∣∣∣∣∣ (1)

The coefficients of determination and sensitivity are presented in Table 1.
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Table 1. Parameters of linear regression models of flow dependences on the degree of infection.

Parameter λe = 232 nm λe = 362 nm λe = 424 nm λe = 485 nm

Wheat

R2 0.94 0.84 0.83 0.91
SΦ 1.50 0.40 0.13 0.09

Barley

R2 0.94 0.95 0.63 0.29
SΦ 2.06 1.44 0.29 0.11

Oats

R2 0.50 0.62 0.88 0.97
SΦ 1.33 0.19 0.31 0.17

For wheat, all dependencies are statistically significant. Approximations for barley
at λe = 424 nm and λe = 485 nm and for oats at λe = 232 nm and λe = 362 nm are not
statistically significant.

The highest sensitivity of wheat during luminescence excitation was at the wavelength
of λe = 232 nm, similarly for barley. Lower sensitivities were observed when excited
by 362 nm wavelength radiation. For oat seeds, the highest sensitivity was observed at
λe = 424 nm.

It is advisable to determine the degree of infection by the ratio of fluxes Φλ1/Φλ2,
which makes it possible to calibrate the measuring device in relative units. It will also help
to increase the sensitivity if the wavelength λ2 is chosen for the falling dependence Φλ(β).
For barley, the highest sensitivity (SΦ = 2.48) was achieved at the flux ratio Φ232/Φ485,
and for wheat (Φ232/Φ424) it was 1.85. The coefficients of determination of the obtained
dependencies were 0.99 and 0.98, respectively. For practical problems, inverse dependences
of the degree of infection of seeds on their photoluminescence flux β(Φλ) were obtained.

Using 232 nm radiation to excite photoluminescence has disadvantages. First, there is
a relatively low radiation flux (5.8–10.8 times less than at λe = 362 nm). Second, there are
serious problems with the radiation source: narrow spectrum emitters (for example, LEDs)
are available only with a wavelength of at least 250 nm and they are very expensive (from
USD 500). In addition, in the shortwave spectrum, UV radiation produces ozone gas and
this gas is toxic to humans from the air (sustainable ozone generation occurs when air is
irradiated with a wavelength of less than 242 nm). There is not yet sufficient evidence to
support widespread use where direct human exposure is expected [38].

Therefore, it is proposed to use excitation by radiation at the wavelength of 362 nm for
the practical application of the method for wheat and barley.

Then the calibration equations are as follows, for wheat

β = 287
Φ362

Φ424
− 137 (2)

for barley

β = 245
Φ362

Φ485
− 57 (3)

and for oats
β = 0.22 Φ424 − 289 (4)

The determination coefficients for Equations (2)–(4) are 0.88, 0.96, and 0.88, respectively.

3.3. Device of Photoluminescent Diagnostics of Seeds

Based on the obtained results [36], the method for determining the degree of infection
of seeds with Fusarium was developed. To implement the method, it is necessary to develop
a device. The block diagram of the device is shown in Figure 2.
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Figure 2. Generalized scheme of the seed contamination sensor. A—power supply, B—light-tight
optical unit, C1, C2, C3 are radiation sources with ballast resistors, D are the studied seeds, E1, E2, E3
are radiation receivers, F are operational amplifiers, G—microcontroller, H—keyboard, I—display.

The algorithm of the sensor is as follows:

1. The selected seeds (D) are placed in a dark, light-tight chamber (B).
2. Photoluminescence is excited for 20 microseconds by two (for wheat or barley) or one

radiation source (for oats).
3. Luminescence is detected 0.75–1.0 microseconds after the radiation source is turned

off by two photodetectors (for wheat or barley) or one (for oats).
4. The received analog electrical signal from the receivers (photodiodes E) is amplified

by an amplifier (F), converted into a digital signal, and fed to the microcontroller (G).
5. On the microcontroller, the degree of infection is calculated taking into account the

photo signal and a priori information (calibration Equations (2)–(4)).
6. The received and processed signal is fed to the indicator (I). Then a decision is made

on subsequent operations with seeds.

3.4. Justification of the Choice of the Element Base of the Device

Requirements for an optical device for express diagnostics of grain seeds based on
spectral luminescent parameters of grain.

(1) Easy operation and minimal labor intensity.
(2) Minimum permissible measurement error.
(3) The weight of the device is not more than 3.5 kg to ensure maximum operator mobility.
(4) Safety during operation.
(5) Battery life of 5 h.
(6) A light-tight chamber when measuring the seed material should ensure that there is

no radiation from the external light background, as well as minimal reflections of the
flow from the walls when the LEDs are working.

(7) Convenience of cleaning the light-tight chamber from agricultural crops.
(8) The result of measuring the diagnostic parameter, namely the degree of infection,

should be displayed on the indicator for the operator.
(9) Low cost of an express diagnostic device for maximum accessibility to users.

In a universal device that measures the infection of wheat, barley, and oats, it is
necessary to have three radiation sources: 362 nm, 424 nm, and 485 nm. The most preferred
is the use of LEDs having a narrow spectrum, excellent speed, making it possible to switch
sources. The list and parameters of LEDs that can be used to create a device are shown in
Table 2.
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Table 2. List of radiation sources.

LED Name [Data Source]
Radiation

Wavelength λ,
nm

Forward
Current
I, mA

Forward Voltage
U, V

Angle of
Radiation ϕ, ◦

Flow of
Radiation

Φe, W

VLMU3510-365-130 362 700 4.0 160 0.95
NICHIA NCSU276A 365 700 4.0 160 0.9
NICHIA NVSU233B 365 1400 3.85 160 1.4
NICHIA NCSU033C 365 700 4.0 160 0.75

CREELED424 424 700 4.0 150 0.8
LHUV-0420-0550 420 1000 3.5 150 1.0

LZ4-00UA00-00U6 400 1000 3.9 120 5.45
XPEBBL-L1-0000-00201 485 1000 3.5 140 3.5

MLEBLU-A1-0000-000T01 480 350 3.5 150 0.8
L1CUBLU100000000 485 350 3.5 150 0.034

The numerical criterion for choosing an LED is its effective output during excitation.

kls =
Φe f f

Φ f ull
=

∞∫
0
ϕ(λ)LEDS(λ)dλ

∞∫
0
ϕ(λ)LEDdλ

, (5)

гд е Φeff—efficient flux;
Φfull—full flux of exciting radiation;
S(λ)—spectral sensitivity of seeds—excitation spectrum;
ϕ(λ)LED—radiation spectrum of the LED.
The calculation results are presented in Table 3.

Table 3. Results of calculating the effective recoil of radiation sources.

Sources of Radiation Kls

VLMU3510-365-130 0.98
NICHIA NCSU276A 0.97
NICHIA NVSU233B 0.98
NICHIA NCSU033C 0.98

CREELED424 0.95
LHUV-0420-0550 0.94

LZ4-00UA00-00U6 0.73
XPEBBL-L1-0000-00201 0.90

MLEBLU-A1-0000-000T01 0.93
L1CUBLU100000000 0.92

Secondary selection criterion are the radiation angle, the minimum value of the electric
power and the maximum value of the radiation flux. From the analysis of the results of
Tables 3 and 4, it follows that the most optimal sources of radiation will be VLMU3510-365-
130 LEDs (for λe = 362 nm), CREELED424 (for λe = 424 nm), and XPEBBL-L1-0000-00201
(for λe = 485 nm).

As a radiation receiver, photodiodes are the most optimal due to their effective speed
and small overall dimensions. The parameters of some photodiodes are presented in
Table 4.
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Table 4. Radiation receiver.

Photodiode Name
[Data Source]

Spectral Range
λ, nm

Sensitivity
S, A/W

Dark Current
Id, fA

VEMD5510CF 440–620 0.2 2 × 105

FGAP71 150–550 0.12 4 × 104

Hamamatsu S8265 340–720 0.3 2 × 104

Hamamatsu S1133 320–730 0.4 1 × 104

Hamamatsu S7686 480–660 0.38 2 × 104

BWR21R 420–675 0.009 2 × 107

VBPW34S 430–1100 0.004 3 × 107

VEMD5510CF 440–620 0.2 2 × 105

SFH 2711 470–670 0.001 2 × 105

SLD-70 BG2A 400–700 0.001 1 × 108

The main criterion for choosing a radiation receiver is matching the sensitivity spec-
trum of the receiver with the photoluminescence spectrum of seeds.

The effective luminescence output for photodiodes in the short-wavelength region of
the spectrum is calculated using the formula:

kld =
Φeff
Φfull

=

∫ ∞
0 ϕ(λ)Sph(λ)dλ∫ ∞

0 ϕ(λ)dλ
, (6)

где Sph(λ)—spectral sensitivity of the photodetector;
ϕ(λ)—photoluminescence spectrum of seeds.
The calculation results are presented in Table 5.

Table 5. Results of calculating the effective luminescence recoil for radiation detectors.

Radiation Receiver kld

VEMD5510CF 0.68
FGAP71 0.66

Hamamatsu S8265 0.75
Hamamatsu S1133 0.79
Hamamatsu S7686 0.49

BWR21R 0.87
VBPW34S 0.26

VEMD5510CF 0.76
SFH 2711 0.79

SLD-70 BG2A 0.89

Secondary selection criteria are maximum sensitivity and minimum dark current.
Thus, the optimal receivers are photodiodes VEMD5510CF (for λe = 362 nm and

λe = 485 nm) and BWR21R (for λe = 485 nm). Turning on and off the LEDs, photodiodes
for the corresponding excitation wavelengths is carried out using the ATmega328P control
microcontroller. This microcontroller has a low cost (USD 8), high prevalence, but a low
input supply voltage range (1.8–5.0 V). In this regard, it is necessary to use a high-precision
voltage converter. The ATmega328P has 14 digital inputs/outputs and 6 analog inputs,
which is enough to control selected sources and receivers.

To control the turning on and off of the LEDs, it is necessary to use three analog
switches with a high current and voltage load capacity, since the selected LEDs, the parame-
ters of which are presented in Table 3, have an input current of 700–1000 mA and a forward
voltage of 3.5–4 V. A single-channel RDC1-S2 N power MOSFET power switch was chosen
for such analog switches, which is designed to operate with high voltage, namely with
100 V and a current of 5.6 A. This switch has a low gate voltage threshold of 2 V and is
compatible with the selected ATmega328P controller.
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It is necessary to use operational amplifiers with high speed and gain, as well as low
noise to amplify the electrical signal received from photodiodes. The AD820ANZ was
chosen as such an operational amplifier. The AD820ANZ has an output signal slew rate of
3 V/μs, which is sufficient to detect luminescence after the light source is turned off. The
operational amplifier is capable of operating with a single supply voltage in the range from
5 V to 36 V.

The output of information on the degree of infection of crops was carried out on the
LCD 2004 display with I2C. This display has the 5 V supply voltage, as well as an I2C
adapter that provides data exchange between two buses: a parallel LCD bus and an I2C
bus. The I2C adapter also has an image contrast adjustment resistor and its own voltage
regulator. LCD 2004 with I2C has a sufficient number of familiarity spaces, which allows
you to correctly display the name of the culture, calibration Equations (2)–(4), and the
degree of infection.

The power source was three NCR18650B batteries with a capacity of 3350 mA·h and
a voltage of 3.7 V with the ability to replenish the capacity. The batteries were placed in
the battery compartment and connected in series. The ATmega328P microcontroller was
designed for power supply up to 5 V; in this regard, it is advisable to use the DC–DC
converter MT3608, which will reduce the voltage from the batteries from 11 V to 5 V, and if
the voltage drops below 5 V, it will increase to the required values (DC–DC).

The ATmega328P controller has a low output voltage of 3–5 V and a low output
current of 50 mA, therefore you must use an additional current converter up to 2 A and
voltage from 5 V to power radiation sources, single-channel power switches, operational
amplifiers. LM2596 converter, which has an input voltage of 3 to 40 V, an output voltage of
1.5–35 V and an output current of up to 3 A.

The following areas of future research are expected:

- laboratory and field tests of the developed device.
- extension of the application of the developed method to other agricultural plants and

other diseases.

A similar spectral method, but based on reflectivity data, was used to detect Fusarium
pepper disease [39]. Unfortunately, the creation of a device implementing the method was
not reported.

The device proposed in this study, unlike analogs, does not need to analyze the
structure of volatile organic compounds [40] and does not require the construction of an
image [41,42].

4. Conclusions

The method for determining infestation involves the excitation of seed luminescence
and its registration in a light-protective chamber, as well as amplification and processing of
the received electrical signal. For instrumental implementation of the method, it is energy
efficient to use VLMU3510-365-130, CREELED424, and XPEBBL-L1-0000-00201 LEDs, as
well as VEMD5510CF and BWR21R photodiodes.
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Abstract: With continuous improvements in people’s consumption levels, consumers’ demands for
safe and fresh agricultural products increase. The increase in the number of vehicles and serious
congestion on roads has led to problems, such as the weak timeliness of urban cold chain logistics,
high carbon emissions, low customer value and reduced customer satisfaction. In this study, carbon
emissions, customer satisfaction, customer value and cost are considered, and an optimization
algorithm is established to solve the time-dependent vehicle routing problem in urban cold chain
logistics. For road congestion at different time periods during the cold chain distribution process, the
segment function is used to express the vehicle speed. According to the characteristics of the model,
considering the constraints of the time window and vehicle capacity, an improved NSGA-II algorithm
with the local optimization characteristics of the greedy algorithm (G-NSGA-II) is proposed, and the
sorting fitness strategy is optimized. In addition, we carry out a series of experiments on existing
vehicle routing problem examples and analyze them in a real background to evaluate and prove the
effectiveness of the proposed model and algorithm. The experiment results show that the proposed
approach effectively reduces the total cost, enhances customer value and promotes the long-term
development of logistics companies.

Keywords: green cold chain delivery; fresh agricultural products; customer value; time-dependent
road network

1. Introduction

Due to the increase in consumer health awareness, the importance of the quality of
fresh food in daily life has been highlighted. The huge demand for fresh food has also driven
the development of cold chain logistics. According to the prediction of the China Business
Industry Research Institute, the market scale of China’s cold chain logistics business is
likely to exceed RMB 550 billion by 2022 [1]. The International Energy Agency (IEA) reports
that 23% of global CO2 emissions are generated by the transportation sector, in which
nearly 75% of emissions is generated by the road sector [2]. Fresh food is mainly distributed
using large fuel-guzzling vehicles. The cold logistics industry has gradually become a
major energy consumer and carbon emitter due to its rapid development. Therefore, the
study of the vehicle routing problem is significant in reducing CO2 emissions, achieving
green logistics and promoting economic development. Through energy conservation and
emission reduction, cold chain logistics actively responds to the “14th Five-Year Plan” to
achieve the “double carbon goal”. It is of great social significance to study the optimization
of the cold chain path from a green perspective.

The vehicle routing problem (VRP) was first proposed by Dantzig and Ramser [3]. In
order to adapt to social developments and meet the needs of life, models and algorithms
are gradually diversifying. The literature can be divided into three categories based on
different objective functions; the three categories are as follows:
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(1) Research on green VRP (GVRP)

At present, the main low-carbon policies include emission caps, carbon tax, carbon
trading and carbon offset. By conducting the study under these four low-carbon policies,
Wang et al. [4] found that the carbon tax policy and carbon trading policy achieved a better
emission reduction. Many scholars have studied VRP under the carbon tax policy and
carbon trading policy. Yao and Zhang [5] proposed a model for minimizing the total cost
under the carbon tax system, and then used an improved genetic algorithm to solve it. G.
K. Liu et al. [6] constructed a cold chain path optimization model for joint distribution
under the carbon tax policy. Through a quantitative analysis of carbon tax, Ning et al. [7]
established a model to minimize integrated costs with the carbon tax as a decision variable.
To solve this, they proposed a quantum ant colony algorithm based on adaptive rotation
angles. Jiang [8] pointed out that carbon tax policies and carbon trading policies are widely
used in the global carbon market. Additionally, the carbon trading policy had a more
stable effect of reducing carbon emissions than the carbon tax policy. Cheng et al. [9]
demonstrated that by setting different policy parameters, carbon trading policies could
guide decision makers to choose transport routes with lower emissions. There are also
scholars who introduced carbon emissions directly into the model. Ye et al. [10] used
spatial block area planning to construct an adaptive network topology for distribution
routes. They confirmed that the distribution routes obtained in this way had lower carbon
emissions. Ren et al. [11] built a cold chain path optimization model with the purpose of
minimizing carbon emissions. They confirmed that incorporating the upper and lower
limits of pheromone concentrations into the traditional ant colony algorithm could improve
the optimization efficiency. After considering the congestion of cities in different time
zones, Xiao et al. [12] used a genetic algorithm with dynamic programming to formulate
delivery vehicles’ routes and departure times to minimize carbon dioxide emissions. In
the study of route optimization for multimodal transport, Demir et al. [13] considered the
details of the transport process comprehensively and set carbon emissions as one of the
objectives of the model. Sadati et al. [14] introduced a multidepot green vehicle routing
problem (MDGVRP), where alternative fuel-powered vehicles were used to serve people.

(2) Research on VRP with customer satisfaction

Due to the perishable and time-sensitive nature of fresh food, service time windows
are used to measure customer satisfaction. The degree of customer satisfaction or customer
benefits cannot be intuitively indicated in this way. As a result, several scholars have
studied satisfaction as a model objective. The model designed by Zulvia et al. [15] for per-
ishable products contains four objectives: minimizing operating costs, minimizing carbon
emissions, minimizing cargo damage costs and maximizing service levels, using the fuzzy
membership function to represent the service level. They used the multiobjective gradient
evolution algorithm (MOGE) to solve the model. According to the characteristics of fresh
agricultural products, Wang et al. [16] constructed the penalty cost function based on the
time window and used fuzzy logic to calculate satisfaction. Additionally, an improved
quantum-behaved particle swarm optimization algorithm (IQPSO) was proposed to solve
the problem. Based on delivery time and quality satisfaction, Zhang et al. [17] constructed
a time satisfaction function based on a mixed time window and considered the effect of the
product deterioration rate on satisfaction. The model was solved using an improved partial
elite single-parent genetic algorithm, revealing the changing satisfaction trend with the cost
optimization process. Ganji et al. [18] proposed that each customer has a set of time win-
dows with different priorities that represent different values for the customer. Jie et al. [19]
used a soft time window to calculate penalty costs. They introduced a mixed-integer
nonlinear programming model to minimize the total cost and used three multiobjective
metaheuristic algorithms to solve it. Eydi et al. [20] assumed that customers have multiple
needs and a time window, prioritizing services with higher demand. Additionally, a multi-
objective metaheuristic algorithm was applied to minimize distribution costs and maximize
customer satisfaction. Xiao et al. [21] also used a fuzzy membership function to measure
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customer time satisfaction and established a dual-objective model. They then found fresh
food delivery schemes with a nondominated ranking genetic (NSGA-II) algorithm. To min-
imize energy consumption and maximize customer satisfaction, Ghannadpour et al. [22]
categorized customers by priority and used NSGA-II to solve the model.

(3) Research on time-dependent VRP (TDVRP)

The previous cold chain distribution problem is mainly studied for static road net-
works, which, in real life, are constantly changing. Malandraki [23] first proposed TDVRP
considering the different speeds of vehicles in different periods. Some scholars optimized
the delivery route under time-dependent road conditions. Jie et al. [19] introduced stochas-
tic factors (traffic congestion and weather changes) into the traditional particle swarm
optimization (PSO) algorithm to improve the velocity calculating formula. A hybrid
algorithm (HA) combining the sweep algorithm (SA) and improved particle swarm op-
timization (IPSO) was developed to minimize the total cost of distribution. Due to the
different multiple traffic modes, Asgharizadeh et al. [24] proposed an accurate travel-time
estimation model by plotting the speed curves of different types of roads. Xu et al. [25]
described the relationship between time and velocity in terms of a trigonometric function
and developed a novel multiobjective mixed-integer nonlinear programming (MINLP)
model. Additionally, they used the improved NSGA-II to solve it. Similarly, Poonthalir
et al. [26] set a minimum speed limit and a maximum speed limit to calculate the expected
speed using a triangular distribution. They combined the greedy mutation operator with
the particle swarm algorithm to reduce cost and fuel consumption. Considering differ-
ent speeds in different periods, Zhou et al. [27] used the road segment division method
to calculate the speed of vehicles in each road segment. Additionally, they designed an
improved ant colony algorithm to find the minimum total cost. Under real traffic work, Z.
Liu et al. [28] used a continuous function to describe the relation between velocity and time.
In the model, they explored the impact of speed, load and road slope on fuel consumption.
To solve the model, a hybrid genetic algorithm with a variational neighborhood search was
used.

For the VRP models, solving algorithms can be divided into the precise algorithm,
traditional heuristic algorithm and metaheuristic algorithm.

1. The precise algorithm is one that can find an optimal solution to a problem. Yu
et al. [29] proposed an improved branch-and-price (BAP) algorithm to precisely
solve the heterogeneous fleet green vehicle routing problem with time windows
(HFGVRPTW). Based on the segmentation of vehicle tours, Lee et al. [30] constructed
an extended charging stations network and developed the branch-and-price method
on an extended charging station network to solve the problem to optimality. Bruglieri
et al. [31] introduced the green vehicle routing problem with capacitated alternative
fuel stations (AFSs) and presented two mixed-integer linear programming formula-
tions. Additionally, they described the two variants of the exact cutting planes method
for solving the model. The exact solution obtained with the CPLEX solver could be
used to test the performance of the heuristic algorithm [32].

2. The core idea of traditional heuristic algorithms is to search locally for a better solution
than the current one until no better solution is available. Li et al. [33] constructed
a linear programming model with the goal of minimizing the weighted sum of the
delivery time and transportation cost. The local search process based on a variety
of neighborhood structures and the uppercrossing/solution (US) algorithm were
adopted to design an improved iterative local search solution algorithm. Consider-
ing the travel time variability, Song et al. [34] constructed a nonlinear and concave
objective function. They proposed the augmented Lagrangian relaxation method
with a block coordinate descent, linearization and Lagrangian substitution techniques.
Yang et al. [35] studied the vehicle routing problem with mixed backhauls and time
windows (VRPMBTW), which was solved with dynamic programming in a block
nonlinear Gauss–Seidel framework.

257



Agriculture 2023, 13, 681

3. The metaheuristic algorithm is an improvement on the heuristic algorithm. It is a com-
bination of the stochastic algorithm and local search algorithm. Schermer et al. [36]
formulated the vehicle routing problem with drones and en route operations (VR-
PDERO) as a mixed-integer linear program (MILP), which solved by an algorithm
based on the concepts of the variable neighborhood search (VNS) and tabu search
(TS). Wang et al. [37] developed a novel adaptive granularity learning-distributed par-
ticle swarm optimization (AGLDPSO) with the help of machine learning techniques,
including a clustering analysis based on locality-sensitive hashing (LSH) and adaptive
granularity control based on logistic regression (LR). Compared with other large-scale
optimization algorithms, this algorithm had a better local search ability.

In order to improve the solving efficiency, many scholars adopted hybrid heuristic
algorithms, which combine various metaheuristic algorithms together and integrate their
different advantages. Wang et al. [38] combined a variant of the ACO (multiant system) with
several local search heuristics to improve the solution quality. Wang et al. [39] constructed
a biobjective model to minimize the total cost and delivery vehicles, and designed the tabu
search algorithm (TS) and nondominated sorting genetic algorithm (NSGA-II) to solve the
problem. These algorithms provided the ideas for solutions for the research in this paper.

Based on the models constructed and algorithms used in previous studies, the previous
works and the innovations in this study are summarized as follows:

1. From the low-carbon perspective of routing optimization, many scholars have used
low-carbon policies in their models, with research mainly focusing on calculating
carbon emissions and using a carbon tax to obtain the cost of carbon, while seldom
considers carbon trading prices and its spatiotemporal differences. Due to carbon
trading policies having a greater advantage in reducing carbon emissions, using
carbon trading policies and their uncertainties in studies is conducive to both enriching
related research and reducing carbon emissions.

2. Most scholars use soft time windows to calculate penalty costs and customer sat-
isfaction in their models. However, these only consider the impact of the current
distribution schemes on customers. Other factors such as the influence and impor-
tance of customers also have an impact on the development of enterprises. It is more
socially relevant to measure the value of customers by integrating various factors.
This study calculates customer value from both current value and potential value.

3. Under time-dependent road networks, there are few studies that have comprehen-
sively considered the perishability of fresh food, customer value and carbon emissions.
It is necessary to increase the research in fresh cold chains. This model can not only
effectively reduce the distribution cost of fresh products, but also improve customer
satisfaction.

Therefore, a green vehicle routing problem with customer value (CV-GVRP) for fresh
product distribution is established. The CV-GVRP is an extension of the traditional GVRP
model, which adds time-dependent road network conditions, the characteristics of fresh
products and customer value. It is a mixed-integer linear programming model with
objectives of minimizing the total cost and maximizing customer satisfaction. According
to the NP-hard property of the model, a hybrid heuristic algorithm is used to solve the
problem. NSGA-II is extensively applied as a multiobjective optimization algorithm. A
greedy algorithm combined with the nondominant sorting genetic algorithm II (G-NSGA-II)
was designed to improve the local search ability of the traditional algorithm. Comparisons
of the results obtained using models with different objective functions for solving the
arithmetic examples confirm the superiority of this model. The conclusions provide a
reference for determining decisions in the distribution of fresh cold chains.

The remaining sections of this paper are summarized in sequence: Section 2 of this
paper describes the research problem and introduces a mathematical model (CV-GVRP) to
solve it. In Section 3, an improved algorithm (G-NSGA-II), combining the nondominated
ranking genetic algorithm II with the locally greedy algorithm, is proposed. Section 4 is
devoted to computing arithmetic examples via the proposed model and algorithm, with the
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results confirming their performance. Finally, the conclusions and suggestions for future
research are discussed in Section 5.

2. Problem Description and Model Formulation

2.1. Problem Description

Fresh cold chain logistics show that distribution networks consist of multiple customer
points and distribution centers. After the goods are packed and sorted in the distribution
center, they are distributed using multiple refrigerated trucks. In cases where the vehicle
speed changes constantly due to traffic conditions, the optimal vehicle travel path can be
planned, considering both the delivery cost and customer value, and the delivery service
can be provided within the time window specified by the customer.

In order to ensure the feasibility of the model, this paper assumed the following: (1)
That all vehicles depart from the same distribution center and return to the distribution
center after completing the delivery. (2) The refrigerated vehicles used are the same type
and are sufficient to complete the delivery task. (3) The location of the customer, the
amount of demand, the time window and their importance, as well as the temperature of
the refrigerated vehicle at the opening and closing of the door, are known. (4) The demand
at each customer point does not exceed the maximum capacity of the refrigerated vehicle,
and each customer is delivered to using only one vehicle. (5) The quality of the fresh
products transported is the same and the requirements for the refrigerated temperature are
the same. (6) The preservation period and deterioration rate of fresh products are the same
and known. (7) The speed of the vehicle in each period is only related to the delay factor
of traffic congestion in that period. (8) Positive publicity is given to the enterprise when
customer satisfaction is positive.

2.2. Problem Formulation

In this paper, some corresponding parameters and variables were used to construct
the model. The variables and definitions are listed in Table 1.

Table 1. Symbols and definitions.

Variable Definition Parameter Definition Set Definition

ti
The time of arrival at the
customer i Q Maximum load of refrigerated

truck U
Set of all notes
including distribution
center

tij

The time it takes to travel
from customer i to
customer j

vo
Average travel speed of
refrigerated truck Uc Set of all customers

dij

The delivery distance
between customer point i
and j

C0
Departure cost of refrigerated
truck K Set of all vehicles

Qij
Load capacity from
customer i to customer j Cp

Transportation cost per unit
distance of refrigerated truck U Set of all time periods

si
Time spent serving
customer i θ Rate of corruption

Wi(ti)
Customer satisfaction
function R1 Price per unit of damage

vp
ij

The velocity from i to j in
a time period p R2 Profit per unit of fresh food

ω Carbon trading price qi Demand of customer i

Z The total cost of travel ni

The number of potential
consumers attracted by the
positive publicity of the
customer i
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Table 1. Cont.

Variable Definition Parameter Definition Set Definition

Z1 The cost of vehicle fixed (ETi, LTi)
Customer’s acceptable service
time frame

Z2 The cost of transportation (ETα
i , LTβ

i )
Customer’s expected delivery
time frame

Z3 The cost of product loss γ1

The cost per unit of time
waiting for customer i to
arrive before ETi

Z4 The penalty cost γ2

The cost per unit of time
delayed to arrive at customer
i after LTi

Z5
The cost of carbon
emissions λi The weight of customer i

V Total customer value ϕ
Carbon emissions from
refrigeration equipment per
unit of goods by delivery unit

gi
The current value of
customer i ρ0

Fuel consumption per unit
distance at no load

pi
The potential value of
customer i ρ∗ Fuel consumption per unit

distance at full load

Xij

0–1 variable: 1 means
delivery performed using
vehicle k from customer i
to customer j, otherwise, it
is 0.

ε
Carbon emissions per unit of
fuel consumption

Yik

0–1 variable: 1 means
customer i served using
vehicle k, otherwise, it is 0.

ρp The delay coefficient of traffic
congestion in time period p

With the previous comprehensive analysis, the CV-GVRP multiobjective optimization
model with a minimum total cost and maximum customer value was formulated. The
calculations for Z1, Z2, Z3, Z4 and Z5 were explained in the following section. The objective
function was as follows:

maxV =
u

∑
i=1

λi(gi + pi) (1)

minZ = Z1 + Z2 + Z3 + Z4 + Z5

= C0
k
∑

k=1

u
∑

i=1
Xk

0i +
m
∑

k=1

u
∑

i=0

u
∑

j=0
dijCpXk

ij

+
u
∑

i=0

m
∑

k=1
Yik[qi(1 − K1e−θti ) + Qi0(1 − K2e−θ

qi
xh )]R1

+γ1
u
∑

i=1
max{ETi − ti, 0}+ γ2

u
∑

i=1
max{ti − LTi, 0}

+ω
m
∑

k=1

u
∑

i=0

u
∑

j=0
Xk

ijdij{ε[ρ0 + (ρ ∗ −ρ0)
Qij
Q ] + ϕQij}

(2)

subject to:
m

∑
k=1

qiYik ≤ Q, i = 1, 2, 3 · · · u, k = 1, 2, 3 · · ·m (3)

m

∑
k=1

u

∑
j=1

Xk
ij ≤ m, i = 0 (4)

m

∑
k=1

u

∑
j=1

Xk
ij = 1, i �= j, i = 0, 1, 2 · · · u (5)
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m

∑
k=1

u

∑
i=0

Xk
ij = 1, i �= j, j = 1, 2, 3 · · · u (6)

m

∑
k=1

Yik = 1, i = 1, 2, 3 · · ·m (7)

u

∑
j=0

Xk
ij =

u

∑
j=0

Xk
ji ≤ 1, i = 0, k = 1, 2, 3, · · ·m (8)

tj = ti + Si + tij, i = 1, 2, 3 · · · u, j = 1, 2, 3 · · · u (9)

Equations (1) and (2) indicate that the objective functions of the model minimized
the total distribution cost and maximized the customer value. Under the constraint of
Equation (3), the total order demand assigned to the K-th vehicle could not exceed the
loading capacity of the distribution vehicle. Constraint (4) indicated that the number of
vehicles involved in the distribution could not exceed the total number of refrigerated
vehicles. Each customer point was allowed to be served using only one refrigerated
vehicle for one delivery, which was realized with constraints (5) and (6). Constraint (7)
indicated that each customer point was served using only one delivery vehicle. Constraint
(8) indicated that the refrigerated vehicle departed from the distribution center and returned
to the distribution center after completing the transportation task. The time relationship
through constraint (9) indicated that the whole distribution process was continuous.

Under a time-dependent road network, the objective function of the CV-GVRP based
on the variable price of carbon trading and customer value was to minimize the total cost
and maximize the customer value. The total cost contained five components: the vehicle
fixed cost, transportation cost, loss cost, penalty cost and carbon emission cost, which were
as follows:

2.2.1. Cost Function Composition

(1) Vehicle Fixed Cost

The fixed cost of a vehicle is the cost of purchase, maintenance, labor paid to the driver,
etc. It only depends on the number of vehicles performing the task. The function was as
follows:

Z1 = C0

m

∑
k=1

u

∑
i=1

Xk
0i (10)

(2) Transportation Cost

In general, the shorter the distance traveled, the lower the cost. Thus, the trans-
portation cost of the vehicle is proportional to the distance traveled. Cp represents the
transportation cost within a unit distance. The total transportation cost Z2 could be ex-
pressed as:

Z2 =
m

∑
k=1

u

∑
i=0

u

∑
j=0

dijCpXk
ij (11)

(3) Loss Cost

Both the transit period and the load of goods incurred a loss cost. The continuous
lifetime function decayed according to an exponential rate. The decay function of fresh
products was: E(t) = E0 · e−θt [40]. This formula expresses the quality of the product at
different times, where E0 is the product’s initial quality and θ is the sensitivity factor of the
product to time. The loss cost of transit without opening the door was as follows:

Cg =
u

∑
i=0

m

∑
k=1

Yikqi[1 − K1e−θ(ti−t0)]R1 (12)
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Temperature changes caused by opening the door during loading could also affect
the freshness of the product. The door opening time was determined using the customer
service time si. The loss cost caused by loading goods while opening the door was:

Cl =
u

∑
i=0

m

∑
k=1

YikQi0(1 − K2e−θSi )R1 (13)

We could obtain the total loss cost in the whole distribution process as follows:

Z3 =
u

∑
i=0

m

∑
k=1

YikR1[qi(1 − K1e−θ(ti−t0)) + Qi0(1 − K2e−θSi )] (14)

(4) Penalty Cost

In order to maximize the freshness of our products, we needed to arrive within the
time frames set by our customers individually. Otherwise, there would be penalty costs.
Suppose that the time window required by the customer was (ETi, LTi). We could use ti to
represent the time when the delivery vehicle arrives at customer i. If ETi ≤ ti ≤ LTi, no
additional penalty cost would be incurred. If the goods were not delivered within the time
window, the penalty cost Z4 would be paid. Arriving earlier than the time requested would
incur a waiting cost, and arriving later would pay a delayed service fee. The relation was
stated as follows:

Z4 = γ1

u

∑
i=1

max{ETi − ti, 0}+ γ2

u

∑
i=1

max{ti − LTi, 0} (15)

(5) Carbon Emissions Cost

This cost is mainly related to carbon emissions and the price of carbon trading. Carbon
emissions mainly come from two sources: one is generated by energy consumption during
transportation, and the other is generated by refrigeration equipment.

1. Carbon emissions caused by driving

The amount of CO2 produced by a vehicle while transporting products is not only
related to the distance, but also to the load capacity of the whole process. The fuel con-
sumption per unit distance is different at full load and at no load. The carbon emissions of
the travel process from node i to j were given:

G1 = εdij[ρ0 + (ρ∗ − ρ0)
Qij

Q
] (16)

2. Carbon emissions from refrigeration

In order to maintain freshness, we used refrigeration equipment in the distribution
process. The cumulative carbon emissions from refrigeration between nodes i and j were
as follows:

G2 = ϕdijQij (17)

As a result, the total amount of carbon emitted in the whole distribution process
was (G1 + G2). Due to current carbon trading policies, there are regional variations and
significant fluctuations in the price of carbon trading. According to spatial and temporal
distribution characteristics of the “carbon K-line”, the CV-GVRP calculated the carbon cost
through random variables. The price per carbon transaction was ω ∼ (ω − ω̂, ω + ω̂), and
the probability of taking any value in this range was equal.

The carbon emission cost could be expressed as:

Z5 = ω
m

∑
k=1

u

∑
i=0

u

∑
j=0

Xk
ijdij{ε[ρ0 + (ρ∗ − ρ0)

Qij

Q
] + ϕQij} (18)
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2.2.2. Customer Value Measurement Method

The CV-GVRP considered the customer value in two parts: the current value and the
potential value. The current customer value depends on the customer demand, and the
two are positively correlated. The calculation method was as follows: gi =

qi
u
∑

i=1
qi

qiR2.

The potential value is primarily related to the company’s reputation, business strength,
technological innovation and other factors, while the quality of the distribution has a more
pronounced effect on the company’s image. When the distribution is properly optimized,
the freshness of the food can improve and customer satisfaction can increase. This motivates
more potential consumers and, then, the company gains more potential customer value.

The potential value was calculated using pi = WiniqiR2. Customer satisfaction in
the CV-GVRP was computed based on the time windows, and the expected time window(

ETα
i , LTβ

i

)
was set to be within the specified time window (ETi, LTi). Figure 1 shows the

customer satisfaction function curve of the model.

Sa
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n

Time iET iET iLT iLT

Figure 1. Customer satisfaction curve.

Based on this, the linear change trend of customer satisfaction over time could be
expressed with the fuzzy membership function. The time satisfaction function of a customer
i was as follows:

Wi(ti) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(ti−ETi)
(ETα

i −ETi)
ti ∈ [ETi, ETα

i ]
(LTi−ti)

(LTi−LTβ
i )

ti ∈ [LTβ
i , LTi]

1 ti ∈ [ETα
i , LTβ

i ]

0 ti /∈ [ETα
i , LTβ

i ]

(19)

The calculation of the value of a single customer could be expressed as λi(gi + pi).
Giving service priority to customers with high weights λi can increase customer satisfaction
and customer value, which is helpful for long-term business growth. The value of total
customers was as follows:

V =
uc

∑
i=1

λi(gi + pi) (20)

2.2.3. Time-Dependent Speed Calculation Method

In real life, road conditions are complex and not static. Thus, vehicle speed in each
period was calculated according to formula vp

ij = v0/ρp. The relationship between speed
and time is shown in Figure 2.
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Figure 2. Speed–time relationship.

Ichoua et al. [41] believe that vehicle speed tends to be constant in each subdivided p
period. Therefore, the CV-GVRP divided the total time of a day into periods, i.e., [B1, F1],
[B2, F2], . . ., [Bp, Fp]. The speed in each period remained unchanged; the length of the p
period is Hp; the driving time in the p period is ; the distance to be driven after the end of p
period is Lp

ij; meanwhile, dij = ∑
p∈P

dp
ij and tp

ij represent the driving time in p period. The

total driving time was calculated as follows:
Step 1: First, calculate dp

ij = Lpvp
ij. If dij < dp

ij, calculate tp
ij = dij/vp

ij next to proceed to

Step 3, or calculate Lp
ij = dij − dp

ij , tp
ij = Lp.

Step 2: To calculate the vehicle’s driving time in the remaining period, let ξ = 1 and
the vehicle run in period p + ξ, dp+ξ

ij = Hp+ξvp+ξ
ij ; if dp+ξ

ij ≤ Lp
ij, tp+ξ

ij = Hp+ξ , Lp+ξ
ij =

Lp
ij − dp+ξ

ij and ξ = ξ + 1, then repeat this step. Otherwise, calculate tp+ξ
ij = dp+ξ−1

ij /vp+ξ
ij

to proceed to Step 3.
Step 3: The total vehicle travel time tij = ∑

p∈P
tp
ij is obtained and the section (i, j) driving

time computation is finished.

3. G-NSGA-II Algorithm

3.1. Description of the G-NSGA-II Algorithm

CV-GVRP is a multiobjective model with a comprehensive consideration of enterprise
cost and customer value. The nondominated ranking genetic algorithm-II with the elite
genetic strategy is widely used in multiobjective optimization and solves the problem
exactly [20,39]. The Pareto solution can intuitively reflect the relationship between the
two objectives. Using the greedy algorithm to obtain an initial solution can expand the
local search and improve the solution quality [32]. To further improve the global search
ability and convergence speed of the algorithm, this paper designed an improved NSGA-II
(G-NSGA-II) with the characteristics of the local optimization of the greedy algorithm to
solve the model.

1. Coding Mechanism

Natural number coding was used to visually describe possible solutions to the problem.
A chromosome denotes a feasible distribution solution using client sites as genes of the
chromosome, and 0 denotes a distribution center. The chromosome can be expressed as
(0, I1, I2..., Ir, 0), which means a vehicle departs from the distribution center (point 0) and
services customers I1, I2..., Ir in order. The vehicle then returns to point 0. A schematic of
chromosome coding is shown in Figure 3.

2. Population Initialization

Since the greedy algorithm could give an initial solution in a shorter time, this paper
combined the greedy algorithm to solve the model through the following steps:

Step 1: First, set the initial path to empty.
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Step 2: From the initial node (warehouse), randomly select customer point i and
calculate the distance between customer point i and neighboring points. Then, add the
customer point j with the shortest delivery distance to the path.

Step 3: Determine whether there are still unserved customer nodes; if so, proceed to
the next step, otherwise, terminate the algorithm.

Step 4: Calculate the distance between customer point i − new and the remaining
customer points, choose the shortest one and then return to Step3.

Route1

Route2

Route3

Figure 3. Chromosome coding.

3. Improve the Sorting Fitness Strategy

Figure 4 reflects the density information of individuals. The Pareto ranking of individ-
uals 1, 2, 3, 4, 5 and 6 was one, and the ranking of individuals a, b and c was two. However,
the density around individual a was significantly larger than that of b and c. Therefore, to
avoid them having the same probability of entering the next generation, the ranking values
were combined with the density information around the individuals to distinguish indi-
viduals in the same layer. This could improve the diversity of the population distribution
without increasing the complexity of the algorithm.

Figure 4. Density information around the individuals.

4. Crowding Calculation

After several iterations to obtain a hierarchy of noninferior solutions, the crowding
distance between neighboring individuals was calculated using objective values. The
individuals with a more considerable crowding distance in the same layer were retained to
ensure the diversity of solutions. D(i + 1) f m and D(i − 1) f m represent the m-th objective
function value of individuals (i + 1) and (i − 1), respectively, and f m represents the m-th
function in the model. f mmax and f mmin are the maximum and minimum values of the
m-th objective function values, respectively. The following formula could calculate the
crowding degree of individuals:

D(i) = D(i) +
D(i + 1) f m − D(i − 1) f m

f mmax − f mmin (21)

5. Crossover and Variation
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In this paper, we adopted the natural number encoding method and chose the partial-
mapped crossover (PMX) for the crossover operation in order to improve the convergence
speed of the algorithm. The basic procedure was as follows: 1. Two individuals were
randomly identified as crossing nodes in the parent population. 2. The genes of the two
crossover nodes were exchanged between the parents. 3. Relationships were mapped based
on genes between two crossover nodes, replacing duplicated genes on the same parent to
obtain two offspring. The diagram of the PMX is shown in Figure 5.

2          5
6          3
4          7

Mapping 
relations

Parent1

Parent2

Change

Offspring1

2 6 5 3 7 4 1

1 5 2 6 4 3 7

2 6 2 6 4 4 1

1 5 5 3 7 3 7

5 3 2 6 4 7 1

1 2 5 3 7 6 4Offspring2

Figure 5. Cross process.

This paper adopted the exchange variation to increase the diversity of individuals in
the population and improve the local search ability of the algorithm, in which any two
gene points were selected to be swapped. The result of the mutation is shown in Figure 6.

Before

After
 

Figure 6. Mutation process.

3.2. Algorithm Process

Figure 7 represents the whole calculation process. The detailed procedure was as
follows:

Step 1: To determine the population size, maximum number of iterations, crossover
probability and mutation probability, use the greedy algorithm to generate the initial
population.

Step 1.1–Step 1.3 are the processes of generating the initial solution:
Step 1.1: Calculate the distance between two customer points and sort them from

smallest to largest.
Step 1.2: Determine whether the solution satisfies the subpath condition. If it does,

add it to the current path or determine the next path.

1. The path is not closed after being added.
2. After adding, no node should exceed two connecting edges.
3. The total demand of the customer should not exceed the load of refrigeration.
4. It can meet the requirements of the customer’s time window.

Step 1.3: Execute the previous step until all subpaths are assigned while both endpoints
of each path are connected to the distribution center to form a closed loop.
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Step 2: Perform an improved nondominated ranking based on the biobjective function
values of the individuals in the initial population. Then, apply a tournament strategy to
select and generate new offspring populations through a cyclic crossover and mutation.

Step 3: Combine the offspring and parent populations to generate a new popula-
tion. Through the elite strategy, compare the improved nondominated ranking value and
crowding distance to obtain a better combination of individuals to generate the parent
population.

Step 4: Iteratively update the newly generated parent population with genetic manip-
ulation.

Step 5: Judge whether the current iteration number reaches a maximum and output
the final result. Otherwise, repeat Step3.

Improved non-dominated sorting 
and computing crowding distance

Elite retention strategy and 
Roulette selection strategy

Output the optimal solution 

Generate a new 
population

gen=gen+1

gen<gen. MAX

Genetic 
manipulation

Roulette selection 
strategy

Start

Improved 
non-dominated sorting

Genetic 
manipulation

Generate the new parent

Initialization

The chromosome are 
randomly generated 

Use greedy algorithm  to 
generate the initial solution

Crossover operation

Mutation operation

Figure 7. G-NSGA-II algorithm flow chart.

4. Experiments and Results Analysis

In order to further test the performance of the algorithm, the algorithm was compared
with the traditional NSGA-II. Experiments were carried out with three classical datasets
(Solomon benchmark datasets r101, c101 and rc101 [42]) to test the performance of the algo-
rithms. Customer influence, information dissemination and customer weight information
were added to form the small-scale cases (c101_25, r101_25 and rc101_25), the medium-scale
cases (c101_50, r101_50 and rc101_50) and the large-scale cases (c101_100, r101_100 and
rc101_100), which had 100 customers.

Table 2 shows the values for the model parameter settings. The values of the parame-
ters were obtained from [5,40].
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Table 2. Related parameters and values.

Parameter Value Parameter Value

The departure cost of the vehicle C0C0 (RMB) 100 Constant value of product deterioration
K1, K2

(1,1)

The cost of running a vehicle Cp (RMB/Km) 2 Customer weight λ (1~5)
Spoilage rate of fresh produce θ 0.002 Affect the size (0~25)
Maximum load of vehicle Q (kg) 500 Customer current value threshold 150

The cost of waiting to arrive early (RMB/h) 2 Customer potential value threshold 20
The penalty cost of late arrival (RMB/h) 3 The price per unit of fresh produce R1 (RMB) 30

The average speed v0 (km/h) 50 Profit per unit of fresh R2 (RMB) 30
Fuel consumption per unit distance when

fully loaded ρ∗ (L/Km) 0.377 Fuel consumption per unit distance when no
load ρ0 (L/Km) 0.165

CO2 emission coefficient ε (Kg/L) 2.63
The amount of CO2 produced by

refrigeration per unit distance traveled by
goods delivered ϕ g/(Kg·Km)

0.0066

Benchmark carbon trading price ω 30 Range of carbon trading price changes ω̂ (0~30)

Table 3 represents the traffic congestion coefficients for different periods. The param-
eter values in both tables were from the study by Wang et al. [40]. All case tests were
performed on an Intel(R) Core (TM) i5-7200U, 2.50 GHz, 4 GB RAM, Windows 10 (64-bit)
computer, and the algorithms used in this paper were programmed on MATLAB R2019b.

Table 3. Traffic congestion factor.

Period of Time [0,5] [5,7] [7,9] [9,12] [12,14] [14,18] [18,20] [20,24]

Congestion Delay Coefficient 1 1.2 1.4 1.6 1.5 1.3 1.7 1.2

4.1. Model Solution

There were six customer information points in Table 4. This study used customer point
information to solve the CV-GVRP under the G-NSGA-II algorithm, and compared the
obtained results with those under the uniparental genetic algorithm. Although the model
and algorithm in this paper did not have an advantage in terms of time consumption, they
performed better in reducing the total cost and increasing the customer value. The solution
results are shown in Table 5.

Table 4. Point-related customer information.

No. 0 1 2 3 4 5

Location (35,35) (41,49) (35,17) (55,45) (55,20) (15,30)
Demand 0 10 7 13 19 26

Acceptable time window [0.0,24] [1.8,4.8] [0.0,2.5] [0.0,2.0] [0.5,3.0] [1.0,4.0]
Optimum time window [0.0,24] [2.8,3.8] [0.5,1.5] [0.5,1.5] [1.0,2.0] [2.0,3.0]

Service time 0 0.3 0.3 0.3 0.3 0.3
Customer importance 1 1 1 1 1.2 1.5

Weight 1 1 1 3 2 4
Scope of influence 0 13 20 15 2 5

Table 5. SAPGA and G-NSGA-II solution results.

Algorithm Total Cost Customer Value Computation Time Distribution Path

SAPGA 375.3001 378.9227 4.62 0-3-2-4-0
0-5-1-0

G-NSGA-II 322.2635 442.8125 13.44
0-1-0

0-3-4-2-0
0-5-0
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4.2. Numerical Benchmark
4.2.1. Comparison between MOPSO, NSGA-II and G-NSGA-II

Using MOPSO, the conventional NSGA-II and G-NSGA-II to solve the nine cases, the
parameter settings of the algorithms used in the experiments were as follows: Figures 8–10
show the r101_100, r101_50 and r101_100 Pareto solution results. In this study, the algorithm
parameters were set as per the study by Rabiee et al. [43]. The basic parameters of the
experiment are shown in Table 6.

 

Figure 8. Solution results for r101_100.

 

Figure 9. Solution results for r101_50.

 

Figure 10. Solution results for r101_25.
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Table 6. Parameter settings of each algorithm.

MOPSO NSGA-II G-NSGA-II
Parameter Value Parameter Value Parameter Value

The population number 200 The population number 30 The population number 30
Size of the warehouse 100 Crossover probability 0.9 Crossover probability 0.9

Inertial factor 0.9 Mutation probability 0.1 Mutation probability 0.1
Local velocity factor 1 The number of iterations 500 The number of iterations 500

Global velocity factor 2
The number of iterations 300

The algorithm comparison continued using these nine examples, and the following
three indicators were used to compare the performance of the algorithms:

1. The number of Pareto solutions (NPS) indicated an algorithm’s total number of
nondominated solutions.

2. The diversity metric (DM) of solutions was measured with√
(max f1i − min f1i)

2 + (max f2i − min f2i)
2. It determined the diversity of nondomi-

nant solutions obtained with each algorithm.

3. The formula (
n
∑

i=1

√
f1i

2 + f2i
2)/n was used to calculate the average distance between

the Pareto solution and the ideal point (0, 0), which was the mean ideal distance
(MID).

For the first two indicators, the higher the value, the better the algorithm performance,
while the lower the average ideal distance value, the better the algorithm performance [43].
The comparison results are shown in Table 7.

Table 7. Algorithm performance comparison.

Examples
NPS DM MID

G-NSGA-II NSGA-II MOPSO G-NSGA-II NSGA-II MOPSO G-NSGA-II NSGA-II MOPSO

c101_25 16 15 14 1116.3 889.9 857.3 1400.1 1463.8 1422.7
r101_25 14 13 13 707.4 702.0 645.6 951.4 1150.5 1168.0
rc101_25 15 14 14 455.0 445.1 412.7 1596.3 1582.4 1579.4
c101_50 15 14 14 1352.9 1284.3 1036.5 3112.3 3213.8 3203.9
r101_50 14 12 12 1349.9 1055.2 922.3 1024.6 1447.0 1583.7
rc101_50 15 14 13 1047.1 1049.1 934.9 1907.0 2131.3 2383.2
c101_100 16 14 13 1936.4 1727.5 1504.3 5401.0 6403.8 7799.2
r101_100 15 13 13 2746.8 2469.3 2610.8 4015.9 4412.5 5139.5
rc101_100 16 15 13 1898.8 1727.9 1558.5 5045.8 5144.0 6260.4

In Figure 11, the NPS of G-NSGA-II and NSGA-II was significantly greater than that
of MOPSO. The first two were similar in terms of dispersion. However, the median NPS
of G-NSGA-II was significantly higher than that of NSGA-II. Figure 12, showing the DM,
shows the boxplot of G-NSGA-II, which outperformed the others in dispersion and median.
The MID in Figure 13 shows that G-NSGA-II and NSGA-II performed significantly better
than MOPSO, with G-NSGA-II having a slightly lower median. Based on the results as
previously seen, G-NSGA-II performed better. In summary, the G-NSGA-II algorithm
outperformed the traditional NSGA-II and MOPSO ones in terms of convergence and
diversity. Its Pareto solutions were more uniformly distributed than those of the traditional
NSGA-II. Therefore, it had better results in solving the problem.
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Figure 11. NPS boxplot.

 
Figure 12. DM boxplot.

 

Figure 13. MID boxplot.

4.2.2. Analysis of Carbon Trading Price Sensitivity

Through the analysis of different types of data, it was found that the total cost changed
significantly under the influence of variable carbon trading prices, especially in the large-
scale examples. The change in price was not a single trend, which was why the carbon
trading prices differed from the carbon tax policies. Under its influence, carbon emissions
could increase or decrease, so the total cost also fluctuated. Due to firms gaining from
selling carbon allowances, the cost could be reduced. Additionally, this behavior could
incentivize firms to continue cutting carbon.

The total cost was lower than the situation with a fixed carbon trading price. The
changes are shown in Figure 14. Furthermore, it indicated that a proper adjustment in
carbon trading prices could motivate enterprises to adjust their distribution schemes. This
could reduce the total cost and contribute to declining social carbon emissions from a
macroperspective.
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Figure 14. Graph of total cost versus ω̂.

4.2.3. Influence of Time-Dependent Network on Routing Strategy

In cases of different scales, the model in this paper had different improvements. For
example, in the small-scale case, the total cost of the CV-GVRP was saved by 6.42%, and the
customer value was increased by 15.43% on average. In the medium-scale case, the total
cost of the CV-GVRP was saved by 5.4%, and the customer value was increased by 17.68%
on average. In the large-scale case, the total cost of the CV-GVRP was saved by 3.75%, and
the customer value was increased by 17.40% on average. The results of the comparison are
shown in Table 8. The cost savings of the CV-GVRP were more significant in the small-scale
cases, and the increase in customer value was more obvious in the medium-scale and large-
scale cases. The average increase in the total cost was 5.192%, and the average increase in
customer value was 16.838%, which indicated that the CV-GVRP performed better than
the model with a static road network in improving customer value. Considering traffic
congestion could increase the delivery time and increase the total cost, but the CV-GVRP
brought more customer value, which is conducive to the long-term development of the
enterprise.

Table 8. Comparison of static road network and CV-GVRP results.

Static Road Network CV-GVRP
Total Cost Customer Value Total Cost Customer Value

c101_25 1674.5 1271.9 1716.3 1423.1
r101_25 1139.1 907.1 1231.8 1091.9
rc101_25 1197.6 1495.3 1301.0 1705.2
c101_50 3415.3 2115.6 3533.7 2714.9
r101_50 2687.3 2380.7 2893.7 2736.1
rc101_50 2435.0 2512.8 2558.0 2758.3
c101_100 6926.6 3770.9 7299.9 4211.9
r101_100 5171.1 3404.9 5379.1 4106.5
rc101_100 5791.7 5389.1 5898.9 6462.3

4.2.4. Influence of Customer Value on Routing Strategy

The GVRP is a model that does not consider the potential value of customers. It has
the same constraints as the CV-GVRP. However, the objective function of the GVRP is
customers’ total cost and current value, which does not consider the impact of potential
value on corporate reputation. Then, the G-NSGA-II was used to solve the GVRP for
different cases. In the small-scale case of 25 customers, the total cost of CV-GVRP increased
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by 7%, the customer value increased by 14% and the satisfaction increased by 26% on
average. In the medium-scale case of 50 customers, the total cost increased by 8%, the
customer value increased by 14% and the satisfaction increased by 15% on average. In
the large-scale case of 100 customers, the total cost increased by 3%, the customer value
increased by 21% and the satisfaction increased by 13% on average. Overall, the average
increase in the total cost was 3%, the average increase in customer value was 21% and the
average increase in satisfaction was 13%. The increase in the total costs was most likely
due to the increased delivery distance and time required to serve important customers.
Additionally, the improvement in customer satisfaction brought more potential value to
the enterprise and increased the total customer value. The results of the comparison are
shown in Table 9.

Table 9. Comparison of GVRP and CV-GVRP results.

GVRP CV-GVRP
Total Cost Current Value Satisfaction Total Cost Customer Value Satisfaction

c101_25 1598.6 1236.3 0.783 1716.3 1423.1 0.963
r101_25 1182.6 939.1 0.726 1231.8 1091.9 0.931
rc101_25 1211.9 1539.1 0.744 1301.0 1705.2 0.937
c101_50 3289.4 2418.7 0.791 3533.7 2714.9 0.916
r101_50 2734.5 2417.2 0.811 2993.7 2736.1 0.927
rc101_50 2373.9 2389.9 0.803 2558.0 2758.3 0.914
c101_100 6999.8 3417.2 0.822 7299.9 4211.9 0.907
r101_100 5266.5 3396.7 0.807 5379.1 4106.5 0.912
rc101_100 5713.6 5467.5 0.793 5898.9 6462.3 0.908

4.3. An instance of Distribution in Shanghai City

A refrigerated logistics company in Shanghai has to deliver to 20 distribution points.
The information about customers is shown in Table 10. Assuming that the traffic congestion
in the distribution is not considered, the vehicle is driven at a uniform speed of 40km/h
and the carbon trading price is fixed at 54 RMB/ton. Moreover, the potential value of the
customer is not considered. The solution can be solved with G-NSGA-II and then compared
with the results of CV-GVRP. This paper’s model considered the variable speed, variable
carbon trading price and customer value, resulting in an 8.18% reduction in the total cost, a
23.82% increase in customer value and a 4.05% reduction in time. The results are shown
in Table 11. In addition, the number of vehicles used was two less. The two solutions are
shown in Figures 15 and 16.

 

Figure 15. Preoptimization delivery routes.
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Table 10. Shanghai Huangpu district distribution point information.

X-axis
(km)

Y-axis
(km)

Time
Window

(min)

Acceptable
Time Window

(min)

Demand
(t)

Service
Time
(min)

Importance Weights
Influences

Scope

353.914 3455.623 0–500 0–500 0 0 0 0 0
353.721 3456.089 30–90 30–120 0.80 10 1.2 2 10
354.020 3456.869 60–90 60–120 3.35 20 1.3 2 3
355.047 3456.028 30–90 30–150 2.95 15 1.0 1 2
355.179 3456.943 60–90 60–120 2.40 10 1.0 1 7
355.135 3453.781 70–130 70–160 2.75 20 1.0 1 5
355.351 3453.055 80–110 80–140 3.30 20 1.1 1 8
356.423 3455.002 70–130 70–160 2.80 25 1.2 2 3
356.849 3454.232 60–90 60–120 3.25 20 1.3 3 2
355.197 3455.186 80–140 80–180 2.15 15 1.4 4 4
355.870 3455.585 85–115 85–150 3.05 15 1.4 4 6
354.804 3454.310 80–140 80–170 3.20 25 1.5 5 7
355.729 3454.642 70–100 70–130 3.50 10 1.2 4 8
354.597 3452.140 60–120 60–150 0.55 20 1.3 3 10
354.036 3452.706 80–110 80–150 2.70 20 1.0 2 12
353.423 3454.06 80–140 80–170 1.70 15 1.0 2 13
354.337 3453.427 90–120 90–160 2.25 20 1.0 1 7
354.358 3454.64 90–150 90–180 2.75 25 1.0 2 10
355.082 3453.816 70–100 70–140 1.90 10 1.5 5 15
353.345 3454.992 60–120 60–150 3.15 20 1.3 3 13
353.180 3453.517 80–110 80–140 1.00 15 1.0 2 7

Table 11. Example solution result comparison.

Pre-Optimization Optimized

Total cost 1858.5 1706.5
Customer value 1730.0 2142.1
Calculating time 19.6442 18.8483

Delivery route

0→3→1→0
0→9→10→17→0
0→4→2→15→0

0→8→12→14→16→0
0→19→11→18→6→13→0

0→7→5→20→0

0→9→18→19→5→17→0
0→13→1→20→14→15→0

0→2→3→12→6→16→11→0
0→4→8→10→7→0

 

Figure 16. Optimized delivery route conclusion.
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4.4. Discussion on the Model and the Algorithm

In general, the experiments focused on two aspects: the algorithm and the model.
To analyze the algorithm performance, six customer points were used as examples

to verify the feasibility of the G-NSGA-II algorithm. To further explore the superiority of
the G-NSGA-II algorithm, the small–medium–large-scale test sets were constructed using
Solomon data. The solution results of the MOPSO, NSGA-II and G-NSGA-II algorithms
were compared in convergence and diversity. By plotting boxplots in NPS, DM and MID
and comparing their median and dispersion, the G-NSGA-II algorithm outperformed the
others.

The CV model was used to analyze the influence of carbon trading uncertainty, time-
varying network and customer potential value on the distribution schemes.

1. Variable carbon trading prices were used to reflect the temporal and spatial aspects
of carbon trading policies. The experimental results showed that there was no linear
relationship between the range of carbon trading price and the total cost, and the
reasonable setting of the carbon trading price helped to reduce the cost and achieve a
green distribution.

2. The experiments were designed to explore the influence of time-dependent road
networks on distribution strategies, and it was found that the total costs, customer
values and customer satisfaction would be affected on different scales. For large
customer groups, the increase in customer value was more significant.

3. This paper studied the impact of potential value from customers on the distribution
strategy. The experimental results showed that considering the potential value of
customers could greatly improve customer satisfaction, especially in small groups.

Finally, the CV-GVRP model and the G-NSGA-II algorithm were applied to practical
problems, and a planning scheme was proposed for real-life cold chain distributions. Con-
structing a cold chain distribution model under a carbon trading policy was conducive to
reducing carbon emissions and achieving sustainable developments in enterprises. Taking
into account the time window and potential value of the customer could help improve
the reputation and benefits of the business by providing timely services to important
customers.

5. Conclusions

From the perspective of variable carbon trading prices, this paper built a multiobjective
optimization model, the CV-GVRP, which aimed to minimize the total cost and maximize
customer value, considering both customer value and the time-dependent network. This
model was an improvement of the traditional cold chain one, which was mainly applicable
to fresh agricultural products with a short shelf life, low temperature and simple require-
ments for distribution conditions, such as leafy vegetables and fruits. By setting different
ranges of carbon trading prices, it was found that flexible carbon trading prices positively
affected companies in reducing their carbon emissions. Compared to static networks, the
CV-GVRP was found to be advantageous in the total cost savings and customer value
growth. Moreover, the CV-GVRP could improve customer satisfaction at a lower cost
than models that do not take customer value into account. Small, medium and large-scale
examples of c, r and rc, respectively, were constructed using Solomon data. Using the nine
examples, G-NSGA-II, NSGA-II and MOPSO were used to solve this model. The values
of NPS, DM and MID showed that the G-NSGA-II algorithm performed better than the
others.

Future research can incorporate additional factors into the consideration of customer
value, such as service quality and product quality. For the calculation of variable speed,
only the congestion case was considered. However, the speed limits, emergencies and
traffic control also affect vehicle speed in real life. This study considered only the carbon
trading policy; in the future, the carbon tax policy and carbon trading policy can be used in
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coordination to reduce carbon emissions. To better address practical problems, there is still
a lot of space to enrich the details of this model.
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Abstract: Amaranthus retroflexus or redroot pigweed is a second generation lignocellulosic fuel.
Each biomass sample (leaves, inflorescences and stems) was pyrolyzed in a lab-scale furnace, in
a nitrogen atmosphere under non-isothermal conditions at heating rates of 10 ◦C/min until the
furnace temperature reached 550 ◦C. The pyrolysis characteristics of the three major components
were also studied through thermogravimetric analysis. The thermal decomposition of the biomass
samples is similar to the process of pyrolysis of lignocellulosic materials and proceeds in three
main stages: dehydration, devolatilization, and carbonation. The highest bio-oil yield was obtained
for inflorescences (55%) and leaves (45%). Gas chromatography—mass spectrometry analysis was
carried out for oil fractions of the pyrolysis liquid from Amaranthus retroflexus. The composition of the
pyrolysis oil fraction from the leaves had an overbearing aliphatic hydrocarbon nature whereas the
oil fraction from inflorescences and stems was composed mainly of oxygen-containing components.
The use of Amaranthus retroflexus biochars can lead to slag formation in power equipment, so it is
advisable to use them to produce composite fuel, for example, mixed with coal. The results would
help to better understand the thermal behavior of Amaranthus retroflexus biomass and its utilization
for fuels or chemicals.

Keywords: biomass; Amaranthus retroflexus; pyrolysis; thermogravimetric analysis; bio-oil; biochar

1. Introduction

Second generation biofuels are produced from lignocellulosic biomass derived from
agricultural waste, forest waste, municipal and industrial waste, and grass and aquatic
plants. All of these types of biomass have one common property; they are formed from non-
food resources [1]. Amaranthus retroflexus (AR), or redroot pigweed, is a second-generation
lignocellulosic biomass. This plant is a fast growing herb of class C4, consisting of 60–70
species [2,3]. AR is a cosmopolitan plant capable of growing in any climatic zone, including
the cryolitic zone [4]. The plant can reach 1.5–3 m in height, thus, it is possible to obtain
huge biomass resources with little water and fertilizer consumption [2].

Pyrolysis is the most promising technology for thermal utilization, since it allows
for the procurement of gaseous, liquid, and solid products, and is also the first stage of
all thermochemical processes [5]. The quantity, properties, and application of these three
mains products depend on the parameters of the feedstock, the type of reactor and the
technological conditions for the implementation of the process (the heating rate, final
pyrolysis temperature, pyrolysis atmosphere, etc.) [6].

From a practical point of view, bio-oil and biochar are of the greatest interest, since
pyrolytic gas is most often used for its own technological needs. The rich chemical compo-
sition of bio-oil allows it to be used as renewable fuels and value-added chemicals [7,8].
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Biochar has the following applications: soil amendment, nutrient and microbial carrier,
immobilizing agent for remediation of toxic metals and organic contaminants in soil and
water, catalyst for industrial applications, porous material for mitigating greenhouse gas
emissions and odorous compounds, and feed supplement to improve animal health and
nutrient intake [9,10]. Due to its low thermal conductivity, it can also be mixed with soil
and used as a thermal backfill [11]. In addition, biochar-derived activated carbon is suitable
for batteries and electrode material for supercapacitor applications [12].

There are known studies on the pyrolysis of weeds Ageratum conyzoides (goat weed) [13],
Ageratina adenophora (Crofton weed) [14], Alternanthera philoxeroides (alligator weed) [15],
Parthenium hysterophorus [16], and Cannabis sativa [16] to obtain biochar, bio-oil, and biogas.
It should be noted that there are studies on the pyrolysis of invasive plants, such as: Acacia
Holosericea [17], water hyacinth [18], Prosopis juliflora [12], and Eupatorium adenophorum [19].
However, there are no reports on the utilization of AR as a feedstock for pyrolysis. There-
fore, the use of pyrolysis for the use of weeds and invasive plants with the production of
bio-oil and biochar can contribute to the formation of a circular economy and increase the
profitability of the agricultural industry [20].

For a detailed study of the process of thermochemical conversion, the plant can be
divided into fractions. For example, leaves and stems [21], seeds [22–24], flowers, leaves,
and stems [25], leaves, hurds, and roots [26], pseudo-stems [27], stem, leaves, fiber, chaff,
and seed husks [28], and inflorescences [29,30]. This will make it possible to understand the
contribution of each fraction to the material balance of the pyrolysis process. The content
of hemicellulose, cellulose, and lignin differs in all constituent parts of the plants, so the
quantity and quality of the resulting gaseous, liquid, and solid products varies significantly.

The aim of the work is to study the possibilities of thermal utilization of the AR weed
plant, to study in detail the prospects for using its aboveground biomass to obtain new
liquid and solid products with high added value. In this research, the authors studied
the pyrolytic process of the leaves, stems, and inflorescences. Conventional pyrolysis
was performed in combination with a thermogravimetric analysis. Therefore, the present
study aims to solve the following problems: (a) determine the material balance of the AR
pyrolysis of leaves, inflorescences, and stems of AR; (b) analysis the characteristics of the
features of thermal decomposition of leaves, inflorescences, and stems according to TGA
data, at a heating rate of 10 ◦C/min in an inert atmosphere; (c) study of the composition
and quality of the chemical composition of the oil fraction of the pyrolysis liquid; and (d)
analyze the possibility of using biochar for combustion both as an independent fuel and as
part of a mixed fuel, taking into account the parameters of slag formation.

2. Materials and Methods

2.1. Sample Materials

The object of the study was the aerial part of the weed plant AR (Figure 1). The
plants were grown in a field with cultivated plants (55◦63′ N, 48◦73′ E). In addition, they
were divided into leaves, inflorescences (partially with seeds), and stems. Leaves and
inflorescences were dried at room temperature, crushed, and sieved to obtain a mass with
a particle size of less than 5 mm. The stems were crushed immediately, then dried and
additionally ground; the particle size also did not exceed 5 mm.

2.2. Physicochemical Characterization

Moisture, ash content, and volatile matter (VM) were measured in accordance with
ASTM E1755-01, ASTM E1756-08, GOST R 56881-2016, and GOST 32990-2014. Elemental
analysis of the samples was carried out on a EuroEA3000 CHNS analyzer (Eurovector,
S.p.A., Milan, Italy). The samples were weighed on a Sartorius CP2P microbalance (Ger-
many) in tin capsules. Callidus 4.1 software was used to evaluate the obtained data.
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Figure 1. Photographs of the dry biomass AR: (a) leaves; (b) inflorescences; and (c) stems.

The oxygen content (O, wt%) was calculated from the difference by Equation (1):

O = 100 − H − C − N − Ash, (1)

where H, C, N, and Ash are wt% of hydrogen, carbon, nitrogen, and ash content of the fuel,
respectively.

Atomic H/C and O/C ratios of AR fractions and their biochars were determined with
Equations (2) and (3) [31]:

atomic
H
C

ratio =
number of H atoms
number of C atoms

=
H/1
C/12

(2)

atomic
O
C

ratio =
number of O atoms
number of C atoms

=
O/16
C/12

(3)

The higher heating value (HHV, MJ/kg) of the leaves, inflorescences, and stems were
determined using Equation (4) [32]:

HHVAR = 0.3491 · C + 1.1783 · H + 0.1005 · S − 0.1034 · O − 0.0151 · N − 0.0211 · Ash, (4)

where C, H, O, N, and S, are, respectively, the carbon, hydrogen, oxygen, nitrogen, and
sulfur content of the fuel, wt%.

2.3. Thermogravimetric Analysis

The most common method used to study the thermal behavior and thermal stability
of fuels is the thermogravimetric analysis. Thermal decomposition data were measured
using an STA 449 A1 Jupiter synchronous microthermal analyzer (Netzsch, Selb, Germany).
For this, the following experimental parameters were chosen:

− temperature range: from 38 to 1000 ◦C;
− dynamic inert atmosphere: argon;
− heating rate: 10 ◦C/min;
− flow rate: 75 mL/min;
− average weight—35 mg;
− atmospheric pressure.

To ensure the repeatability of the experiment with an error of 1.5%, the experimental
conditions were repeated at least three times.
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2.4. Experimental Pyrolysis Procedure

A laboratory setup was used to study the pyrolysis of the biomass samples. It includes
a tubular reactor (Figure 2), in which various organic raw materials can be thermally
treated [33,34].

Figure 2. Experimental setup for the study of pyrolysis.

The laboratory setup was preliminarily purged with nitrogen. The prepared biomass
sample (weighing about 45 g) was placed in a retort, which was installed in a preheated
tubular reactor, which was hermetically sealed with lids. In the reactor, the biomass
samples were subjected to a pyrolysis process. The maximum temperature of the pyrolysis
process was 550 ◦C. The heating rate in the experiment was 10 ◦C/min. As a result
of the experiments, three products were obtained: pyrolysis gas, pyrolysis liquid, and
solid carbonaceous residue, biochar. Upon completion of the pyrolysis process, the retort
was cooled, the solid residue was extracted and its mass yield was determined. Liquid
pyrolysis products were collected, and their mass was determined. The gaseous product
was determined by the difference in the masses of products from the material balance. Each
experiment was repeated at least three times.

2.5. Expanded Measurement Uncertainty

The combined standard uncertainty of the measured value Y (Equation (5)) is obtained
according to the law of propagation of uncertainties by summing the squares of the products
of the standard uncertainties of all influencing quantities:

u(Y) =
√

u2(mind) + u2(mdevice) + u2(Fcor) (5)

The standard measurement uncertainty of mind is calculated assuming a normal proba-
bility distribution using Equation (6):

u(mind) =

√√√√√
n
∑

i=1
(mi − mind)

2

n(n − 1)
, (6)

where mi is the result of the i-th repetition of the weight measurement, mind is the arithmetic
mean of m; n is the number of repeated measurements, n = 3.

The uncertainty associated with the value of mdevice ((Equation (7)) is estimated using
the manufacturer’s data on the balance. In the laboratory scale passport for a measurement
range of up to 50 g, the limits of weighing error are ±0.001 g (Δ). Since the value is given
without a confidence level, we accept a rectangular distribution of weighing error values
within these limits. The standard uncertainty is estimated according to type B and is:

u(mdevice) =
Δ√

3
. (7)

282



Agriculture 2023, 13, 687

The standard uncertainty of the correction factor is calculated from the information on
the allowable discrepancy between parallel weight determinations. The given allowable
relative discrepancy is r = 20% and is considered a 95% confidence interval for the difference
between two estimates of a quantity distributed according to the normal distribution law.
The standard uncertainty of the correction factor will be equal to the standard deviation
calculated on the basis of the specified interval, taking into account that the measurement
result is taken as the arithmetic mean of the determinations of two parallel samples,
according to type B and according to Equation (8):

u(Fcor) =
r

100% · 2.8 · √2
. (8)

The expanded uncertainty U is obtained by multiplying the combined standard uncer-
tainty by a coverage factor using Equation (9):

U = k · u(Y), (9)

where U is the expanded uncertainty, k is the coverage factor (k = 2 at a confidence level of
approximately 95%, assuming a normal probability distribution of the measure), u(Y) is
standard uncertainty.

2.6. GC-MS Analysis of Bio-Oils

Gas chromatography–mass spectrometry (GC–MS) was carried out on a Shimadzu
GCMS-QP2010 Ultra chromate mass spectrometer on an HP-5MS column (0.25 μm, 0.32
mm, 30 m) with the following parameters: carrier gas helium “A”, temperature injector
300 ◦C, flow rate through the column 2 mL/min, split mode (10), thermostat temperature
program—gradient temperature increasing from 60 to 180 ◦C in steps of 10 ◦C/min, then
holding for 10 min, then increasing the temperature from 180 to 230 ◦C in steps of 10
◦C/min, then holding for 5 min, then increasing the temperature from 230 to 280 ◦C in
steps of 10 ◦C/min, then holding for 5 min, then increasing the temperature from 280 to
310 ◦C in steps of 10 ◦C/min, then holding for 13 min, and the range of scanned masses:
35–700 m/z. The 1 μL sample was injected into a 10% wt% toluene solution .

2.7. Analysis of Biochars

The chemical analysis of the mineral part was carried out using an EDX-800HS2
energy dispersive fluorescent X-ray spectrometer (Shimadzu, Kyoto, Japan). Measurement
conditions: tube: Rh-anode (50 W), voltage: 50 kV, 15 kV, current: auto, atmosphere—air,
measured diameter: 10 mm, measurement time: 100 s. The sample was placed on a Mylar
film (6 μm thick) in a cuvette for the X-ray fluorescence analysis, after which the cuvette
was placed in the instrument and the measurement was taken.

The volatile matter (VM) and ash content were determined according to ASTM D3175-
89 and ASTM D3174-04, fixed carbon (FC) was calculated from the difference and calculated
by Equation (10):

FC = 100 − VM − Ash (10)

The HHV (MJ/kg) of the biochars were determined using Equation (11) [35]:

HHVbiochar = (15.59 · VM + 35.36 · FC − 0.78 · Ash)/100 (11)

The basic-acid ratio B/A (Equation (12)), slag viscosity index SR (Equation (13)), and
fouling index Fu (Equation (14)) were used to determine the possibility of contamination of
the heating surfaces of the power equipment when using biochar as a fuel [36]:

B/A = (Fe2O3+CaO + MgO + Na2O + K2O + P2O5)/(SiO2+Al2O3 + TiO2) (12)

SR = 100 · SiO2/(SiO2+Fe2O3+CaO + MgO) (13)
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Fu = (B/A)/(Na2O + K2O) (14)

3. Results and Discussion

3.1. Results of Proximate and Ultimate Analyses

Table 1 presents the results of the determination of the physicochemical characteristics
of the AR biomass samples. Proximate and ultimate analysis results indicate the potential
use of the studied samples in thermochemical conversion processes. In the structure of all
parts of the plant, a high content of volatile components was found, 68.3 to 77.9 wt%. This
indicates a high reactivity of the material, as well as the fact that they can be converted into
pyrolysis products with a large amount of gaseous and liquid components. The samples
had a moisture content of about 7 wt%, which did not exceed the permissible limit of 10
wt%. A higher moisture content can lead to an increase in drying costs due to the need
for additional thermal energy and a decrease in the efficiency of the thermal conversion of
biomass [37].

Table 1. Results of the proximate and ultimate analyses of the AR biomass samples.

Parameter Leaves Inflorescences Stems

Moisture, wt% 7 ± 0.01 7 ± 0.01 7 ± 0.01
VM, wt% 68.3 ± 0.4 74.2 ± 0.7 77.9 ± 0.8
Ash, wt% 23 ± 0.02 8 ± 0.01 11 ± 0.01
FC, wt% 8.7 17.8 11.1

HHVAR, MJ/kg 21.0 25.6 24.1
C, wt% 34.6 ± 0.22 40.9 ± 0.12 35.4 ± 0.09
H, wt% 5.14 ± 0.09 6.34 ± 0.03 6.43 ± 0.13
N, wt% 4.04 ± 0.05 5.45 ± 0.09 3.97 ± 0.1
O, wt% 33.2 ± 0.17 39.3 43.2 ± 0.18

H/C 1.8 1.9 2.2
O/C 0.7 0.7 0.9

The elemental composition of all samples and their ash content are within the limits
characteristic of lignocellulosic materials [38–40]. High ash content is considered a problem
in thermochemical conversion processes because it can cause fouling or aggregation, as
well as lead to some disposal problems, lower energy conversion rates, and ultimately
higher recycling costs. AR leaves are characterized by the highest ash content. Given that
this plant was grown on unprepared soil and without fertilizing, the increased ash content
in the leaves can be explained by the biological characteristics of the plant. The HHV of
the samples was determined from the results of the elemental analysis. For leaves, it was
the minimum value equal to 21 MJ/kg; the maximum value was 25.6 MJ/kg for AR stems.
The high HHV values in this study are comparable to those for various municipal solid
wastes [41–43].

3.2. Thermal Degradation Analysis

The thermogravimetric (TG) and differential thermogravimetric (DTG) curves of the
AR samples are shown in Figure 3. Mass loss during thermal decomposition was recorded
in an inert medium at a temperature of 10 ◦C/min.
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Figure 3. TG (a) and DTG (b) curves of the AR biomass at a heating rate of 10 ◦C/min.

The thermal decomposition of the three biomass samples studied is similar to the
process of pyrolysis of lignocellulosic materials and proceeds in three main stages, which are
characterized by the processes of dehydration, devolatilization, and carbonation (Table 2).
The dehydration stage starts from 38 ◦C and proceeds on average up to 200 ◦C for the
studied samples. Mass loss at this stage is considered to be the removal of free moisture,
accompanied by evaporation from the sample surface upon heating, as well as chemically
bound moisture. In addition to evaporation of the moisture, a slight release of volatile
components is possible at this stage [44–46]. The average mass loss at this stage is 7.7%. At
this stage, small peaks are found on the DTG curves. The first peak on the DTG curve is
associated with the removal of free moisture at a temperature of about 100 ◦ C.
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Table 2. Main stages of thermal decomposition.

Sample
Heating Rate

(◦C/min)
Pyrolysis Stage

Starting
Temperature

(◦C)

Ending
Temperature

(◦C)

Leaves 10
Dehydration

devolatilization
carbonation

38
200
502

200
502

1000

Inflorescences 10
dehydration

devolatilization
carbonation

38
216
512

216
512

1000

Stems 10
dehydration

devolatilization
carbonation

38
190
520

190
520

1000

The main stage of thermal decomposition for all samples starts at about 200 ◦C and
ends in the temperature range of 502–520 ◦C. The processes that occur at this stage are
associated with the release of volatile components. Significant mass loss is reflected as
a peak in the DTG curve, which is due to complex thermochemical reactions during
the conversion of biomass organic matter. In addition, the peak shown on the DTG
curve characterizes the maximum decomposition rate, which is due to the breakdown of
hemicellulose and cellulose [47]. As is known, the thermal decomposition of hemicellulose
occurs in the temperature range of 180 to 300 ◦C, and cellulose from 300 to 480 ◦C [48,49].
Hemicellulose is composed of short-chain heteropolysaccharides and has an amorphous
and branched structure. Monosaccharides are the main functional groups of hemicellulose
with a small amount of uronic acids and acetyl groups [50]. The behavior of hemicellulose
during pyrolysis is largely reflected by the characteristics of these building blocks during
the thermal conversion process. Cellulose is a linear macromolecular polysaccharide
consisting of a long chain of glucose units linked by β-1,4-glycosidic bonds [50]. The
decomposition of cellulose is carried out by the depolymerization of various chemical
bonds with the formation of carbon monoxide and dioxide, and carbon residues, as well as
by the formation of bonds at high temperature to obtain liquid pyrolysis components.

Peaks in the DTG curves at the second stage indicated the decomposition of hemicellu-
lose, which decomposes in the temperature range of 200–340 ◦C. Peaks at temperatures of
320–450 ◦C confirmed the thermal decomposition of cellulose. However, the temperature
range changed as a result of the different biochemical compositions of the samples studied.
For example, during the pyrolysis of AR stems, the maxima on the DTG curves shift,
probably because of the high content of hemicellulose, which decomposes before cellulose.

At the carbonation stage, the processes of thermal cracking and dehydrogenation, as
well as the decomposition of the solid carbonaceous residue and inorganic substances in
its composition, take place [51]. The average mass loss in the carbonation stage is 8.7%
for the studied samples. The main process at this stage is the thermal conversion of the
complex structure of lignin, which decomposes almost throughout the entire temperature
range from 190 to 900 ◦C. Unlike the carbohydrate structure of cellulose and hemicellulose,
lignin has an aromatic matrix that gives strength and rigidity to the cell walls. Cellulose
and hemicellulose have been shown to rapidly decompose over a short temperature range,
while lignin slowly decomposes over a wider temperature range up to the end temperature
of the experiment with the maximum formation of solid carbonaceous residues [52–54]. At
temperatures above 680 ◦C, apparent shoulder peaks appeared in the DTG curves, which
is due to the decomposition of inorganic components with low thermal stability [55,56].
At temperatures above 750 ◦C, practically no mass loss was observed, and the average
residual weight as a result of heat treatment was 27.5% (Table 3).
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Table 3. TG-data on changes in mass.

Sample
Mass Loss, % Residual Mass,

%Dehydration Devolatilization Carbonation

Leaves 8.6 51.8 12.5 27.1
Inflorescences 8.5 57.1 8.3 26.7

Stems 6.1 59.4 5.6 28.9
Average, % 7.7 56.1 8.7 27.5

The content of hemicellulose, cellulose, and lignin in biomass affects the yield of
pyrolysis products [57]. A high content of cellulose and hemicellulose contributes to
the production of bio-oil, while a higher concentration of lignin results in more biochar
produced. The structural complexity and stability of lignin make it difficult to destroy it
during pyrolysis, leading to a higher yield of biochar [58].

3.3. Product Distribution and Yields

As a result of the study of the pyrolysis process at a temperature of 550 ◦C, three
products were obtained: gas, bio-oil, and biochar (Table 4). Generally, the yields of liquid,
solid and gaseous products are 50–70 wt%, 13–25 wt%, and 12–15 wt%, respectively [59]. A
similar trend is typical for the results obtained. For all samples, the mass fraction of bio-oil
among the pyrolysis products was the largest. In a number of studies, it has already been
shown that the pyrolysis temperature from 450 to 550 ◦C contributes to the production of
liquid products [35,60]. The yield of pyrolysis products when using AR leaves is similar to
pine, AR inflorescences are comparable to Acacia cincinnata trunk, and AR stems are similar
to agricultural biomass residues [61].

Table 4. Distribution of product pyrolysis yields and uncertainty analysis.

Sample
Pyrolysis
Product

Mass, g Mass Share, %
Expanded

Uncertainty

Leaves
bio-oil 20.3 45.2 0.285
biochar 17.5 38.9 0.587

gas 7.1 15.9 0.836

Inflorescences
bio-oil 24.9 55.3 0.385
biochar 14.5 32.2 0.473

gas 5.6 12.5 0.203

Stems
bio-oil 17.7 39.3 0.428
biochar 16.6 36.9 0.539

gas 10.7 23.8 0.710

The results obtained in this study were compared with experimental data on the
pyrolysis of plant biomass. Table 5 presents data on the products of thermal decomposition
obtained during the pyrolysis of various biomass, its parts, and the plant as a whole.
Experiments in which the process temperature was 500–600 ◦C and the heating rate varied
from 5 to 50 ◦C/min were considered as pyrolysis conditions.
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Table 5. Distribution of pyrolysis products obtained from various raw materials.

Biomass
Type of

Pyrolysis

Pyrolysis Products, wt%
Reference

Bio-Oil Gas Biochar

Ageratum
conyzoides

without
catalyst 30 43 23 [13]

Crofton weed catalytic 27–29 45–49 25–28 [14]
Alternanthera
philoxeroides

without
catalyst 45 22 33 [15]

Eupatorium
adenophorum catalytic 29–32 36–41 28–33 [19]

Acacia
holosericea

without
catalyst 33–38 33–37 26–34 [17]

Mixture of
discarded
vegetables
and fruits

catalytic 35 22 30 [20]

Cortaderia
selloana

without
catalyst 19–34 45–62 18–27 [21]

Banana
pseudo-stem

(Musa
acuminate)

without
catalyst 28 32 42 [27]

Agricultural
biomass
residues

without
catalyst 32 32 33 [61]

Acacia
holosericea

trunk

without
catalyst 47 22 31 [61]

Amaranthus
retroflexus

without
catalyst 39.3–55.3 12.5–23.8 32.2–36.9 This study

A large yield of pyrolysis liquid was observed during pyrolysis of Alternanthera
philoxeroides biomass [15]. The authors of [15] conclude that with an increase in temperature
from 350 ◦C to 450 ◦C, the bio-oil yield and the yield of gas increase while the yield of
biochar decreases. An increase in temperature leads to an increase in the gas yield and a
decrease in the yield of pyrolysis liquid, which is associated with the secondary cracking
of pyrolysis vapors at a higher pyrolysis temperature. During the pyrolysis of the banana
pseudo-stem, a high mass yield of biochar was observed [21]. During the thermochemical
conversion of the mixture of discarded vegetables and fruits at 500 ◦C, the maximum
yield of bio-oil was observed, with an increase in temperature, its yield decreased [20].
During catalytic pyrolysis, there was a tendency to increase the yield of pyrolysis liquid
and pyrolysis gases [14,19,20].

The heating rate during pyrolysis also affects the product yield. With fast pyrolysis,
the yield of liquid products is higher, as this technology is characterized by high heating
rates [17,20]. The analysis of studies showed that the temperature of 600 ◦C turned out to
be optimal for further research on optimization due to its highest yields [15,17,20,27]. A
comparative analysis showed that the results obtained in this work are comparable with the
values obtained by other authors. The difference in values is explained by the composition
of the feedstock, the influence of the parameters of the pyrolysis process and the influence
of catalysts.

3.4. Composition of Bio-Oils

The composition of pyrolysis products is dominated by bio-oil or pyrolysis liquid,
which is associated with the rich chemical composition of AR biomass. It contains at least
15 substances of phenolic nature, pectin substances, organic acids, tannins, amino acids,
flavonoids, and other chemical components [62]. Furthermore, a significant content of
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hemicellulose can contribute to a higher yield of pyrolysis liquid [63]. Bio-oil consists of an
aqueous fraction and an oil fraction (Figure 4). The highest yield of the aqueous fraction
was obtained during the pyrolysis of AR stems, which may be due to the high content of
holocellulose in them. The high content of the aqueous fraction in all bio-oil samples is due
to lignin oligomers present in biomass due to the presence of hydrophilic polar functional
groups [64].

Figure 4. The content of the fractions in the pyrolysis liquid.

The oil fraction can be used as a fuel directly or converted into a high-quality fuel or
chemical material. While the aqueous phase cannot be used directly as a fuel. As a result of
the GC–MS analysis of the oil fractions of the pyrolysis liquid, their chemical composition
was determined. It varies significantly depending on the part of the plant and is a complex
mixture of organic compounds that contains hundreds of chemicals in total [65].

In the oil fraction from AR leaves, mass spectra of 72 substances of organic nature
were determined, which were combined into four groups (Figure 5).

Figure 5. Chemical composition of the oil fraction from leaves.
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In total, 33.8% of the total composition of the oil fraction was identified. The majority
of all identified compounds are aliphatic hydrocarbons (15.5%), of which 11.8% are paraf-
finic hydrocarbons (C11–C31) and 3.7 % are olefinic hydrocarbons (C12–C23). This carbon
distribution is consistent with some bio-oils that can be used as liquid fuels in terms of
carbon distribution [66,67]. A small part (4.23%) consists of cyclic hydrocarbons. The group
of oxygen-containing components includes alcohols (0.79%), aldehydes (0.91%), ketones
(1.58%), ethers (1.02%), and phenols (1.64%). Nitrogen-containing compounds account for
8.2%, more than half of which (4.34%) are heterocyclic in nature. The slight presence of
seeds in the samples can lead to an increase in the content of hydrocarbons in bio-oil [68].

A GC–MS analysis of the oil fraction from AR inflorescences was also carried out, as a
result of which the mass spectra of 80 organic substances were obtained (Figure 6). In total,
38.8% of the total composition of the liquid was identified.

Figure 6. Chemical composition of the oil fraction from inflorescences.

There were marked changes in the composition of the oil fraction obtained from in-
florescences relative to the composition of the oil fraction obtained from leaves. The main
mass fraction of all identified compounds here is represented by an oxygen-containing
group of substances (17%): alcohols (3.12%), ketones (3.94%), ethers (3.17%), and phenols
(6.77%). At the same time, the proportion of phenols increased markedly. The content
of aliphatic hydrocarbons decreased to 9.88%, mainly due to a decrease in the content
of paraffinic hydrocarbons to 4.84%. The fractions of hydrocarbons also changed: paraf-
finic (C16–C44) and olefinic (C14–C30), respectively. Cyclic hydrocarbons make up 3.44%.
Nitrogen-containing compounds account for 8.43%, of which less than half are heterocycles
(3.48%).

The chemical composition of the pyrolysis liquid from the AR stems is mainly relatively
simple and is represented by phenolic compounds (Figure 7). The data obtained are
consistent with [4]. Phenolic compounds in bio-oil are a typical conversion product of
lignocellulosic biomass, obtained mainly from the decomposition of lignin [69].
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Figure 7. Chemical composition of the oil fraction of the stems.

Mass spectra of 12 organic substances were obtained. Phenolic compounds from AR
stems have great potential to produce valuable chemical compounds.

3.5. Composition of Biochars

Biochar is a form of stable carbon and is a viable option for minimizing climate change
and carbon footprint reduction. The pyrolysis process significantly increases the carbon
content in the feedstock and converts it into stable aromatic compounds, increasing their
number and density. The main characteristics of biochars obtained from AR are presented
in Table 6. The highest amount of fixed carbon is found in samples from inflorescences, and
the lowest from leaves. The ash content of the studied biochars varies from 31.9 to 46.8%.
Leaves are characterized by the maximum ash content, and inflorescences are characterized
by the minimum. The higher calorific value naturally decreases with the growth of the
ash residue. The comparison of biochars obtained from inflorescences of AR weed and
cultivated plants [70] showed that they have a similar composition; they contain a lot of
calcium and potassium.

The study of the mineral part of biochar is a top priority when considering it as a fuel
for power plants. Since most of the chemical elements contained in the samples have high
melting and boiling points, after the pyrolysis process, they are concentrated in a solid
carbonaceous residue. In the case of intensive slag formation processes, there is a high
probability of not only unscheduled equipment shutdowns but also its failure due to the
accumulation of uncontrolled amounts or forms of deposits. To predict the slag-forming
and polluting properties of biochars, we determined the values of B/A, SR, and Fu.

The optimal value of B/A, at which the fuel will not be slagged, should be less than 0.6.
The value of this parameter indicates that the biochar ash of AR will be highly prone to
slagging. The slag viscosity index SR (>72) corresponds to a high viscosity and therefore a
low tendency to slagging. The optimal value of the fouling index Fu should be less than 0.6.
The parameters obtained indicate extreme slag formation in power equipment when using
AR biochars.
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Table 6. Results of the proximate analysis, oxide compositions of biochars, and slagging parameters.

Parameter Leaves Inflorescences Stems

VM, wt% 35.1 ± 0.6 19.7 ± 0.7 20.4 ± 0.6
Ash, wt% 46.8 ± 0.4 23.3 ± 0.5 31.9 ± 0.5
FC, wt% 18.1 ± 0.4 57.0 ± 0.6 47.7 ± 0.5

HHV, MJ/kg 11.5 23.0 19.8
CaO, wt% 49.9 27.9 22.6
K2O, wt% 27.6 51.1 64.2
MgO, wt% 8.3 3.34 3.6
P2O5, wt% 5.58 5.65 3.84
SO3, wt% 4.58 2.68 1.64
SiO2, wt% 2.51 4.21 0.54

Cl, wt% 0.75 3.89 3.11
Fe2O3, wt% 0.4 0.81 0.28
MnO, wt% 0.15 0.13 -

Br, wt% 0.08 0.02 0.01
SrO, wt% 0.08 - 0.02
ZnO, wt% 0.05 0.06 -
CuO, wt% 0.04 0.25 0.09

B/A 36.5 21.1 176
SR 4.11 11.6 1.99
Fu 1009 1076 11,291

A promising solution to the problem is the use of composite fuel from a mixture of
coal and biochar [71]. When using Krasnogorskiy coal (south of west Siberia) [72] in a
mixture with biochars, one can obtain high-quality fuel with optimal B/A and SR values
(Figure 8).

Figure 8. Composite fuel composition.

If biochar is planned to be used without mixing with high-quality fuel, then it is
advisable to use it as a soil additive. Adding biochar to the soil not only captures carbon,
but also reduces greenhouse gas emissions from the soil, is a promising option for managing
agricultural waste, increases soil resilience, reduces the need for fertilizers, and also has
a number of other environmental benefits [73]. Thus, the use of biochar promotes carbon
sequestration [74]. Mild conditions of thermochemical conversion (at temperatures below
600 ◦C) make it possible to avoid the melting of ash and retain nutrients in a form accessible
to microorganisms and plants [75]. The removal of biomass from the biocenosis should not
lead to the disruption of the biogeochemical cycle of substances, so it is advisable to use
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biochars as soil additives. This use of biochar can also improve soil fertility by increasing
its cation exchange and water retention capacity, as well as microbial activity [73,76,77].

A study [78] showed that biochar increased soil pH and improved its electrical con-
ductivity, aggregate stability, water retention, and micronutrient content. In this case, it is
necessary to take into account: soil type, seasonality, application rates, and characteristics
of cultivated crops. In the study [76], it was noted that, depending on the feedstock and
pyrolysis conditions, biochars have the most favorable effect on acidic and neutral soils.
The authors of [79,80] proved that the introduction of biochar is of great importance for
clay, sandy, and shale soils. The high content of calcium, potassium, magnesium, and
phosphorus suggests that AR-derived biochars can not only improve soil structure, but
also provide plants with essential nutrients. Thus, AR weed has a promising potential as a
raw material for the production of soil additives.

4. Conclusions and Future Perspectives

In this study, an analysis was made of the possibilities of the thermal utilization of the
aboveground biomass of the AR weed plant. The results of the proximate and ultimate
analysis confirm the potential use of the studied samples in thermochemical conversion
processes. TGA showed that the thermal decomposition of the studied AR biomass is
similar to the process of pyrolysis of lignocellulosic materials and proceeds in three main
stages, which are characterized by the processes of drying, release of volatile components,
and carbonation. As a result of the study of the pyrolysis process in a laboratory setting
at a temperature of 550 ◦C, three products were obtained: gas, bio-oil, and biochar. The
composition of pyrolysis products is dominated by bio-oil or pyrolysis liquid, which
is associated with the rich chemical composition of AR biomass. The main part of the
oil fraction of AR leaves is aliphatic hydrocarbons (15.5%). The pyrolysis liquid from
the inflorescences is represented by oxygen-containing compounds (17%). The chemical
composition of the liquid product from AR stems is relatively simple and mainly by
phenolic compounds. The results obtained allow us to conclude that the oil fractions of
the pyrolysis liquid of AR parts can be used both as a fuel and as a source of valuable
chemicals. An analysis of the characteristics and microelement composition of biochars
showed that they can be used to produce composite fuel, for example, mixed with coal. It
should be noted that all obtained biochars have a high potential as a raw material for the
production of soil additives. The results of the study made it possible to study in detail
the potential of using AR from its aboveground biomass to produce new liquid and solid
products with high added value.

Author Contributions: Conceptualization, J.K.; methodology, J.K.; software, S.T. and V.P.; validation,
V.B. and V.P.; formal analysis, O.S. and E.L.; investigation, S.T., M.G., M.S., O.S., and E.L.; resources,
J.K., V.B., and V.P.; data curation, J.K., S.T., V.B., and V.P.; writing—original draft preparation, S.T.,
M.S., O.S., and E.L.; writing—review and editing, J.K. and V.B.; visualization, S.T; supervision, V.B.
and V.P.; project administration, J.K.; funding acquisition, V.B. and V.P.; All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

293



Agriculture 2023, 13, 687

Nomenclature

List of abbreviations and symbols
Letters of the Latin alphabet
C carbon atom
H hydrogen atom
C-H hydrocarbons
Abbreviations
AR Amaranthus retroflexus
ASTM American Society for Testing and Materials
B/A basic-acid ratio
C carbon content (wt%)
◦C degree Celsius
DTG differential thermogravimetric
FC fixed carbon (wt%)
Fu fouling index
g gram
GC–MS Gas chromatography—mass spectrometry
H hydrogen content (wt%)
HHV higher heating value (MJ/kg)
k coverage factor
kV kilovolt
m weight (g)
m meter
mg milligram
MJ/kg megajoule per kilogram
mL/min milliliter/minute
mm millimeter
n number of repeated measurements
N nitrogen content (wt%)
O oxygen content (wt%)
r given allowable relative discrepancy
s second
S sulfur content
SR slag viscosity index
TG thermogravimetric
VM volatile matter (wt%)
W watt
μm micrometer
u uncertainty
Greek symbols
Δ limit of weighing error
Superscripts and subscripts
AR Amaranthus retroflexus
i sequence number of the experiment
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Abstract: To solve the problems of congestion and increased power consumption of wheat combine
harvesters (WCHs) caused by excessive feed rate, this paper proposes a method to reduce the feed
rate by decreasing the feed length of the stalk and designs a double-cutterbar combine header (DCH).
Using the threshing test bench and taking the feed rate, the feed length of the stalk, and the speed
of the tangential threshing rotor as the influencing factors and the conveying time as the index,
the influence of different parameters on the conveying performance was analyzed. The optimal
parameters were obtained: the feed rate was 8 kg/s, the feed length of the stalk was 380 mm, the
speed of the cutting drum was 554 r/min, and the conveying time was 8.089 s. The optimized
parameter combination was tested and verified, and the test results show that the relative error with
the predicted value was 0.198%, proving the reliability of the optimized parameters. The critical
components of the DCH were designed, the movement process of the profiling mechanism was
simulated using ADAMS software, and the structural dimensions of the profiling mechanism were
determined. The field performance test of the WCH with a DCH was carried out. The results showed
that the loss rate and stubble height met the operation quality requirements. At the same operation
speed, the fuel consumption was 11.2% less than that of the WCH with a conventional header,
providing a technical reference for the efficient harvest of the WCHs.

Keywords: WCH; DCH; feed length of the stalk; conveying performance; fuel consumption

1. Introduction

When harvesting, the feed rate of WCHs constantly changes due to factors including
header height, harvesting speed, crop moisture content, and density [1–4]. Farmers have
recently used plant growth regulators in the wheat plantation process to improve wheat
yield, which leads to the high moisture content of wheat stalks during harvest. Compared
with the low moisture content of wheat stalks, the feed rate of the WCHs will increase at the
same harvest speed, which further increases the workload imposed on the operating parts
of the WCHs and even causes blockages. Methods such as elevating the header or reducing
the cutting width and operating speed of WCHs are usually adopted to adjust the feed rate
to avoid blockages. However, elevating the header will increase the stubble height, which
affects the operation quality and is not conducive to subsequent crop planting [5]. At the
same time, reducing the cutting width and operating speed will reduce the operational
efficiency and increase the harvest loss [6].

As an essential part of the WCH, the header significantly impacts the harvest quality [7].
Most WCHs in China use rigid screw conveyor headers and a mechanical transmission
system. Large-scale WCHs in other countries mostly use flexible transmission belt head-
ers with high intelligence. Many scholars have also researched the automatic control of
header operation parameters in recent years. Through automatic adjustment of header
height [8–14], reel height and rotation speed [15–17], and screw conveyor clearance [18],
problems such as combined harvester congestion and increased harvest loss caused by
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changes in feed rate can be mitigated. Still, it is only partially suitable for China’s wheat
harvest operation. In their research on the structure of the combine header, Li et al. [19]
optimized the structure parameters of the header frame. Xie et al. [20] designed a belt con-
veyor header for the soybean combine harvester to solve the problems of uneven feeding
and congestion. Zhang et al. [21] designed a double crank plane five-bar reel mechanism to
solve issues such as easy winding and hanging straws of the reel. Qing et al. [7] designed
a reel with improved tine trajectory for harvesting oilseed rape to reduce harvest loss.
Van et al. [22] designed a screw conveyor based on a cam mechanism for retracting the
fingers to solve the problem of a dead zone between the screw conveyor and inclined
conveyor and to improve conveying performance.

The factor limiting the performance of the combine harvester is its ability to handle
a large amount of stalk and separate the grain from it. To reduce the number of stalks
entering the combine harvester, Shelbourne Company designed the stripper header, which
only combs the grains off the stalks and feeds them into the combine harvester, which
can effectively reduce the feed rate but results in a high harvest loss [23,24]. Wang [25]
once proposed to feed only the head of grain into the combine harvester and designed a
secondary cutting and directional conveying device. The test results show that reducing the
feed length can effectively reduce power consumption and improve operation efficiency,
but its adaptability could be better. Dai et al. [26] designed a plot wheat seed harvester,
which realized the harvest of wheat spike and effectively reduced the load of the threshing
and cleaning system. The above research shows that harvesting only the upper part of the
wheat plant is feasible. This paper proposes a method to reduce the feed rate by reducing
the feed length of the wheat stalk and determines the optimal feed length of the wheat stalk
through bench tests. The DCH of the WCH is designed to solve the problems of congestion
and increased power consumption.

2. Materials and Methods

2.1. Structure and Working Principles of the DCH

A DCH was designed based on the horizontal screw conveyor header of WCHs, which
has two layers of cutterbars, as shown in Figure 1a. The DCH is mainly composed of
the frame, a reel, a screw conveyor, upper cutterbars, lower cutterbars, wobble boxes, a
profiling mechanism, and a transmission system. Among them, the profiling mechanism
consists of a fixed beam, support arms, a height-limiting connecting rod, a swing block,
and the ground wheel of the upper cutter. The swing block, support arm, and connecting
rod installed with a height-limiting block form a crank rocker mechanism, as shown in
Figure 1b. The fixed beam is welded to the support arms on both sides, and the upper
cutter and ground wheel are installed on the fixed beam. In the case of uneven terrain, the
profiling mechanism can enable the lower cutterbars to fluctuate with the change in wheat
field terrain, which ensures consistency of cutting height and protects the cutterbars from
damage to some extent.

Before an operation, a hydraulic height adjustment handle on the DCH is used to
lower the header. In lowering the header, the ground wheel is the first to come into
contact with the ground. The height of the lower cutterbars no longer undergoes significant
fluctuation, while the upper cutterbars continue to descend to the set height. A schematic
representation of the DCH in service is shown in Figure 2. The plant height of wheat is L1;
the upper cutterbars first cut the upper part of the wheat stalks, which can then be pulled
into the screw conveyor under the effect of the reel. The cut part with a stalk length of L2
is fed into the combine harvester; the middle part of the wheat stalks can be cut by the
lower cutterbars and then scattered across the field. The length of the central part of wheat
stalks is L3. The uncut part of the wheat stalks remains on the ground, forming stubble
with a height of h. The fixed scale of the oil cylinder on the DCH can be adjusted to tune
the length of stalks cut by the upper cutterbars to adapt to harvesting wheat plants with
different heights.
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(a) (b) 

Figure 1. Structure of the DCH. (a) Three-dimensional structural diagram of the DCH; (b) Structural
diagram of the profiling mechanism. 1. Reel; 2. Screw conveyor; 3. Frame; 4. Inclined conveyor;
5. Height-limiting connecting rod; 6. Swing block; 7. Ground wheel; 8. Lower cutterbar; 9. Fixed
beam; 10. Wobble box of the lower cutterbars; 11. Belt expansion device; 12. Support arm; 13. Wobble
box of the upper cutterbars; 14. Upper cutterbar.
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Figure 2. Operation diagram of the DCH.

2.2. Conveying Performance Bench Test

When using the DCHs to harvest wheat, the length of the wheat stalk cut by the
header and fed into the combine does not match the working parameters of the relevant
DCH parts, which adversely affects the conveying performance. Therefore, to reduce the
probability of congestion, a test was carried out on the threshing test bench to determine the
best stalk feed length and working parameters by exploring the influence of the parameters
of WCHs on the conveying performance, which can provide the basis for the structural
design of the DCH.

2.2.1. Test Equipment

The structure of the threshing test bench consists of a frame, a longitudinal axial flow
threshing and separating device, a tangential flow threshing and separating device, an
inclined conveyor, a screw conveyor, a material conveying platform, and a grain collecting
box, as shown in Figure 3. The tangential flow threshing and separating device, inclined
conveyor, and screw conveyor bring wheat stalks into the longitudinal axial flow threshing
and separating device. In contrast, the tangential flow threshing and separating device
completes some of the threshing tasks. Moreover, a 37 kW three-phase asynchronous motor
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and its supporting frequency converter are used simultaneously to drive the tangential
flow threshing rotor, the inclined conveyor, and the screw conveyor and adjust their speeds.
The longitudinal axial flow threshing rotor imposes a significant workload; a 75 kW three-
phase asynchronous motor and its supporting frequency converter are exclusively used for
driving the threshing rotor, for which the angular velocity is also adjusted. The material
conveying platform is 10 m long and feeds wheat stalks into the harvester. The frequency
converter is used to adjust the rotational speed of the asynchronous motor to change the
conveying velocity, thereby controlling the feed rate.

 
Figure 3. Structural view of the threshing test bench. 1. Frame; 2. Longitudinal axial flow thresh-
ing and separating device; 3. Tangential flow threshing and separating device; 4. Material con-
veying platform; 5. Inclined conveyor; 6. Screw conveyor; 7. Motor; 8. Grain collection boxes;
9. Frequency converter.

2.2.2. Experimental Materials and Methods

The test wheat cultivar was Zhoumai 32, and its average plant height was 743 mm.
The test used manually harvested wheat and a cutting height of 50 to 80 mm. The grain
moisture content was identified as 14.2%.

Combining this with the requirements of Equipment for harvesting—Combine harvesters
—Test Procedure (GB /T 8097-2008), conveying time was taken as the testing indicator for the
performance of conveying. The conveying time refers to when the wheat is first conveyed by
the conveying platform to the screw conveyor, then passes through the inclined conveyor and
the tangential flow threshing rotor, and finally arrives at the longitudinal axial flow threshing
rotor. An observation window is set on the side sealing plate of the tangential threshing device,
and the NORPIX FR-1000 high-speed digital camera is used to photograph the movement of
materials in the transition area of the tangential axial threshing device, as shown in Figure 4.
In the test, the acquisition frame rate of the high-speed digital camera was set to 200 frames
per second, and the image recording began when turning on the conveying platform. The
time taken for the material conveying platform to deliver the wheat to the screw conveyor
is t1. After the tests ended, Image-Pro Premier image analysis software was used to analyze
the collected images. To avoid a small number of stalks remaining in the header frame and
inclined conveyor during the later stage of material conveying from affecting the judgment of
the end time, based on less than or equal to five stalks in five consecutive frames of images,
the time corresponding to the first frame of the image was selected as the end time t2 [27], as
shown in Figure 5. The results of the experiments have shown that the number of images with
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less than or equal to five stalks in succession is less than 10 frames, so the error in judging the
conveying time of high-speed photographic images is less than 0.05 s. The conveying time t is:

t = t2 − t1 (1)

 

Figure 4. Conveying performance experiment site. 1. Observation window; 2. High-speed digital
camera; 3. Light source; 4. Computer.

    
(a) (b) (c) 

Figure 5. Conveying time collection. (a) Image at the beginning of the experiment; (b) Image during
the stalk conveying; (c) Image at the end of the stalk conveying.

Three factors and three levels of the Box–Behnken response surface analysis methods
were used in the test [28]. The test factors, such as feed rate, feed length of stalk, and
speed of the tangential threshing rotor, were expressed as A, B, and C, respectively, and the
conveying time was the test indicator, which was expressed as Y. The coding table of test
factors is shown in Table 1.

Table 1. Codes of experiment factors.

Codes

Factors

Feed Rate A (kg/s)
Feed Length of
Stalk B (mm)

Speed of the Tangential
Threshing Rotor C (r/min)

−1 8 300 500
0 9 450 550
1 10 600 600

Adjust the speed of the axial threshing rotor to 900 r/min and the speed of the
conveying bench to 1 m/s. Cut the harvested wheat stalks and keep the upper part of the
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stalks at 300 mm, 450 mm, and 600 mm, respectively. Weigh the materials with different
lengths of 24 kg, 27 kg, and 30 kg by an electronic scale and lay them evenly on the rear
3 m conveying platform with the wheat ears toward the threshing test bench to achieve
feeding speeds of 8 kg/s, 9 kg/s, and 10 kg/s.

2.3. Design of Critical Components of the DCH
2.3.1. Reel

A reel is installed at the front of the DCH, which picks up and conveys wheat stalks
into the cutting device. In this process, the reel also supports the wheat stalks being cut.
The reel can help the cutting device fulfill the cutting operation while pushing harvested
wheat stalks into the screw conveyor to avoid cut stalks piling up at the front of the header.
As a cam-action reel exerts a strong stalk-lifting force and has a small impact on cropped
ear-heads, they are primarily used in rice and WCHs. The structure consists of central
spoke wheels, a central rotatable shaft, tine bars, tines, an eccentric spoke wheel, and cranks,
as shown in Figure 6. The eccentric spoke wheel, cranks, and central spoke wheel constitute
a parallel four-bar linkage mechanism that allows the tines to maintain a well-adjusted dip
angle. The diameter of the reel D1 is 1000 mm, and the eccentricity of an eccentric spoke
wheel and central spoke wheel e1 is 72 mm.

 

e

D

Figure 6. Structural diagram of a cam-action reel. 1. Central spoke wheels; 2. Central rotatable shaft;
3. Tine bar; 4. Tine; 5. Crank; 6. Eccentric spoke wheel.

2.3.2. Screw Conveyor

The structure of the screw conveyor is composed of a cylinder welded with left- and
right-handed spiral blades and retractable fingers (Figure 7). The retractable fingers are
installed at the screw cylinder, and 16 retractable fingers (with four retractable fingers
in each group) are hinged abreast on the retractable finger shaft. The retractable fingers
are riveted to a crank and a fixed shaft. The eccentric distance between the center of the
retractable fingers and the screw cylinder is e2. To avoid the winding of wheat stalks, the
perimeter of the screw cylinder must be larger than the length of wheat stalks that have
entered the DCH [29]. Generally, the diameter D2 of the screw cylinder is 300 mm. To
improve the conveying performance of the spiral conveyor on short wheat stalks, the outer
diameter of the spiral blades D3 is 500 mm, and the screw pitch S is 460 mm.

The screw cylinder, when rotating, drives the retractable fingers to also rotate. As the
screw cylinder and retractable fingers are not concentric, the retractable fingers undergo
telescopic motion relative to the screw cylinder surface. When the retractable fingers
turn back, they should retract into the screw cylinder, but their protrusion of 10 mm
remaining outside the screw cylinder should be ensured to avoid the wear-out of the ends
of the retractable fingers. When the retractable fingers turn forward, they should stretch
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to 40–50 mm outside the spiral blades within the screw cylinder in a bid to ensure their
clamping capability [30]. Thus, we obtain,

e2 =
D3 − D2

4
+ (15 ∼ 20) (2)

L =
D2

2
+ 10 + e2 (3)

where e2 is set to 70 mm and the length of retractable fingers L is 280 mm.

 

(a) (b) 

e

L

L

D

D

Figure 7. Structural diagram of a screw conveyor. (a) Overall structure; (b) Schematic diagram of
retractable fingers. 1. Fixed central axis; 2. Screw cylinder; 3. Spiral blade; 4. Crank; 5. Sleeve;
6. Finger seat; 7. Finger; 8. Finger shaft; 9. Conveyor driving shaft.

2.3.3. Parameters of the Header Triangle

The triangle of the header refers to a particular space composed of three main working
parts: a reel, a cutterbar, and a screw conveyor, as shown in Figure 8. Compared with
the conventional header, the wheat stalks cut and transported by the DCH are short in
length. The triangle is too large, so the crops quickly accumulate between the cutter and
the screw conveyor. When the crop is stacked to a certain amount, it will be grabbed by
the blades of the screw conveyor, resulting in uneven transportation, feeding, and even
blocking; if the triangle area is too small, the harvest loss will increase. The vertical distance
H1 between the central rotatable shaft of the reel and the upper cutterbar, the horizontal
distance L4 between the screw conveyor center and the upper cutterbar beam, and the
forward displacement b of the central rotatable shaft (taking the central rotatable shaft
directly above the upper cutterbar as the central position) affect the size of the triangle.
L4 is usually 350–500 mm. We selected L4 as 450 mm. To make the reel tine shaft have a
backward horizontal speed above the cutter, the maximum forward displacement of the
reel main shaft bmax is [30]:

bmax =
D1

2λ
√

λ2 − 1
(4)

In Formula (4), λ is the ratio of the circumferential speed of the reel to the operating
speed of the combine harvester, which is generally 1.5–1.7 [30]. Taking λ as 1.5, the bmax is
298 mm. The reel can move back correctly to increase its ability to push the stalk, but the
distance from the screw conveyor when the reel is adjusted to the final position δ1 should
be greater than 25 mm.
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Figure 8. Diagrammatic sketch of a header triangle. 1. Reel; 2. Screw conveyor; 3. Header triangle;
4. Cutterbar.

Combined with the best straw feed length determined by the bench test, the minimum
height of H1 is 753 mm, calculated according to Formula (5) [30].

H1 ≥ D1

2
+

2(L1 − L3 − h)
3

=
D1

2
+

2L2

3
(5)

2.3.4. Profiling Mechanism of the Lower Cutterbar

As shown in Figure 1, the support arm, height-limiting connecting rod, swing block,
and ground wheels of the profiling mechanism for the lower cutterbar constitute the swing
block of the crank. When harvesting, the greater the distance between the upper cutterbar
and the ground of the wheat field, the larger the length of the height-limiting connecting
rod. However, due to the influences of the DCH’s structure and transmission system, the
height-limiting connecting rod should be a suitable length.

Statistics indicate that the average plant height of the main wheat varieties in Henan
Province, China, is 775 mm. The maximum distance between the ground and upper
cutterbar is preliminarily determined to be 400 mm to meet the optimum feed length of
stalks. Meanwhile, the lower cutterbar can fluctuate by up to 50 mm with the ground height.
The LBA was determined using ADAMS software to simulate and study two processes:
(1) the motions of the components with the DCH descending and (2) their motions with
a change in ground height during harvest. Create a ground with 50 mm bumps and
depressions using 3D software, assemble it with a simplified model of the DCH according
to actual working conditions, import the model into ADAMS software, merge the upper
cutterbars, header frame, and inclined conveyor frame, merge the lower cutterbars and
fixed beam, and add motion constraints to the moving parts. During the simulation of
header descent, the motion constraints are shown in Table 2. Establish a height sensor
between the upper cutterbars and the ground to stop the header from descending after
the upper cutterbars reach the set height. The simulation model is shown in Figure 9.
During the harvesting simulation, adjust the model to make the ground wheel contact the
ground; change constraint 1 in Table 2 to a translational joint; and add a driver to achieve
the DCH movement.

Table 2. Motion constraints.

NO. Components Type of Motion Constraint

1 Inclined conveyor—ground Revolute joint
2 Header fame—support arm Revolute joint
3 Header fame—swing block Revolute joint
4 Support arm—height limiting connecting rod Revolute joint
5 Height limiting connecting rod—swing block Translational joint
6 Support arm—Fixed beam Fixed joint
7 Fixed beam—ground wheel Revolve joint
8 Height-limiting block—swing block Contact force
9 Ground—ground wheel Contact force
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Figure 9. Simulation model.

2.3.5. Transmission System

The transmission system of DCH is shown in Figure 10. The power of the engine is
transmitted to the DCH through the belt and chain drive. Then the driving shaft of the
DCH can transfer power through the belt drive transmission to the wobble box of the
upper cutterbars. The wobble boxes of the upper and lower cutterbars can transfer power
through the belt drive transmission to power both the upper and lower movable cutters.
Meanwhile, the driving shaft of the DCH drives the rotation of the screw conveyor by way
of a chain drive transmission. The transmission occurs between the driving shaft and the
reel to drive the rotation of the reel through the chain and belt drive transmission. The
transmission ratio is shown in Table 3.

 

Figure 10. Schematic diagram of the DCH transmission system. 1. Wobble box of the lower cutterbars;
2. Reel; 3. Intermediate shaft of the reel; 4. Screw conveyor; 5. Driving shaft; 6. Wobble box of the
upper cutterbars.

Table 3. Transmission ratio of the DCH.

No. Components Transmission Ratio

1 Driving shaft—Screw conveyor—Intermediate
shaft of the reel 13:35:56

2 Intermediate shaft of the reel—Reel 20:(5~9)
3 Driving shaft—Wobbler of the lower cutterbars 1:1

4 Wobble box of the lower cutterbars—Wobble box
of the upper cutterbars 1:1

2.4. Field Experiment
2.4.1. Experimental Arrangement

On 30 May 2022, Xinjiang-9B type WCHs equipped with the newly designed DCH and
conventional header were subjected to in-situ operating tests in Xingyang, Henan Province,
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China. Field surveys were made according to the requirements of relevant standards. The
wheat cultivar was Zhoumai 32, with an average plant height of 743 mm and a grain
moisture content of 14.5%. The ratio of stalk to grain was 1.18, and testing conditions met
the requirements [31]. The suitable field plot should satisfy the criteria, including that
the measured zone should be 50 m long, there must be a stable zone 20 m in front of the
measured zone, and a harvester parking site no less than 15 m behind the measured zone;
the stubble height is 100 to 120 mm [32]. In the experiment, the combine harvesters worked
along the lengthwise direction of field plots at a speed of 5 km/h.

2.4.2. Data Collection and Processing

A 1 m2 sampling zone was selected in the representative zone along the advancing
direction of the combine harvesters at each sampling site. In the sampling zones, all
grains and ear-heads were collected; thereafter, once threshed and cleaned, they were
weighed. Based on Equations (6) and (7), the harvesting loss rates were calculated, respec-
tively, and then the average value of the harvest loss rates in the five sampling zones was
determined [33].

Fj =
Wsh − Wz

Wch
× 100 (6)

F =
∑ Fj

5
(7)

where Fj is the loss rate of the sampling point, %; Wsh is the mass of grain loss per square
meter, g/m2; Wz is the mass of grains naturally falling per square meter, g/m2; Wch is the
mass of grain per square meter, g/m2; and F is the average harvest loss rate, %.

The stubble height was measured using the five-point sampling method applied in the
experimental field. The stubble heights of three subpoints were determined by measuring
at the left, middle, and right sides of the horizontal direction of the harvesting range in
each point. The average value of the three subpoints was taken as the stubble height at that
point, taking the mean average value of the five points.

Before each experiment, the same amount of diesel oil was added to the fuel tank. After
completing the test, the diesel oil remaining in the fuel tank was discharged and weighed.
According to Equation (8), the fuel consumption per unit area Q could be calculated. Two
groups of tests were repeated three times before taking the mean average value.

Q = 10, 000 × q1 − q2

B × L4
(8)

In the formula, q1 is the weight of fuel in the fuel tank before a test, kg; q2 is the weight
of fuel in the fuel tank at the end of a test, kg; B is the cutting width of the WCH, m; and L4
is the length of the measured zone, m.

3. Results and Discussion

3.1. Conveying Performance Test Analysis
3.1.1. Regression Analysis

The experimental results are shown in Table 4. Using Design-Expert 8.0.6 software to
regress and fit the experimental results, we obtained the regression mathematical model of
conveying time Y:

Y = 0.212A2 + 5.463 × 10−6B2 + 1.057 × 10−4C2 + 6.25 × 10−4 AB − 1.65 × 10−3 AC
−1.75 × 10−5BC − 2.181A + 9.5 × 10−4B − 0.0983C + 41.932

(9)

The determination coefficient R2 of the regression equation was 0.998, indicating a
high degree of fitting; the regression model was analyzed by variance, and the results are
shown in Table 5. It can be observed that the model had a value of p < 0.0001, indicating
that the regression equation is significant and can describe the relationship between each
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factor and response value; the lack of fit wasp = 0.1882 > 0.05, showing that the residual
item is not significant, and there are no other main factors affecting the results, so the
regression model was established. p < 0.01 was set for A, B, C, BC, A2,B2, and C2, which
have a very significant effect on the results; p < 0.05 was set for AB and AC, indicating that
they have a significant effect on the results; and p > 0.05 was set for factors and interaction
terms, which have no significant effect on the results. The order of significance of each
factor on the screening efficiency, from large to small, was feed rate, feed length of the stalk,
and speed of the tangential threshing rotor.

Table 4. Results of the conveying performance test.

No.

Factors

Conveying
Time Y (s)Feed Rate A

(kg/s)
Feed Length of
Stalk B (mm)

Speed of the Tangential
Threshing Rotor C

(r/min)

1 −1 0 −1 8.53
2 1 0 −1 10.735
3 0 −1 −1 9.17
4 1 0 1 10.15
5 1 −1 0 9.91
6 1 1 0 10.625
7 0 0 0 8.975
8 0 0 0 8.945
9 −1 1 0 8.465

10 0 1 1 9.235
11 −1 −1 0 8.125
12 −1 0 1 8.275
13 0 1 −1 10.025
14 0 −1 1 8.905
15 0 0 0 8.92

Table 5. Variance analysis of the conveying time.

Source Sum of Squares df F Value p-Value

Model 9.68 9 426.24 <0.0001 **
A 8.05 1 3444.5 <0.0001 **
B 0.63 1 268.37 <0.0001 **
C 0.45 1 192.07 <0.0001 **

AB 0.035 1 15.04 0.0117 *
BC 0.027 1 11.65 0.0190 *
AC 0.069 1 29.48 0.0029 **
A2 0.17 1 70.78 0.0001 **
B2 0.056 1 23.87 0.0045 **
C2 0.26 1 110.25 0.0001 **

Residual 0.012 5

4.47 0.1882
Lack of Fit 0.010 3
Pure Error 1.517 × 10−3 2
Cor Total 8.99 14

Note: p < 0.01 (extremely significant, **); p < 0.05 (significant, *).

According to the regression equation, the influence of the interaction of factors on the
results is shown in Figure 11. When the speed of the tangential threshing rotor is low, the
conveying time decreases with the shorter feed length of the stalk. The shorter the length of
the stalk, the better the passing performance in the transition area between the tangential
threshing rotor and the longitudinal axial flow rotor, and the shorter the conveying time.
When the speed of the tangential threshing rotor is high, the conveying time decreases first
and then increases with the shortening of the feed length of the stalk. The conveying time
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decreases first and then increases with the increasing speed of the tangential threshing.
This is because the conveying capacity increases when the rotating speed of the cutting
drum increases; if the speed of the tangential threshing rotor is too high, the stalks are not
fed in time by the axial threshing rotor, and there is congestion in the transition between the
axial flow rotor and the tangential threshing rotor, causing the conveying time to increase.

 

Figure 11. Effect of the interaction of factors on the conveying time.

3.1.2. Parameter Optimization and Verification

In order to achieve better material-conveying performance, the optimization module
was used to optimize the regression model and set the solution target as the minimum
response value [34]. The optimal parameter combination was obtained as follows: feed
rate 8.06 kg/s, feed length of the stalk 377.19 mm, speed of the tangential threshing
rotor 553.84 r/min. The optimal parameter combination was rounded as follows: feed
rate of 8 kg/s, feed length of the stalk 380 mm, speed of the tangential threshing rotor
554 r/min, and conveying time 8.089 s. The optimized parameter combination was tested
and verified. The average value of the five tests was taken, the conveying time was 8.105 s,
and the relative error with the predicted value was 0.198%, verifying the reliability of the
optimized parameters.

3.2. Simulation Analysis of the Profiling Mechanism of the Lower Cutterbar

The changes in the upper and lower cutterbars, as well as the varying LBA while the
DCH descended, are displayed in Figure 12. At the beginning of the simulation, under
the effect of gravity, the height-limiting block and the swing block make contact with each
other; no relative sliding occurs between the height-limiting connecting rod and the swing
block; and the lower and upper cutterbars descend simultaneously. The simulation time
is 0.185 s. In the profiling mechanism, the ground wheel makes contact with the ground,
the height of the lower cutterbars no longer shows a large range of change, and the header
continues to descend. Meanwhile, due to the supporting effect of the ground surface on the
ground wheel, the height-limiting connecting rod begins to move upwards along the swing
block, and the height of the lower cutterbars slowly drops, accompanied by a decrease in
LBA; the simulation ends when the height of the upper cutterbars reaches 400 mm. In this
case, the upper and lower cutterbars no longer change positions. The height of the lower
cutterbars is 100 mm, and LBA is decreased from 328.6 mm to 280.2 mm.
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(a) (b) 

Figure 12. Motions of the components with the DCH descending. (a) Height change of the upper
and lower cutterbars; (b) Length change of the LBA.

In the simulation of the motion of components with the change in ground heights
during harvesting, the changes in upper cutterbars and lower cutterbars, as well as varying
LBA, are displayed in Figure 13. The height of the upper cutterbars is kept unchanged,
while the height of the lower cutterbars, when a hump is encountered on the ground wheel,
increases and decreases in the case of a concave ground profile, finally realizing the function
of the profiling mechanism. According to Figure 13b, in this process, LBA is shown to change
within the range of 254.7 mm to 322.1 mm. By combining the change in LBA during the
descent of the header with the dimensions of the swing block and height-limiting block,
the length of the height-limiting connecting rod of the profiling mechanism is found to be
365 mm.

  
(a) (b) 

Figure 13. Motions of the components during harvesting. (a) Height change of the upper and lower
cutterbars; (b) Length change of the LBA.

3.3. Field Experiment Analysis

As shown in Figure 14, the loss rate of using the conventional header wheat combine
is 0.97%, and the loss rate of using the DCH is 1.05%, but less than 1.2%, which conforms to
the relevant national operation quality requirements. The feed rate is reduced for the DCH,
and the operating parameters of the threshing and separation device and the cleaning
device do not match, increasing the loss rate. Therefore, in the follow-up study, it is also
necessary to research the impact of the change in the feed length of the stalk on threshing
separation and cleaning performance.

As shown in Table 6, the stubble height of the DCH is 11.02 cm, lower than the
stubble height of the conventional header, and it meets the relevant operation quality
requirements. The variation coefficient of the stubble height of the DCH is higher than
that of the conventional header, indicating that the consistency of the stubble height of the
DCH is lower than that of the conventional header. The main reason is that after the upper
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cutterbars of the DCH cut the upper stalks, the remaining stalks are tilted by the thrust of
the header plate before being cut, resulting in uneven cutting after the lower cutterbars cut.

 

Figure 14. Harvesting loss rate of the WCH using different headers.

Table 6. Measurement results of the stubble height.

Type of Header Stubble Height(cm) Coefficient of Variation (%)

DCH 11.02 3.17
Conventional header 11.44 1.81

As shown in Figure 15, under the same operating speed, the fuel consumption per
unit area of the WCH with a conventional header is 33.9 kg/hm2, and the fuel consumption
per unit area of the WCH with a DCH is 30.1 kg/hm2, which reduces the fuel consumption
by 11.2%. Compared with the conventional header, the DCH has two layers of cutterbars,
and the power consumption of the header is increased. However, at the same operating
speed, the length of the stalk fed into the combine becomes shorter, the feed rate decreases,
and the power consumption of the conveying, threshing, and cleaning systems decreases,
thus reducing the fuel consumption per unit area.

 

Figure 15. Fuel consumption per unit area of the WCH using different headers.

4. Conclusions

(1) In this paper, a DCH was designed that can only cut the upper part of the wheat plant
into the WCH. By reducing the feed length of the stalk, the problems of the wheat
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combine, such as congestion and high power consumption, are solved, providing a
technical reference for the efficient harvest of the wheat combine.

(2) The effects of feed rate, feed length of the stalk, and speed of the tangential threshing
rotor on conveying time were studied using a threshing test bench and optimized
to obtain the optimal parameter combination of the test factors: the feed rate was 8
kg/s, the feed length of the stalk was 380 mm, the speed of the tangential threshing
rotor was 554 r/min, and the conveying time was 8.089 s. The optimized parameter
combination was tested and verified, and the test results show that the relative error
with the predicted value was 0.198%, proving the optimized parameters’ reliability.

(3) Combined with the best feed length of the stalk determined by the bench test, the
critical components of the DCH were designed. The movement process of the profiling
mechanism was simulated using ADAMS software, which verifies the correctness
of the structural design, and the length of the height-limiting connecting rod was
determined to be 365 mm.

(4) The field performance experiment of the DCH of the WCH was carried out, and the
average harvest loss rate was 1.05% and the average stubble height was 11.02 cm,
which all met the relevant operation quality requirements; at the same operating
speed, the fuel consumption was 11.2% less than that of the combine harvester with a
conventional header.
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Abstract: Due to the emerging danger to the life of animals and people, today there is a turn to safe
technologies for controlling weeds by physical methods, both from the point of view of ecology and
food safety, which include the destruction of plants using an electric current, in particular, high-
voltage electrical pulses. The purpose of the study presented in the article is to identify and evaluate
the effect of high-voltage electrical pulses on the irreversible damage to the intracellular structures of
the plant tissue of weeds and unwanted grasses during their electric weed control, characterizing
and evaluating the parameters and modes associated with such processing. Experimental studies
were carried out using a laboratory experimental setup that consists of a pulse voltage generator, a
control circuit for a spherical forming spark gap, and schemes for measuring the electrical resistance
of the plant tissue of the weed sample. The lesion level made it possible to control the depth of
irreversible damage to the internal structure of the plant tissue of weeds by measuring its tolerance
(the conductivity of the tissue increased with increasing damage to the cellular components of the
tissue).The irreversible damage to the plant tissues of weeds for weeds of various biological groups,
which is characterized by reaching the value of at least 4.0–7.5 degrees of damage to their tissues,
can be acted on them with high-voltage electrical pulses in the treated tissue of an electric field
intensity of at least 3.74 kV/cm, while ensuring specific processing electric energy for the reliable
processing of weeds: for Euphórbia virgáta, thise quals 5.2. . . 17.5 J/cm3; for Amaránthus retrofléxus, it is
3.5. . . 7.7 J/cm3; for Cirsium arvense, it is 2.7. . . 10.9 J/cm3;for Sónchus arvénsis, it is 3.7. . . 15.8 J/cm3;
and for Lactúca tatárica, it is 3.3. . . 8.1 J/cm3.

Keywords: high-voltage electrical pulse; processing; plant tissue; irreversible damage; intracellular
structure

1. Introduction

According to the Food and Agriculture Organization of the United Nations (FAO),
potential crop losses are 13.8% from pests, 11.6% from diseases, and 9.5% from weeds.
Every year, weeds cause great damage to the yield and quality of agricultural crops, so the
average percentage of crop losses in different countries is estimated over the past decade:
for spring wheat, it ranges from 7.9% to 47.0%; for winter wheat it ranges from 2.9% to
34.4%; and the average global loss of total production of corn is about 37%, of peanuts it is
36%, of soybeans it is 31%, etc. [1,2].Currently, serious attention is being paid to reducing
environmentally unsafe impacts in the crop industry of the agrarian sector, especially when
growing organic products. One of the main technological operations in agriculture is weed
control, which is implemented mainly through the use of artificially synthesized herbicides.
The most popular herbicide in the world today is glyphosate. In 2015, the International
Agency for Research on Cancer (IARC) stated that glyphosate is the active chemical in
“Roundup” and is “probably carcinogenic”. Food and Agriculture Organization of the
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United Nations (FAO), the European Chemicals Agency, and the European Food Safety
Authority (EFSA) concluded that it is “unlikely to pose a carcinogenic risk” to humans
when eating foods grown with it [3]. In 2022, the European Union considered a possible
phasing out of the use of designated glyphosate pesticides. That is why today, from the
point of view of ecology requirements and food safety, there is a turn to safe effective
technologies for controlling weeds by various physical methods, including the destruction
of plants using electric currents, in particular, high-voltage electrical pulses [4].

The application of electric impact to control weeds and unwanted vegetation has been
known since the 1800s, but there are still a lot of unresolved issues, such as, first of all,
what the mechanism of the processes that lead to plant death is; whether there is a certain
consistency in the sensitivity of plant tissues of weeds to electrical impact; how the lesion
levels of plant tissue can be assessed, using methods that are understandable to all with
a simple means of control; how the change in the electrically conductive properties of
plant tissue depends on the parameters of the electrical impact, etc. Comparison with the
electrical impact types, direct current, sinusoidal voltage, and electrical pulses, made it
possible to give priority to high voltage pulses, since it is the processing of this type of
electric action that allows deeper irreversible lesions to plant tissue and at the same time, a
smaller amount of electrical energy is spent on the process [4,5].

To consider the processes occurring in plant tissues during the destruction of weeds
using high-voltage electrical pulses [6–8], it is necessary to study the sensitivity of the
processed plant tissue to the electrical effects and assess the lesion level of the normal
functioning of its intracellular components depending on the main damaging factors of
electrical action—the electric field intensity and the quantity of energy absorbed by the
processed tissue [5,9–12].

In the global practice of scientific and applied research on the study of the effect of high-
voltage electrical pulses on the intracellular structure of plant objects and materials, research
works carried out in the interests of the processing industry in the production of food and
semi-finished products are the most studied, in particular, the processing of fruits and
vegetables, for example, citrus and gourds, grapes, apples, cherries, sugar beets, etc. [13–17].
The main objective of this research was to study the effect of electrical pulses on the internal
structure of plant materials for the purpose of irreversible damage (destruction) and
subsequent release of intracellular fluid for additional juice yield, drying acceleration, non-
thermal pasteurization of products, etc. [18–20]. As a quantitative indicator characterizing
the “destruction” of intercellular and intracellular structures of plant tissues, research
scientists use such an indicator as the degree of disintegration [9,21–23], the value and
change of which directly depend on the electric field intensity, duration of exposure, pulse
form, and the quantity of energy absorbed by the processed object [9,10,12,24–29].

Weeds cause serious harm in semi-arid and arid regions of the Russian Federation,
one of which is the Lower Volga region. An essential feature of all methods of tillage in the
region is that each operation aimed at combating weeds must ensure not only the complete
destruction of weeds, but also the preservation of soil moisture, the lack of which adversely
affects the development of cultivated plants. In the fight against weeds, mechanical and
chemical methods are widely used. Cultivation is the most effective since, in addition to
the destruction of weeds, the soil is loosened, as a result of which metabolic processes in
it are improved, which positively affects the growth and development of crops. Weeds
themselves are cut by the operating bodies of machines for surface tillage. However, this
method is not always effective, since when the field is infested with root shoot weeds, the
main weeds of the soil areas of the Lower Volga region, after processing by the operating
bodies of cultivators, after some time, new, large foci appear. Root weeds propagate
vegetatively, and the most effective is to extract them from the soil together with the root,
i.e., combing. However, in the modern system of agricultural machines, there are no tools
that allow combing out weeds from the soil along with the root in various phases and
periods of their development.
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In this paper, the sensitivity of plant tissue of weeds to damaging electric pulse
effects was studied. This article did not set a detailed consideration of the technology of
electric pulse weed control, design a unit for its implementation, and conduct an economic
comparison with known control methods. However, answering the question of respected
reviewers, we can say that the introduction of electric pulse weed control into the technology
of preparing sown areas (care for fallow lands) for growing crops makes it possible to
increase the efficiency of weed control in terms of human labor costs by 62% compared
to chemical treatment, and it is practically comparable with cultivation: in terms of direct
energy costs, by 83% compared to62%, and in terms of the cost of manufacturing technical
means for each method, by 35% compared to41%, respectively. Electric pulse fallow weed
control can reduce the total energy costs, for example, when cultivating winter wheat on an
area of 100 hectares by 12.89% compared to chemical weed control and by 5.13% compared
to conventional cultivation.

The research hypothesis is as follows: during electric pulse processing, the intracellular
components of weed plant tissues are primarily damaged, and their change (the ratio of
the number of damaged and not yet destroyed cells) should determine the change in the
electrically conductive properties of the processed tissues. The depth of processing will be
determined by the parameters of the electric pulse impact: the amount of energy absorbed
by the plant tissue and the strength of the electric field in it.

The authors of the paper proposed assessing the susceptibility of plant tissue of weeds
to damaging electrical effects using such a quantitative indicator as its lesion level, which
is understood as the value Sn. The numerical value of this indicator is determined by the
ratio of the total electrical tolerance of the plant tissue or its active component, recorded
before the start of processing, to the tolerance of the same tissue, which changes during
processing, at the particular measuring current frequency, in this case at the frequency of
f = 10 kHz [5,24,30,31].

The purpose of the study is to identify and evaluate the effect of high-voltage electrical
pulses on the irreversible damage to the intracellular structures of the plant tissue of weeds
and unwanted grasses during their electric weed control, characterizing and evaluating the
parameters and modes associated with such processing.

2. Materials and Methods

Laboratory experimental setup. Experimental studies were carried out in accordance
with the procedures of the experimental setup (Figure 1), which were described in detail in
articles [30,31]. The laboratory experimental setup consists of three principal components
(blocks): (1) pulsed voltage generator (IVG); (2) control circuit for a spherical forming spark
gap; and (3) schemes for measuring the electrical tolerance of the plant tissue of the weed
sample. Each of the listed blocks performs its functional purpose.

The experimental setup is powered from a single-phase alternating voltage grid,
the required voltage value of which was set at the circuit terminals using a laboratory
autotransformer. A digital voltmeter was used to visually control the value of the supply
voltage. The standard AT-50 apparatus was used as a source of high direct voltage, at the
output of which voltage up to 50 kV can be obtained.

High-voltage capacitors were used as the storage capacities of the discharge circuit
of the pulsed voltage generator (GVP). To obtain different values of electrical energy, the
capacity of the discharge circuit required for processing weed samples was changed by
switching the number of capacitors into batteries. A high-voltage resistor was used as a
charging current limiter.

An important role in the GVP is played by spark gaps, which act as a switch and switch
capacitors from the charge mode to the discharge mode. The stability of the amplitude of
the output pulses of the generator depends on their stable operation.
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(a) 

 
(b) 

Figure 1. Schematic diagram of the laboratory experimental setup (a) and the appearance of the
laboratory experimental setup (b).

To control the moment of discharge in the GVP in order to synchronize its operation
with the recording oscilloscope, as well as to calculate the number of pulses affecting the
plant tissue of the studied weeds, a controlled spark gap was used. In the laboratory
experimental setup, a standard adjustable spark gap was used, which was assembled on
the basis of two spherical electrodes with a diameter of 100 mm, the surfaces of which were
chrome-plated.

The moment when the starting pulse was supplied corresponded to the end of the
charging time of the GVP capacitors. The ball gap control circuit was assembled using a
TV3 pulse transformer. The principle of the circuit operation is as follows: the voltage U is
supplied from the secondary winding of the step-down standard transformer TV2, and the
capacitance C2 is charged through the resistance R5. After the SB1 button was switched on
(ignition coil), the capacitance was discharged to the primary winding of the TV3 pulse
transformer, and the current flowing through it at the moment of switching contributed to
the occurrence of a high-voltage pulse in the secondary winding. The created high voltage
pierced the gap between the main and igniting electrodes of the lower ball of the main
discharge gap SF1, which was ionized, and the main discharge occurred in it, as a result of
which the energy stored in the storage tanks C1 of the GVP was applied to the plant tissue
sample. Diode VD2, connected in parallel with the primary winding of the ignition coil,
acted as a shunt to prevent the TV3 pulse transformer from failing. The ignition circuit was
mounted in a separate housing, and high voltage was supplied to the spherical spark gap
using a high-voltage wire.
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Methodology for preparing and conducting this study is as follows. The fragment
of the weed plant tissue carved with a surgical scalpel from the plant was placed in the
interelectrode space in the working spark gap SF2 of the discharge grid. The electrodes
played the role of both working and measuring electrodes and were spring-loaded stainless-
steel rods at the ends of which grooves or blackened platinum mesh segments were used, to
which felt pads were attached. To reduce the “plant tissue-electrode” contact resistance and
to ensure high-quality contact with plant samples, when using felt pads, the contact surface
of the overlays was moistened with 5% NaCl solution after each experiment. Galvanic
isolation between the discharge circuit of the GVP and the measuring circuit was carried
out using a three-position switch.

The species composition of weeds that are typical for the five-year period of research
and found everywhere in crops and fallows in the Lower Volga region is diverse. The
dominant types of weeds are (1) dicotyledonous perennial root weeds: Sónchus arvénsis,
which fill43–54% of weedy areas; Convōlvulus arvēnsis fills 26–32%; Cirsium arvense fills
12–23%; Euphórbia virgate fills 13–19%; and Lactúca tatárica fills 4–8%; (2) dicotyledonous
annual weeds: Oxýbasis úrbica, Chenopódium úrbicum, etc. fills 16 . . . 23%; Amaránthus
retrofléxus, etc. fills 15–30%; Thláspi, Barbaréa, Raphanus raphanistrum, etc.–3 . . . 9%, etc.

Experiments were carried out with weeds, which are most often found on the lands
of agricultural fields of the Lower Volga region. These are annual weeds: Amaranthus
retroflexus, Oxýbasis úrbica, Cánnabis ruderális, Fallópia convólvulus, and Xánthium strumárium,
as well as perennial, root shoot weeds, Cirsium arvense, Sónchus arvénsis, Euphórbia virgáta,
Lactúca tatárica, and Convōlvulus arvēnsis.

Weeds grew in the fields of the All-Russian Research Institute of Irrigated Agriculture,
on rain-fed fallow lands, with an average or even high degree of infestation by weeds of
the same predominant type, which were approximately in the same phase of development.

The studied weeds were in the following phases (periods of development): the be-
ginning of budding, flowering, and the beginning of fruiting. To study the response and
sensitivity of the plant tissue of weeds to electrical pulses, experiments were carried out
not with the whole plant, but with a separate part—a certain volume of the leaf–stem part,
the area with the root neck, and part of the root system. The size of the studied part of
the weed plant was taken into account in the form of its certain volume, for which the
recorded energy absorbed by the plant tissue was recalculated in the form of its specific
value (J/cm3).

Whole weeds, together with the root system extracted from the soil, were dug up in the
experimental field, housed in a portable container, and delivered to the laboratory, which
was located within walking distance of 100–150 m. In the laboratory on the preparation
machine (fixed pair of scalpels), fragment of the plant tissue of the stem, root collar, and
root was cut out and placed in the processing chamber between spring-loaded immersion
electrodes. After measuring the tolerance of the studied area of the plant, the electrodes
were disconnected from the measuring complex and connected to the discharge circuit, in
which the plant sample was electro pulsed. Then, the reverse switching followed, and the
tolerance of the plant tissue was measured after the electrical action. The impact on the
plant sample was continued until subsequent exposures did not lead to the change in the
tolerance of the plant tissue of the sample, that is, when the level of irreversible damage to
plant tissue reached its maximum value.

Methodology for processing research results and its justification is as follows. The
lesion level of the plant tissue damage was found as the ratio of the tolerance of undamaged
(living) tissue to the tolerance of damaged tissue.

To establish the dependence of the lesion level of the plant tissue of weeds on the
electric field intensity in it and on the quantity of energy absorbed by it, the analytical
expression that relates the lesion level to the intensity of the influencing factor and the
duration of its action was applied. The applicability of the proposed approach to the
analysis of the irreversible electrical pulse damage process to the intracellular structures
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of weed plant tissues was previously substantiated in the study of the susceptibility of
sunflower and tobacco plant tissues to electric pulse exposure [5,30,32]:

S = ks · En · tq (1)

where E = U0/lpm is the average electric field intensity in the plant tissue of the studied weed
area, which is characterized by the length lpm, coinciding with the length of the path of
the processing current, and the cross-sectional diameter of the processed sample averaged
over this length dpm, kV/m; U0 is initial voltage or voltage on the output capacitor of
the discharge circuit applied to the studied sample of plant tissue, kV; t is time period
of the electrical action or the duration of the acting pulse, s; n is exponent degree n =
const, determining the dependence of the electric field intensity change in plant tissue
on the lesion level; q is exponent degree q = const, which determines the dependence
of the exposure time to plant tissue on the lesion level; and ks is proportionality factor,
(cm/kV)n·s−1.

The distinctive point in the application of Equation (1) for the conducted analysis
should consider the fact that electric pulse weed control is a process of longitudinal electrical
processing of weed tissues, and not their processing across, as described in [5,30,32]. In
the analytical Equation (1), to make analysis more convenient, the exposure time t should
be considered to the power q = 1, which corresponds to the main linear section of the
dependence Sn = f(E, t), characterizing that part of it when the transition from the end of the
initial phase of processing to its completion is clearly distinguished. Such an assumption is
quite possible, since the studied plant tissues of weeds were affected by single pulses that
had the same duration in each series of experiments:

S = ks · En · t = ks ·
(

Rm · i
lm

)n
· t = ks ·

(
Rn−1

m · in−2

ln
m

)
· W = ks ·

(
ρm

lm · Sm

)
· m · W1 · n−2 (2)

or

S = ks ·
(

Rn−1
m · in−2

ln
m

)
· m · W1 = ks ·

(
Rm · Ck

2

)
· m · n (3)

where i is the average current value through the plant tissue, A; Rрт = (ρрт·lрт)/Sрт is
tolerance of the investigated area of plant tissue with electrical resistivity ρрт, length lрт,
and cross-sectional area Sрт, Ohm; W1 = i2·Rрт·t = 0.5kр·CkU0

2 = (0.45–0.475)·CkU0
2 is

single pulse energy, J; kр is the degree of discharge of the capacitor of the discharge circuit
(in terms of voltage), usually taken as equal to kр = 0.9–0.95; Ck is storage capacity of the
discharge circuit, F; and m is number of acting pulses.

Elements of planning experiments are as follows. The required reproducibility of
measurements depends on the standard of measurement and the desired reliability of the
result; therefore, based on the accepted values of the specified reliability of the result and the
marginal error, the numbers of reproducibility in the experiments were3–5 measurements.

The five-year research period was determined by the fact that the growth and de-
velopment of plants depend on various soil and climatic conditions, which can change
significantly from year to year, and therefore all experiments during this five-year period
were carried out according to the same methodology with the same repetition on plants
growing on the same soil area, in the same periods of development and the same tillage
period, so that it is possible to determine the variability of the studied parameters to deter-
mine the possible deviation of the obtained results. The results deviated from year to year,
and according to the results of the entire experiment, this deviation ranged from average
data to 10–15%. As a result, it was concluded that the obtained data on the value of the
lethal dose, the specific energy of processing, and the value of the lesion level to plant tissue
are reliable and do not change above the established margin of error over the years.

The character of all obtained dependencies is the same for all studied weeds. The
difference is only in quantitative indicators (different lesion levels with the same influencing
factors). Therefore, the paper presents the dependencies of the most resistant weed that
requires more energy consumption—Euphorbia virgáta—as a typical example.
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3. Results of the Research

Preliminary analysis of Equations (1) and (2) shows that the lesion level of plant
tissues Sn of weeds depends on the electric field intensity E in them, and the nature of the
dependence is determined by the value of the certain exponent n, as well as from the total
quantity of damaging energy W, which is determined by the product of the number of
influencing pulses m and the power of the single pulse W1.

The quantitative lesion level and the nature of the dependence behavior Sn = f(E)
(Figure 2) is determined by the value of the exponent n, which was previously found
empirically for plant tissues to be as follows: for tobacco, n = 1.26; for sunflower, n = 1.5;
for “aloe” plant, n = 0.75; and for apple pulp, n = 2.45 [5,30]. Here, it is necessary to note an
obviously traceable fact—considering the electrical processing of various plant objects, it
can be noticed that the n exponent depends on the number of influencing impulses m or the
energy W supplied to the processing object. Therefore, the found values of the n indicator
should be characterized as averaged for a specific process of electric pulse processing of
the specific plant material.

Figure 2. Dependencies of the lesion level of the plant tissue of the root system of Cirsium arvense
on the electric field intensity in the tissue at different numbers of acting pulses (m). The IVG was
characterized by the discharge circuit capacitance of 500 pF and inductance of 110 μH.

To confirm the above preliminary hypothesis about the different sensitivity to electric
pulse lesions to the plant tissue of weeds, the experimental results were grouped, and
experimental dependencies Sn = f (E) were built on them for weeds of different biological
groups [32], some of which, as showing the most qualitatively and theoretically the justified
nature of the behavior (1–3), are presented in Figure 3.

From the point of view of optimizing the technological process of electric pulse
destruction of weeds, it is interesting to analyze the influence on the lesion level Sn of
the initial voltage of the discharge circuit U0 and, consequently, as mentioned earlier, the
electric field strength in their plant tissue. To elucidate the essence of this influence, a set of
experimental studies were carried out, in which the capacitance of the circuit Ck remained
constant, and the processing voltage U0 changed. As a result of these studies, a set of
dependencies Sn = f (m) was obtained (Figures 4 and 5).
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(a) 

(b) 

(c) 

Figure 3. Dependencies of the lesion level of the plant tissue of the root system of weeds: (a) Euphórbia
virgáta; (b) Cirsium arvense); and (c) Amaránthus retrofléxus from the electric field intensity in the plant
tissue with a different number of influencing pulses (m). The IVG was characterized by the discharge
circuit capacitance equal to 1000 pF and inductance of 110 μH.
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Figure 4. Dependencies of the plant tissue lesion level of the stem of Euphórbia virgáta on the total
number of acting pulses at diverse values of the processing voltage, provided that the initial resistance
values of the processed areas are different.

Figure 5. Dependencies of the plant tissue lesion level of the stem of Euphórbia virgáta on the total
number of acting pulses at diverse values of the processing voltage, provided that the initial resistance
values of the processed areas are the same.

In the studied example, in the first series of experiments (Figure 4), samples of plant
tissue of the stem of Euphorbia virgáta were subjected to electrical processing, while the
samples were cut from an adult plant of approximately the same period of development
and recorded from the electrical resistance, which was of different values for each of them.
In the considered example, samples of plant tissue of the stalk of Euphórbia virgáta were
subjected to electrical treatment, the studied fragments of which were affected by electrical
pulses with unit energy of W1 = 0.055; 0.079; 0.124; 0.159; 0.22; 0.317; and 0.344 J, and the
discharge circuit of the pulse voltage generator had the following parameters: Ck = 4400
10–12 F; Lp = 100 10–6 H; and U0 = 5; 6; 7.5; 8.5; 10; 12; and 12.5 kV.

To confirm the assumption that if the studied samples of weeds had the same initial
resistance, then in the process of electrical processing, their plant tissue could reach the same
limiting lesion level, appropriate experiments were carried out. Electric influences were
exerted on the plant tissue of fragments of the stems of Euphórbia virgáta, with equal initial
resistances. Electrical pulse energy W1 = 0.16; 0.22; 0.32; and 0.35 J (Figure 5). Discharge
circuit parameters are Ck = 4400 10–12 F; Lp = 100 10–6 H; and U0 = 8.5; 10; 12; and 12.5 kV.
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4. Discussion of the Results and Analysis

The numerical values of the index n were determined by the calculation method on
the main linearly increasing section of the dependence Sn = ks·En·t. To conduct this, the
graphic dependencies Sn= f(E) were rebuilt on the logarithmic scale (Figure 2), and the
n index was determined as the value of the slope tangent of the straight sections of the
dependencies Sn = f(E) to the abscissa axis. Each of the dependencies presented in Figure 3
was built for a specific number of acting electrical pulses m at the constant value of the
capacitance of the capacitor bank of the discharge circuit Ck and the corresponding value of
its inductance Lk.

Based on the results of the experiment and conducted calculations for various plots
of different biological species of weeds growing in the Lower Volga region, the average
values of the n index were determined and presented in Table 1 [32].

Table 1. Averaged n index values for various weed types.

Weed Type (in Latin)
Average n Index Valuesfor Various Weeds and Plant Tissues of Plots

Stem Plot with Root Neck Root Average Value

Cirsium arvense 1.15 1.24 1.22 1.20
Sónchus arvénsis 1.19 1.23 1.25 1.22
Euphórbia virgáta 1.06 1.21 1.14 1.14
Lactúca tatárica 1.17 1.25 1.26 1.23

Amaránthus retrofléxus 1.22 1.40 1.21 1.28
Oxýbasis úrbica,

Chenopódium úrbicum 1.30 – 1.27 1.29

Average value 1.18 1.27 1.23 1.23

The different values of the index n presented in Table 1, in our opinion, are explained
by the different sensitivity of the tissues of the studied weed areas of different biological
groups to the impact on them of high-voltage electrical pulses.

In Figure 6, the constructed graphical dependencies on the logarithmic scale are
straight lines—the dependence of the n index value on the number of influencing pulses m
or on the energy absorbed by the plant tissue is the same, since the impacts were organized
by pulses with the same energy in each of them. Even a cursory analysis of the results
presented in Figure 6 shows that the more acting pulses (energy) are supplied to the plant
sample, the greater the value of the index n. As an example, consider the plant tissue of
the root of Euphorbia virgáta; at m = 10, the exponent is n = 0.63, and at m = 1000, its value
increases to n = 1.796.

To analyze the difference insensitivity for various tissues, the results were grouped,
and the experimental dependencies Sn = f(E) were plotted for weeds of different biological
groups [32]. These dependencies (Figure 4) have a pronounced S-shaped character, which
is determined by the presence in the initial section in the curves with the slight increase in
the lesion level and the value of tension in the plant tissue of the section, which is often
linear, with a very high rate of change in the lesion level, as well as of the section in which,
with the increase in the value of the electric field intensity, the significant change in the
lesion level is no longer observed.

The analysis of the character of the curves presented in Figure 4 makes it possible to
draw the following conclusion: the plant tissue of the annual weed root system Amaránthus
retrofléxus, when exposed to single pulses, reaches greater damage than the tissues of the
perennial weeds Euphórbia virgáta and Cirsium arvense. For m = 91, the lesion level reaches
one value, and the behavior of the dependencies becomes very similar to each other.

In the electrical treatment of weeds, characterized by the flow of current along plant
tissues, the applied initial voltage of the discharge circuit U0 determines the value of the
electric field intensity E in them, at which the lesion level of the plant tissue reaches its
maximum value Sn = Snmax, and therefore its value is of research interest. The creation
of such tension in the plant tissue of weeds leads to their death. To find these tension

324



Agriculture 2023, 13, 1099

values, a separate series of experiments were carried out with samples from different plots
of different weed species (Table 2). At the same time, it should be noted that plants of
different years of research and periods of development, growing on different soil plots,
have differences in damaging values of tension, with different expenditures of a minimum
specific quantity of energy to damage the internal structure of weeds.

Figure 6. Dependencies of the lesion level of the root system plant tissue of Euphórbia virgáta on
the electric field intensity in the tissue for diverse number of influencing pulses (m), plotted on the
logarithmic scale. The IVG was characterized by the discharge circuit capacitance of 4400 pF and the
inductance of 100 μH.

Table 2. The average electric field intensity and the maximum values of the lesion level of plant tissue
in various areas of weeds.

Weed Type Weed Area
Limit Lesion Level Snmax, r.u.

Electric Field Intensity in Plant Tissue
E, kV/cm

By Areas Average By Areas Average

Cirsium arvense
stem 4.79

4.71
3.55

3.74passage 5.25 3.82
root 4.09 3.84

Sónchus arvénsis
stem 7.71

7.51
3.52

3.66root 7.32 3.81

Euphórbia virgáta
stem 4.60

4.59
3.68

3.53passage 5.39 3.37
root 3.77 3.55

Oxýbasis úrbica,
Chenopódium úrbicum

stem 7.38
7.31

3.41
3.55passage 6.89 3.53

root 7.65 3.72

Amaránthus retrofléxus
stem 5.19

5.56
3.45

3.65passage 6.39 3.76
root 5.09 3.73

According to the results of almost all experimental studies, the dependence of the
lesion level Sn of the weed plant tissue on the number of acting pulses m–Sn = f (m) or on the
energy W–Sn = f (W) absorbed by the plant tissue of weeds, which is the same, was plotted
for variable values of the parameter bit circuit: U0 = var or Ck = var. These dependencies
have a clearly manifested S-shaped character, which manifests itself in three main areas:
(1) in which the lesion level (Sn) changes slightly with the summing up of a certain number
of high-voltage pulses; (2) on which there is a sharp increase in the lesion level (Sn) with
the increase in the number of acting pulses or with an increase in the energy absorbed by
the weed plant tissue (m or W); and (3) on which the lesion level (Sn), having reached its
maximum value Sn = Snmax, does not change. The steepness index of the second section
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or the growth rate of the lesion level (Sn) characterizes the sensitivity of the processed
plant tissue to damaging electrical effects. The steeper the change in the behavior of the
dependence Sn = f (W) in this area, the more susceptible the plant tissue of the weed, in
our opinion, to electro pulse exposure. From the point of view of ongoing violations of the
normal existence of intracellular structures of plant tissue processes, the limit value Snmax
is an indicator that determines the greatest damage to the treated tissue when exposed
to pulses with the same dose of electrical power. From an energy point of view, when
the limiting value of lesion level to the plant tissue is reached, the electrical effect on the
plant should end, since further processing of the weeds does not increase the damage, but
only leads to an excessive consumption of electrical power. Additionally, this quantity of
electrical power should be considered a lethal or damaging dose of energy for a particular
species and part (leafy part or root system) of the treated weed.

Equation (2) determines the proportional rise in the Sn value resulting in a damaging
energy increase. The quantity of this energy supplied to the plant by one acting pulse
is affected by the circuit capacitance value Ck and the initial voltage U0 supplied to the
processed object. Subsequent influencing pulses result in irreversible lesion accumulation
and disruption of its normal functioning in the plant tissue, reaching a critical lesion level
value. The speed of reaching the limit values of the lesion level Snmax is affected by the
power of one acting pulse.

Of practical interest is information on the acting energy doses that result in the maxi-
mum value of the plant tissue lesion level, since the identification of the values of these
doses allows the evaluation of the total energy costs and the design of technological re-
quirements for the studied technology. The total impact energy value and its specific
indicator (ratio of total impact energy to the volume of the processed plant sample) are
used for analysis.

To assess the energy impact, the number of influencing pulses m with the specific
energy of one pulse W1pulse must be considered. The W1pulse values were obtained by
experimental studies performed with weeds growing in the Lower Volga region; the results
were processed and are presented in Table 3 [32].

Table 3. The values of the total impact of the specific electrical power on the plant tissue of various
areas of weeds and the limiting lesion level to this tissue.

Weed Type Weed Plant Area

The Limiting Lesion Level of Plant
Tissue, Snmax, r.u.

Specific Processing Electric Energy
Wsp, J/cm3

By Areas Average By Areas Average

Cirsium arvense
stem 5.6. . . 7.4

5.4. . . 7.0
2.4. . . 8.1

2.7. . . 10.9passage 5.2. . . 6.3 2.8. . . 10.3
root 5.3. . . 7.3 2.9. . . 14.3

Sónchus arvénsis
stem 4.8. . . 7.7

4.7. . . 7.5
3.3. . . 15.2

3.7. . . 15.8root 4.6. . . 7.3 4.1. . . 16.4

Euphórbia virgáta
stem 4.8. . . 4.7

4.3. . . 4.5
4.9. . . 24.7

5.2. . . 17.5passage 3.9. . . 4.5 5.6. . . 12.7
root 4.3. . . 4.3 5.1. . . 15.2

Lactúca tatárica
stem 5.6. . . 7.4

5.5. . . 7.3
3.8. . . 6.8

3.3. . . 8.1passage 5.8. . . 6.9 3.3. . . 8.4
root 5.0. . . 7.7 2.6. . . 8.7

Amaránthus retrofléxus)
stem 4.1. . . 7.1

4.0. . . 6.8
3.4. . . 8.2

3.5. . . 7.7passage 4.4. . . 6.7 3.1. . . 7.2
root 3.6. . . 6.6 3.9. . . 7.8

The results presented in Table 3 were obtained during five years of research. The
scatter of the results is caused by diverse parameters of discharge circuits for each unit: in
one case, the processing was carried out at voltages of 3–7.5 kV and 5–12.5 kV, respectively;
in addition, capacitance values of the capacitors’ discharge circuit differ.
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In the case when samples of weeds with different values of initial resistance were
processed, the limiting lesion level rose with the increase in the applied initial voltage U0
(Figure 5). At the same time, the dependence was quite clearly traced: with the rise in
the energy of the acting pulses, the rate of reaching the limiting value of the lesion level
also increased.

The character of the obtained experimental dependencies (Figure 6) fully confirmed the
above hypothesis: assuming that the studied samples of weeds would have the same initial
resistance (even despite the difference in their biometric parameters, and the difference in
periods and phases of development), then in the process of electrical processing, their plant
tissue could reach the same limiting lesion level. The difference would be observed only in
the rate of increase in the lesion level: the less sensitive the plant tissue is to electrical action,
the slower the achievement of the limit value of the lesion level occurs, and the greater the
amount of energy consumed for this. A slightly increased energy consumption to achieve
the limit value of the lesion level Snmax can be explained by the fact that the studied samples
of weeds were in the phase of development of the “beginning of fruiting” and therefore
had a slightly higher resistance value than in the previous experiment [11,29].

The obtained results on the study of the dependence of irreversible lesion level on
the plant tissue of weeds are quite closely comparable with similar works on the use of
an electric pulsed field in the food and processing industry [9,16,33,34]. When studying
the sensitivity of weeds, this kind of analysis has not yet been carried out, and therefore
it is not possible to compare the obtained results with data from similar studies. In the
case comparing it with the work on food technology, it can be concluded that the nature
of the dependencies is identical, but it is not correct to compare the obtained quantitative
indicators that affect the change in the tissue level lesions, since in these experiments the
technological tasks were often the extraction of juice or the removal of excess liquid, and in
the electrical treatment of weeds, the main task was the need to irreversibly lesion and lead
to the death of unwanted plants.

Assuming that the studied samples of weeds would have the same initial resistance
(even despite the difference in their biometric parameters, and the difference in periods
and phases of development), then in the process of electrical treatment, their plant tissue
could reach the same limit lesion level. The difference would be observed only in the rise
of the lesion level: the less sensitive the plant tissue is to electrical action, the slower the
achievement of the limit value of the lesion level occurs, and the more energy is spent
for this.

5. Conclusions

The lesion level of the intracellular structures of the plant tissue of the root system
and the leaf–stem part of weeds of various biological groups increases with the increase in
the value of the electric field intensity in their tissue, which reaches its limiting (maximum)
value at E = 3.1. . . 3.8 kV/cm.

The greatest increase in the dependence Sn = f (E) begins with the values of tension,
for example, in the tissues of the root system of weeds: in Euphorbia vine, it is 2.2 kV/cm; in
Cirsium arvense, it is 2, 0 kV/cm; and in Amaránthus retrofléxus, it is 2.9 kV/cm.

Exponent n characterizes the sensitivity of plant tissue of weeds to electrical damage.
Having analyzed the values of the exponent n obtained by calculation on the basis of
experimental results, it can be stated that the most sensitive plant tissue is for Amaránthus
retrofléxus and Oxýbasis úrbica, and Chenopódium úrbicum: their average indexes are n = 1.28
and n = 1.29, respectively. The least sensitive plant tissues are in Euphórbia virgáta, n = 1.14.
Plant tissues of Euphorbia virgáta are the most resistant to electrical damage, since the
numerical values of the exponent n have the lowest values.

With the increase in the electrical power supplied to the weed plant, both by a single
pulse and a series of pulses, the lesion level of the internal structures of the weed plant
tissue increases. For reliable, irreversible damage to the intracellular structures of the
plant tissues of the root system of the studied weeds, it is necessary to create an electric
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field intensity of at least 3.8 kV/cm in them during electric pulse treatment, and at least
3.7 kV/cm is needed to damage the aerial part. The plant tissue of the stem and root part
of such weeds as Cirsium arvense and Sónchus arvénsis, as well as Lactúca tatárica, is most
sensitive to electrical impacts, since the lesion level increases more intensively with each
influencing pulse and reaches its limiting (maximum) value earlier than in plant tissues of
the weed Euphórbia virgáta with equal energy impacts.

For reliable, irreversible damage to the intracellular structures of plant tissues of the
studied weeds, it is necessary to spend at least 17.5 J/cm3 of specific electrical power, and
to achieve the value of the limiting (maximum) lesion level, at least 7.5 J/cm3 is needed.

The speed of reaching the maximum value of the lesion level of the plant tissue of
weeds depends on the voltage of the discharge circuit U0—the larger this value, the faster
the plant tissue reaches the limiting lesion level Snmax.

The obtained results of the research allow us to discuss the clearly existing dependence
of the irreversible lesion level to the plant tissue of weeds on the parameters of the electrical
pulse impact. The sensitivity of the tissue to the effects of high-voltage electrical pulses on
plants suggests that the implementation in practice of such a process of electrical processing
of weeds will have a clear technological effect—the death of weeds and unwanted vegeta-
tion. At the same time, the specific values of electric energy and electric field intensity found
to achieve the maximum lesion level in the plant tissue of weeds will allow us to evaluate
the parameters of the technical device, such as the output parameters of the high-voltage
pulse formation unit, and in general the parameters of the electric energy source.

The continuation of the study of the processes during electric impulse weed control of
soil areas should be the coordination of the obtained specific indicators and parameters
of the real electrical equipment of the electric pulse cultivator. At the same time, special
attention should be paid to the study of the processes in case of lesions to weeds that occur
when the unit and its electrode system are moved in relation to the weeds themselves in
space and time; that is, to evaluate the dependence of the change in the lesion level to plant
tissue on the parameters of electric pulse processing in dynamics.

The issue of using the obtained results for designing a control system for the modes
and parameters of electric pulse processing deserves a separate discussion. The choice
of the lesion level to the plant tissue of weeds, in this case, is the most acceptable option
since, technically, it is most simple to implement a resistance measurement carried out at
the same frequency but performed at different time intervals during processing to compare
the result obtained with predetermined values of the limiting level processing of weeds
prevailing on the soil massif, and form a control command to continue or stop the supply
of high-voltage pulses to the system for supplying electrical energy to plants.
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Abstract: Developing an energy supply based on resources whose use does not spoil the noosphere
and the creation of such energy supply of efficient equipment whose operation does not cause any
damage to nature and man is an urgent task. The need for such an approach is especially relevant
and noticeable in agriculture. This article presents the final results of complex studies of new PV
devices and PV systems based on them. Considered in the article are the best solutions we propose
to improve PV equipment and make it more attractive for agricultural consumers. The developed
vertical and planar high-voltage multijunction silicon PV cells and PV modules on their basis are
presented. The first type of modules have a maximum power point voltage of up to 1000 V, specific
power of up to 0.245 ± 0.01 W/cm2, and efficiency of up to 25.3% under a concentration ratio range
of 10–100 suns. The samples of the second module type (60,156.75 × 156.75 mm PV cells) have
an open-circuit voltage of 439.7 V, a short-circuit current of 0.933 A, and a maximum power of
348 W. Additionally, two types of newly designed solar energy concentrators are described in this
article: one-dimensional double-wing concentrator ensuring low Fresnel optical losses and multi-zone
parabolotoric microconcentrator with the uniform radiation distribution in the focal region, as well
as modules based on these concentrators and the developed PV cells. For PV modules, the maximum
power degradation is 0.2–0.24% per year in a wet ammonia environment. For concentrating PV
modules, this degradation is 0.22–0.37% per year. This article sets out the principles of increasing the
efficiency of PV systems by increasing the level of systematization and expanding the boundaries of
PV systems. The thus-created PV systems satisfy 30–50% more consumer needs. Thanks to a higher
output voltage and other specific features of the developed modules, PV system loss decreased by
12–15%, and maintenance losses also decreased.

Keywords: green energy supply; agricultural electrification; high-efficiency photovoltaic equipment;
complex energy supply systems

1. Introduction

One of the main ways to overcome the negative impacts of modern industrial civiliza-
tion is the transition to maximum harmonization with nature, which is especially topical
and noticeable in the countryside [1]. The energy supply based on the resources whose use
does not spoil the noosphere and the creation of such energy supply of efficient equipment
whose operation does not cause any damage to nature and man is one of the mechanisms
of environmental restoration. The resource for this is, first of all, solar energy [2–6].

The transition to the use of renewable energy resources is the most obvious and
justifiable in agriculture. Photovoltaic (PV) systems are one of the best equipment options
for specified purposes, especially considering the development of building-integrated
photovoltaics (BIPV) and agrivoltaics (AgriPV).

For agriculture and rural areas, the use of photovoltaic solar energy conversion is
especially topical because of the following factors [7–9]:
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(1) Agriculture has the most opportunities for implementing the optimal variants of
PV systems;

(2) Rural territories generally suffer from a greater constant shortage of electric power;
(3) In power supply to agricultural consumers, the inefficiency of improperly designed

systems is more obvious, and such systems have a more substantial impact on life activity.

At the same time, the power supply to agriculture imposes special requirements for PV
equipment, namely requirements associated with the impact of aggressive environments,
e.g., ammonia, thermal and humidity conditions, etc., as well as special requirements for
safety, ecological compatibility, and aesthetics. Agriculture is more sensitive to changes
(increases) in the equipment cost.

In order to implement power supply in rural areas, first of all, through the application
of solar energy resources and expansion of the scale of agricultural power supply with the
use of PV systems, it is necessary to increase the efficiency of PV systems and make them
more attractive for consumers. At present, the solutions to this problem are as follows:

(1) Efficiency enhancement of solar energy conversion is achieved through improvement
in the design of PV devices and manufacturing technology (i.e., the efficiency of
PV cells, concentrators, and modules), reduction in the degradation of PV devices’
characteristics over time, and the enhancement of devices’ resistance to environmental
factors. This ensures an increase in the energy output and a minimization of the
occupied space [10–14].

(2) A combination of functions (i.e., BIPV, AgriPV, etc.) ensures that there will be no need
for a separate space on the land’s surface for placing PV modules, in addition to cost
reduction and improved aesthetics [15,16].

(3) An increase in the level of systematization, expansion of the boundaries of PV systems,
and their development as complex systems ensure a reduction in losses and a higher
level of consumer satisfaction [17].

(4) The placement of PV systems at the consumption site ensures the organization of
energy supply based on an analogy with nature, a reduction in costs, and additional
opportunities for the implementation of the first three factors mentioned above [7].

(5) An increase in the diversification of efficient PV equipment for various operational con-
ditions enhances the PV systems’ versatility and expands their application possibilities.

The overall purpose of our many years of research is to increase PV equipment effi-
ciency at all levels [18], including PV cells, PV modules, and PV systems, thus considerably
increasing the possibilities of using PV systems in agriculture.

At present, more than 90% of industrial-grade PV cells are PV cells fabricated on
a silicon wafer with a p–n junction unit, which is due to their substantial advantages
over any other types of PV cells (e.g., relatively low cost, accessibility and abundance of
silicon, acceptable output characteristics and properties of such PV cells, and well-proven
technology) [10,11,13,19].

Homogeneous semiconductor PV cells on the basis of just one p–n junction can only
generate voltages limited by the potential barrier height on the junction. For silicon and
gallium arsenide (i.e., the best technologically investigated PV materials), this voltage is
approximately 0.6 V to 0.9 V under nonconcentrated solar radiation. At the same time, most
typical electronic devices require considerably greater voltage levels for their operation.
When using single-junction PV cells for obtaining the required values of voltage, one has to
connect a sufficiently large number of cells/modules in series, which results in power loss
due to contact resistance and non–uniformity in the parameters of individual cells/modules.
Additionally, it leads to a reduction in efficiency and sturdiness against external factors.
The typical planar crystalline silicon PV modules (60 mono-Si PV cells with single p–n
junction and with a size of 156.75 × 156.75 mm) have an open-circuit voltage (Vo.c) of 44 V
and a short-circuit current (Is.c) of 9.5 A, and their voltage and current at the maximum
power point are 36.3 V and 8.8 A, respectively. The required voltage and power values
of a PV array based on traditional PV modules are usually provided at sufficiently high
DC values. Reducing these values can significantly reduce ohmic losses and therefore will
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both increase the efficiency and reliability of PV systems and reduce costs. Moreover, such
PV modules occupy quite a great area [10–13,19–22]. However, in agriculture, limitations
generally exist for the placement of PV modules and, as mentioned above, have more
stringent requirements for immunity to environmental factors and cost.

Based on this, the first task of our research was to develop high-voltage silicon PV
cells that would enable a significant increase in the output voltage of PV equipment and
overcome other disadvantages of conventional PV modules that limit the PV equipment
used for agriculture power supply.

Earlier on, research was pursued to develop high-voltage vertical multi-junction
Si PV cells for space applications [23]. These cells had acceptable efficiency only when
the concentration was 1000 suns or higher, and they were not convenient for terrestrial
applications. More recent studies also refer to cells operating under high concentrations
(efficiency of up to 19% under 2480 suns), which have also not been applied in terrestrial
photovoltaics [24]. Terrestrial high-voltage vertical multi-junction Si PV cells suitable for
mass application were, for the first time, proposed and developed in the course of the
studies summarized in this paper.

Considering the fact that mass technologies are oriented toward the production of
planar PV modules and also that the components of PV systems (mass design solutions),
such as PV plants, BIPV, and AgriPV, are designed on the basis of the conventional planar
PV modules, planar high-voltage silicon PV cells are required. Making such cells was a
new idea. Our ideas and theoretical studies were presented in [25–30]. Besides increasing
the output voltage, these cells had to accomplish the objective of creating high-voltage
PV modules with dimensions matching the standard dimensions of the mass-produced
crystalline Si PV modules. Additionally, such modules should be manufactured with the
maximum use of existing equipment.

The higher the concentration of the solar energy arriving at radiation receivers (RRs) is,
the higher the photoelectric conversion efficiency is. The use of concentrators enables an in-
crease in the irradiance of the active surface of PV cells and therefore increases the efficiency
of PV modules/PV systems [11,14,31,32]. A review of the current state of concentrator
applications in photovoltaics is presented in [32–36]. Two types of solar radiation concentra-
tors were of interest in terms of developing highly efficient concentrator photovoltaic (CPV)
modules: focon-type concentrators and concentrators containing a symmetrical reflecting
surface (RS) fabricated as a chute (compound parabolic concentrators). Concentrators of
these types have the following important advantages, compared with other types of con-
centrators: (1) a long daily operation period within the parametric angle of the concentrator
without tracking the sun; (2) the possibility of using diffuse radiation, thus increasing the
amount of the total irradiance coming to the concentrator aperture, by up to 20%. The
mirror RS on the current technological horizon may have a reflection coefficient of 99% or
more, which sets this mirror concentrator apart from lens-based ones.

The main disadvantage of concentrators manufactured in the form of solids of revolu-
tion, including focon types, and other toroids, as well as concentrators based on Fresnel
lenses, is a nonuniform distribution of irradiance intensity over the active surface of RRs.
This results in a decrease in efficiency because PV converters are most efficient when ir-
radiance is uniform. Compound parabolic concentrators have uniform radiation density
in the rectangular focal region. The main problem of such concentrators is that the rays
reflected from the part of RS located close to the focal plane fall on the active surface of RRs
at high angles. This results in a sharp increase in the coefficient of radiation reflected from
the active surface of RRs (Fresnel losses) [14,36–39].

Moreover, all of the operated efficient PV systems based on CPV modules are bulky and
have incomparably larger dimensions and weights than those based on traditional planar
PV modules. They require complex and insufficiently reliable tracking systems. This, to a
large extent, brings to naught their advantage of a higher performance factor. In addition,
naturally, this makes them hardly applicable in agricultural power supply systems.
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Free from these defects are CPV modules based on microconcentrators whose dimen-
sions are comparable to those of conventional planar PV modules. The best results in
implementing microconcentrators are presented in [40–42]. There is a considerable problem
associated with the unevenness of RR illumination while using mirror concentrators, which
may be reduced by optimizing the form of RS, and there is also a problem of inherent losses
caused by absorption when Fresnel lenses are used [36,39].

In certain situations, the use of toroidal concentrators is the most effective. In [43], we
presented a series of newly developed semitoroidal concentrators.

Another task of our research was to remove/minimize the previously mentioned
defects of focon-type concentrators and compound parabolic concentrators and to design
efficient CPV modules on the basis of the developed concentrators and high-voltage multi-
junction cells.

The aim of this article was to present the final generic research results that yielded
real practical outcomes, starting from scientific ideas to operating devices and installations.
Schematically, the reviewed studies are outlined in Figure 1. The results presented in the
paper include two types of high-voltage PV cells (Section 2), optimized solar concentrator
structures (Section 3), and four types of PV modules on their basis (Sections 2 and 3). As
well, this article presents research on the development of more efficient PV systems by
increasing the level of systematization and expanding the boundaries of PV systems. The
final efficiency of such systems is evaluated by the degree of consumer need satisfaction
(Section 4). To date, the results of our theoretical studies related to PV cells and concentrators
have mainly been published. The research results of fabricated PV cells, concentrators, and
modules on their basis, are published for the first time in this article. For the time being,
quite a high correlation between theoretical calculations and the operating characteristics
of real instruments was achieved, which enabled us to present the relevant results in
this manuscript.

When proposing the ideas related to the development of PV devices (Sections 2 and 3),
along with efficiency improvement, a task was set to minimize the costs at the stage of
the introduction of devices into production (by minimizing changes in the manufacturing
technology) and at the stage of the creation of PV systems based on the developed PV and
CPV modules (by minimizing changes in the technology and design of PV systems and
mating structures). These aspects were indispensably taken into account when analyzing
and choosing the optimal options. The solutions to this task included the choice of silicon as
the basic material for PV cells, the creation of planar high-voltage cells whose dimensions
correspond to those of conventional crystalline silicon PV cells, and CPV modules whose
dimensions correspond to those of traditional planar PV modules.
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Figure 1. General scheme of research (numbers correspond to the section/subsection number in
this article).

2. Increasing Energy Production by Increasing Voltage—Improvement in the Design
of Photoelectric Cells

2.1. Vertical High-Voltage Multi-Junction Silicon PV Cells

Three technologies have been used to form multi-layer structures: soldering unit cells
using solder plugs with diffused layers, epitaxy, and breakdown [44]. Currently, PV cells
are manufactured via plug soldering with subsequent cutting into size-defined cells and the
application of antireflection coating with nanoclusters to the end face (active surface) [45,46].
Figure 2a,b show the structure of a typical vertical high-voltage PV cell and a PV module
composed of these cells. As one can see from Figure 2, both the cells and modules of this
design are much more space-saving than those manufactured using traditional planar
technology. The cell voltage is equal to the sum of the voltages of microcells (0.58–0.62 V
per microcell). The efficiency achieved for the designed cells under single-fold radiation is
comparable to that of conventional silicon PV cells.
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Figure 2. (a) PV cell structure; (b) PV module based on vertical multi-junction PV cells, 40 60 × 10 mm
PV cells; (c) I–V curve of developed PV modules, 10 suns; (d) dependence of efficiency on irradiance.

PV cells have universality in relation to the radiation level, i.e., in contrast to traditional
silicon planar PV cells, their voltage does not decrease as concentration increases. Moreover,
they have low sensitivity to the radiation incidence angle.

PV modules based on vertical high-voltage multi-junction silicon PV cells have a
voltage rate of up to 1000 ± 15 V at the maximum power point. For solar radiation
concentration ratios ranging from 10 to 100 suns, the specific power of such modules is up
to 0.245 ± 0.01 W/cm2, and their efficiency is up to 25.3%. The modules are encapsulated
with polysiloxane gels (see Section 2.3), which facilitates the extension of their expected
service life up to about 50 years. The operating range of their ambient temperature is
from –60 to 110 ◦C. The module efficiency, which is 18–22%, remains the same when
the temperature rises up to 60 ◦C, which simplifies their cooling system while working
with concentrators. The production process does not require the use of silver, screen
printing, photolithography, or any other time-consuming procedure or expensive materials.
Figure 2c shows the I–V curve of the developed PV module. The test conditions were
as follows: direct normal irradiance of 10 × 1000 W/m2, cell temperature of 25 ◦C, and
spectral irradiance distribution of direct normal AM1.5. Figure 2d shows the PV module’s
efficiency dependence on the level of active surface irradiance [46].

The operating voltage of 1000 ± 15 V enables the use of these PV modules with
transformerless inverters and connecting them to high-voltage direct-current 110–500 kV
power lines without the need for converting substations. To obtain the operating voltage of
1000 V with the use of conventional planar PV modules, it would be necessary to connect
more than 1800 150 × 150 mm planar PV cells in series, in which case the total length of the
modules would exceed 300 m. It is also important that the operating voltage of one module
can be equal to the accepted nominal DC voltage of large photovoltaic systems (system
voltage), for example, solar power plants such as AgriPV systems.

The main problem involves the reproducibility of characteristics (wide spread of
parameter values). Thus far, it has been impossible to achieve parameter values in the
required narrow interval with the change from batch to batch.
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2.2. Planar High-Voltage Multi-Junction Silicon PV Cells

The currently developed planar high-voltage silicon PV cells are multi-junction ho-
mogeneous PV structures [25–30]. The doped layers form planar diodes n+–p–p+ (p+–n–n+;
n–p–p+; p–n–n+) or n–p microstructures (unit cells) connected in series in the direction of
radiation propagation. Figure 3 shows the design options of planar high-voltage PV cells,
while Table 1 presents the advantages, design specificity, and technological features bor-
rowed from PV cells of various types in order to develop planar high-voltage multi-junction
PV cells.

Figure 3. (a) High-voltage planar PV cells with basic option; (b) structure manufactured using the
electric breakdown technology; (c) structure with nanoclusters; (d) bifacial structure.

Table 1. Advantages, specificity of design, and technologies borrowed from various types of PV cells
to develop high-voltage planar multi-junction PV cells.

PV Cell Type Advantages, Specificity of Design, and Technology

Conventional planar

Dimensions
Basic complete processing lines
Consequent designs
Preferable direction of radiation adsorption

Silicon multi-junction
High output voltage
Ability to operate under concentrated solar radiation
Low electric losses

III-V-based multi-junction
Multilayer design
Layer preparation technology, interconnection via tunnel junctions
Layer thickness

Silicon-based thin film Layer thickness

The small (≤10 μm) thickness of layers and, consequently, unit cells make them
practically transparent considering solar radiation. Each unit cell receives radiation that
consecutively passed through the previous semiconductor layers. The thickness of the base
unit cell area does not exceed the diffusion length of minority charge carriers.

The theoretical and most of the experimental parts of this research were carried out
using the basic option of the design, as shown in Figure 3a. The basic option of PV cells
was fabricated through the use of epitaxy by transferring epitaxial layers to the basic unit
cell (silicon wafer with a p–n junction formed via diffusion). The first basic unit cell ensures
the mechanical strength of the entire structure. As the p+ and n+ layers are heavily doped,
a conductive contact occurs between them owing to the quantum-mechanical effect of
tunneling through the p+–n+ junction. The dimensions of PV cells are determined by the
dimensions of the wafer and correspond to the dimensions of traditional crystalline Si
PV cells.
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The thickness of p, n, and n+ layers is from 12 nm to 9.8 μm, while that of p+-type
layers is from 10 nm to 120 nm. The concentration of active impurity in thin heavily doped
p+-type layers is more than 1019 cm−3. In general, the thickness of layers increases with
the distance from the active surfaces, which enables the production of PV cells with the
required output parameters and their nonsignificant distribution with a wide tolerance for
layer identity. The number of layers is determined based on equipment capability and the
specifics of the layer formation process, as well as the expediency of using solar cells with a
specific number of layers in the PV modules.

To avoid losses in the circuit, each unit cell must operate under radiation at its optimal
point of the volt–ampere characteristic, which means the equality of the photogenerated
currents flowing through the unit cells:
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
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where Φ is the incident photon flux; α is the radiation absorption coefficient depending on
photon frequency ω or wavelength λ and on the nature of the semiconductor; dk and di are
the thickness of the k-th or i-th unit cell, respectively; Qi(ω) is the spectral charge carriers
collection efficiency for the p–n junction in the i-th unit cell; and N is the number of unit
cells in an entire PV cell.

The requirement of Equation (1) is met by determining the optimal values of the
thickness of each unit cell as follows:

di =
1
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)
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where αδ is the complex optical–technological parameter of the PV cell.
The density of the photocurrent generated in the i-th unit cell is subject to light

absorption in the previous layers.

Jphi = qΦ0Si(α, ξ); i = 1, 2, . . . , N (3)

where q is the absolute value of the electron’s charge, Φ0 is the incident photon flux density,
Si is the spectral charge carriers collection efficiency (photoresponse) of the i-th unit cell,
and ξ is the angle of radiation incidence onto the active surface.

Volt–ampere characteristic is expressed as follows:
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where A is the parameter of characteristic curvature, k is the Boltzmann constant, T is the
cell temperature, and J0i is the reverse dark current density in the i-th unit cell.

The collection efficiencies of spectral charge carriers of unit cells are determined
as follows:
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(5)
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where Qb is the collection efficiency of the charge carriers in the basic cell, ϑ is the refraction
angle in a semiconductor structure, and δ is the thickness of the tunnel layer in the unit
cells (the difference between the tunnel layers of unit cells can be neglected).

Angle ϑ is determined using the relation sinξ = n·sinϑ, where n is the radiation refrac-
tion index in the semiconductor. Angle ξ is equal to 0◦ when the rays are perpendicular to
the active surface. The reverse dark current density in the i-th unit cell, given the uniform
technology used in the fabrication of unit cells, does not depend on the unit cell number,
i.e., J0i = J0, as evident from Equation (1).

The plots showing the main characteristics of the developed high-voltage multi-
junction PV cell with the basic structure (see Figure 3a) and different unit cell numbers are
presented in Figure 4. The characteristics of the final experimental samples quite accurately
correspond to the results of computer simulations and calculations.

 
(a) (b) 

 
(c) (d) 

Figure 4. (a) Open-circuit voltage of high-voltage planar PV cells under solar radiation,
a = 0.125 μm−1, A = 2, J0 = 10−7 A/cm2, and qΦ = 45 mA/cm2; (b) dependence of the optimum unit
cell thickness on it number; (c) dependence of efficiency on solar radiation concentration; (d) relative
efficiency, a = 0.125 μm−1, A = 2, J0 = 10−7 A/cm2, and qΦ = 45 mA/cm2.

For the experiments, PV cells (see Figure 3a) were originally fabricated using the basic
design option with the number of unit cells N from 1 (only the basic unit cell without
epitaxy layers) to 20 (see Figure 4a). For technological reasons, more detailed research was
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carried out to determine the characteristics of unit cells using samples with N = 2, N = 5,
and N = 10.

The dependence of the open-circuit voltage of PV cells on N is shown in Figure 4a, for
various values of tunnel layer thickness δ for α = 0.125 μm−1, Qb = 0.8, a radiation intensity
equal to that of solar radiation (qΦ = 45 mA/cm2), and for other parameters corresponding
to the recombination current mechanism (A = 2; J0 = 10−7 A/cm2). The open-circuit voltage
increases monotonically with N (growing almost linearly for small values of N), weakly
depending on the values of J0 and Q. In the asymptotic limit, for N·Q >> 1, it becomes
dependent on N, to an extent that is weaker than the linear law and does not change for
any value of Q.

As seen from Equation (2), the optimal thickness di decreases in inverse proportion
to the radiation absorption coefficient α, logarithmically reduces as the unit cell number i
increases, and increases as the collection efficiency of charge carriers Qb increases in the
first basic unity cell. The dependence of the optimal thickness of a unit cell on its number
for various values of δ is shown in Figure 4b. PV cells may operate under concentrated
radiation without a noticeable decrease in voltage, and they have low sensitivity to the
solar radiation incidence angle. The efficiency of PV cells does not exceed the maximum
efficiency of the basic unit cell only for small values of the tunnel layer thickness δ. For a
given value of radiation absorption coefficient α, this thickness, layer number N, and the
relevant value of open-circuit voltage must not exceed the corresponding limiting values.
For example, for α = 0.125 μm−1, there must be δ ≤ 0.16 μm, N ≤ 9, and Vo.c ≤ 4.5 V.
A sharp drop in PV cell efficiency was observed if δ ≥ 0.32 μm.

Experimental samples of PV modules were manufactured from 60 PV cells with a
size of 156.75 × 156.75 mm with N = 10. The PV cells were connected in a series–parallel
comprising two strings of 30 cells each or in series. The modules were encapsulated using
polysiloxane gels (see Section 2.3). Figure 5a shows the module during testing. Additionally,
Figure 5b shows the averaged I–V curve of the developed modules under the standard
test conditions (STC) (cell temperature of 25 ◦C, irradiance of 1 sun, i.e., 1000 W/m2, and
spectral irradiance distribution of AM1.5).

Figure 5. (a) PV module with planar high-voltage multi-junction silicon PV cells (N = 10) on the test
bench; (b) I–V curve of the developed modules at STC, N = 10 (curve 1—two strings of 30 cells each
and curve 2—1 strings of 60 cells).

2.3. Performance Deterioration Reduction and External Impact Hardening—Improvement in PV
Module Manufacturing Technology

Planar crystalline Si terrestrial PV modules manufactured using the conventional
lamination technology lose up to 15–20% of their maximum power at STC after 20 years
of operation in tropical climates and after 25 years of operation in temperate climates.
One of the reasons for it is the degradation of optical polymeric encapsulants such as
ethylene vinyl acetate (EVA) and other plastics induced by ultraviolet radiation and high
temperatures [47].
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High-voltage cell modules considered in Sections 2.1 and 2.2 were manufactured using
polysiloxane gels instead of conventional EVA as the filling material [46,48]. The replace-
ment of the standard encapsulant with EVA and the conventional lamination process with
a silicon composition that is poured as liquid and then hardens and turns into polysiloxane
gels considerably slows down the performance deterioration of such modules in time. The
process reaction is as follows:

According to the laboratory test data (tests in compliance with requirements of IEC
61215-2:2021, IEC 62716:2013, IEC 61701:2020, and IEC/TS 63126:2020 [49–52]), the mod-
ule’s ultimate power degradation at STC was approximately 15% for 50 years. Such a
result was achieved thanks to a considerably lower corrosiveness of silicon gels. Moreover,
the initial output power of the modules increased thanks to higher gel transparency and
a decrease in the operating temperature of PV cells. PV modules are fire-safe and have
increased resistance to operation in environments with a high concentration of ammonia
and in tropical and marine climates.

The comparative characteristics of modules encapsulated with polysiloxane gels and
conventional silicon modules filled with EVA are shown in Table 2.

Table 2. Comparison of the characteristics of PV modules with two types of filling materials [48].

Parameter
Encapsulant

Polysiloxane Gels EVA

Degradation of maximum power at STC (%) per year
for 25 years

0.2–0.3
about 7.5

0.6–2.0
15 ÷ 20

Operating temperature (◦C) −60 to +110 −40 to +85
UV radiation durability high low

Refraction index 1.406 1.482
Transparency for solar radiation (%)

λ = 360 nm 90 8
λ = 400 nm 92 62

λ = 600 ÷ 1000 nm 93 91
Corrosive agents

during encapsulation none acetic acid
during operation none acetic acid
Mechanical stress

during encapsulation no yes
during operation no yes

Modulus of elongation (N/mm2) 0.006 10.0
Linear coefficient of thermal expansion (10−4·K−1) 2.5 4.0

The encapsulation technology ensures a reduction in costs thanks to higher opera-
tional characteristics of modules (higher resistance to aggressive environments, e.g., in
environments with the presence of ammonia in the ambient air, high humidity, etc., which
are characteristic of various agricultural facilities), along with a considerable decrease in
the degradation of these characteristics.
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3. Increasing Energy Production by Increasing Voltage and Current per Unit Area of
Cell Active Surface—Concentrator Design Improvement

In the course of our studies, we sought to optimize the form of the RS of both focon-
type and compound parabolic concentrators. In the case of focon-type concentrators, it
was important to solve the problem of nonuniform radiation distribution over the RR’s
operating surface, while in the case of compound parabolic concentrators, we had to
minimize Fresnel losses. As a result, two types of effective CPV modules were built: the
first based on focon-type concentrators and planar high-voltage cells, and the second based
on compound parabolic concentrators and vertical high-voltage cells. The designs were
based on the conditions that the concentrators should have such dimensions that would
lead to comparable dimensions of the resulting CPV modules to those of conventional
crystalline silicon PV modules, and that CPV modules could be used in individual power
supply systems. Additionally, the design of CPV modules should match the components of
mass-produced PV systems as much as possible.

3.1. Multi-Zone Parabolotoric Microconcentrators with Uniform Radiation Distribution in the
Focal Region

The reflecting surface of the developed multi-zone solar radiation microconcentrators
was formed via the rotation of a certain curve (generatrix) around a symmetry axis that
does not cross this curve and passes through the focal spot center. A microconcentrator
with an internal mirror RS operates on the principle of collecting the reflected rays into a
circular focal region.

Figure 6 shows examples of a single-zone concentrator and a five-zone concentrator,
as well as the outlay of a finished concentrator with high-voltage planar PV cells (see
Section 2.2).

The RS of a microconcentrator is composed of several zones lying one above another.
The RS generatrix constitutes several smoothly merging parabolas each of which forms
a separate zone. Each zone has the form of an axisymmetric solid with a symmetry axis
that coincides with that of the concentrator. Each zone of the RS ensures a homogeneous
reflected radiation distribution over the entire focal region, and the number of reflected rays
incident on each point of the concentrator’s focal region is equal to the number of zones
(see Figure 6d). At the same time, the form of the RS meets the condition of minimizing the
incident angle for rays reaching the RR’s active surface.

The general system of equations describing the RS profile is as follows:
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where, as shown in Figure 6a, xi is the current position of the point of ray arrival at
the i-th zone on the X axis; xi is equal to the radius of a section of the RS by the plane
that is perpendicular to the concentrator’s rotation axis and passes through the point yi
(ri ≤ xi ≤ Ri); yi is the current position of the point of ray arrival at the i-th zone on Y axis
coinciding with the concentrator’s rotation axis; zi is the position of the point of arrival
of the ray reflected from the i-th zone at the focal spot on the X axis (–ri ≤ zi ≤ ri); Ki is
the concentration ratio in the focal region ensured by the i-th zone of the RS; K is the total
concentration ratio in the focal region; N is the number of zones; and ri and Ri are the
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radiuses of the smallest and largest sections of the i-th zone’s RS, which are perpendicular
to the concentrator’s rotation axis.

Figure 6. (a) Example of a single zone design; (b) five-zone microconcentrator with planar high-
voltage PV cells corresponding to Figure 6c,d; (c) beam path diagram for the uppermost points of
each zone, in the five-zone microconcentrator (the first zone corresponds to Figure 6a); (d) beam
path diagram, for beams falling onto one point of RR, in the five-zone microconcentrator shown in
Figure 6c.

The equations for various options of the microconcentrator design are defined in [53].
There are four options for single zones in accordance with the four possible variants of

ray paths in the concentrator [53]. The microconcentrator RS is formed via the alternation
of four variants of single zones. For instance, the concentrator shown in Figure 6b–d begins
from a zone that is similar to that shown in Figure 6a. Then, three more zones are added
where the reflected ray consequently arrives from the uppermost point of the zone at
the RS center or periphery. Additionally, the fifth zone is the same as the first zone but
with different values of r, R, and h. Each zone of the microconcentrator exposes the focal
plane to light with concentration ratios K1, K2, K3, K4, and K5, respectively. Generally, the
concentration ratio of each zone Ki is distinct.

The greater the number of the zone is, the lower the reflection from the RR’s active sur-
face, and the higher the efficiency; however, this also results in a larger concentrator height.

The concentrator size depends on the size of the focal region/active surface of the RR.
The smaller the focal region is, the smaller the concentrator’s dimensions would be. Its
size may be reduced to a very small size by using the developed PV cells, which are quite
serviceable with millimeter dimensions and may be determined based on the convenience
of assembly of the relevant module. The weight characteristics will be only determined by
the concentrator wall thickness. The concentrators have to be capable to bear their own
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weight plus the weight of protective coatings used against the impact of the environment
(sealing glasses or clear plastics).

The microconcentrators and PV cells as RR are used to assemble CPV modules with
the dimensions of traditional planar PV modules on the basis of crystal silicon and may
be employed instead of them without material changes in the design and equipment of
PV systems.

Experiments were carried out with two-zone, three-zone, and five-zone mirror micro-
concentrators with 2r = 10 mm and K = 10. The construction height of the experimental
samples ranged from 26.47 mm to 36.41 mm depending on the increase in the portion of
concentration accumulated in the middle zone. With that, the average incidence angle
cosine varied from 0.7307 to 0.8104.

The uniformity of the achieved concentrated radiation distribution was 98.3–98.5% all
over the focal region of the samples except for the boundaries along the perimeter, with the
expected concentration ratio of 10+. On the periphery of the focal region (approx. 2% to 4%
inward of the perimeter), a light distribution inhomogeneity rate of 3% at the edge was
observed. The estimated radiation distribution uniformity was 99.7%. The fact that the
experimental values of the radiation distribution uniformity were lower than the estimated
ones can be explained by the immaturity of the technique used to manufacture both the
microconcentrators and CPV modules as a whole (i.e., the imperfect mutual adjustment of
the concentrator and RR).

Furthermore, the dependence of the microconcentrator’s optical efficiency on the solar
ray incidence angle was not observed in the case of a planar PV cell, and this efficiency
reached 0.9 with an angle of 3 degrees. The average cosine of the ray incidence angle on the
focal plane, within the above limits, was greater than that for a two-zone microconcentrator,
and its value was over 0.67. Such redistribution of concentrations by zones led to an
increase in the eventual angles of microconcentrator disorientation, but simultaneously, the
average value of the cosine of angles of ray arrival at the focal plane decreased.

The CPV modules were manufactured from five-zone samples (Figure 6b) and high-
voltage planar PV cells described in Section 2.2 with a special grid (see Figure 7).

Figure 7. (a) CPV module in the assembly process; (b) I–V curve of CPV modules at CSTC.

On the concentrator RS, above the upper zone, a supplementary ring was used forming
a hexagon at the ray entrance into the concentrator. This ensured that there would be no
voids between the microconcentrators in the plane of the active surface. The inscribed
circle diameter of the hexagon was equal to 2R5 = 31.6 mm. The modules consisted of
29 parallel rows with 42 microconcentrators in each. The dimensions of the module’s
active surface were 1607.8 × 967.4 mm, and their height was 47.2 mm. Their I–V curve
at concentrator standard test conditions (CSTC) (direct normal irradiance of 1000 W/m2,
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cell temperature of 25 ◦C, and spectral irradiance distribution of direct normal AM1.5) is
shown in Figure 7b. The efficiency change corresponds to the following equation [11]:

ηC = η1(1 + β ln K) (7)

where β = AkT/qVo.c and β = 0.03–0.07.

3.2. One-Dimensional Double-Wing Concentrator with Low Fresnel Optical Loss

The body of the developed concentrator (Figure 8) was similar to that of a compound
parabolic concentrator with a mirror internal RS operating on the principle of collecting the
reflected rays into a rectangular focal region. The proposed principle of reducing Fresnel
losses caused by radiation reflection from the RR’s active surface involves minimizing
the incidence angles for the reflected rays falling onto the concentrator focal region. For
this purpose, RS has flat sections (r ≤ x ≤ x0, 0 ≤ y ≤ y0) adjacent to the focal plane and
smoothly passing into its curved surfaces (x0 ≤ x ≤ R, y0 ≤ y).

Figure 8. (a) Concentrator design (for the description of variables, see Equation (8)); (b) dependence
of the concentrator specific height on radiation concentration; (c) I–V curve of the developed CPV
module at CSTC.

The RS shape complying with the condition of uniform focal region illuminance with
the maximum incidence angles value of rays falling onto the RR’s active surface is described
using the following set of equations:⎧⎪⎪⎪⎪⎪⎪⎪⎨
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where, as shown in Figure 8a, x is the current position of the point of solar ray arrival at the
RS on the X axis that is parallel with the focal plane and perpendicular to the concentrator
symmetry plane (x ≥ r); y(x) is the point position on the concentrator’s longitudinal
symmetry plane in relation to the focal plane (y ≥ 0); z is the position of the point of the
reflected ray arrival at the focal region in relation to the concentrator’s symmetry plane;
x0 and y0 are the coordinates of the point on the junction line between the curved area
(x ≥ x0, y ≥ y0) and the flat area (r ≤ x ≤ x0, 0 ≤ y ≤ y0) of the RS (r ≤ x0 ≤ 3r); K is
the concentration ratio in the focal region; 2r is the width of the concentrator focal region
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−r ≤ z ≤ r; 2R is the concentrator aperture size in cross-section; and 0 ≤ x ≤ R and ϕ is the
ray incidence angle.

The shape of the concentrator’s RS generatrix forms a flux of reflected radiation uni-
formly distributed over the rectangular focal region, thus reducing the current-spreading
resistance in the illuminated layer and increasing the efficiency of solar radiation conversion
into electric energy. Including flat sections in the concentrator made it possible to achieve
efficient steep-wise incidence of the rays onto the focal plane at small incidence angles,
resulting in a decrease in the coefficient of ray reflection from the RR’s active surface. The
primary important optical and energetic peculiarities of the developed product involved
the symmetric property of the concentrator design, which considerably eased the require-
ments for the orientation towards the sun and increased the possibility of achieving high
optical efficiency.

The maximum angle of the ray arrival at the RR’s active surface decreased with the
size of the flat horizontal section equal to x0 − r. For the minimum value of x0 = r, there was
no flat section, and rays fell from the lower part of the concentrator at angles close to 90◦,
with a large reflection coefficient, while for the maximum value of x0 = 3r, the incidence
angle became equal to zero, and Fresnel losses were minimal. However, in this case, the
size of the concentrator’s flat section became unacceptably large, in a vertical direction.

The size and inclination of the flat section were chosen based on the conditions
ensuring small angles of ray incidence onto the focal plane for acceptable values of the
concentrator’s entire height and weight. Varying this size and inclination angle enabled us
to obtain a wide spectrum of concentrators ensuring target values of concentration ratios
and relevant angles of radiation incidence on the focal plane.

Experiments were carried out with the concentrator option having the following
parameters: r = 12 mm, x0 = 2r = 24 mm, R = 37.64 mm, and K = 10. The concentrator height
was H = 75.42 mm. Modules composed of vertical high-voltage PV cells (Figure 2b) were
used as RRs. For 10-fold radiation concentration, the required area of the RR’s active surface
decreased 10 times, and concurrently, RR efficiency increased by relatively 15–18 percent.
These effects together led to a considerable reduction in cost. The chosen value of parameter
x0 = 2r approximately corresponded to the optimal concentrator design in terms of the
coordination of Fresnel optical losses and concentrator height, i.e., its materials content and
weight. The maximum angle of ray arrival at the RR surface was ϕ = 60◦. The concentrator
ensured a uniform radiation distribution of 98.9% over the RR. At the same time, as in
Section 3.1, unevenness was localized on the periphery of the RR. These areas were not
above the cells without substantial losses of the RR’s active surface thanks to the form of
the vertical PV cells.

The height values H increased with the concentration ratio K, leading to the decrease in
the angle of ray incidence on the focal region and thus reducing Fresnel optical losses. The
dependence of the concentrator height related to the width of the PV module’s active surface
(concentrator focal region) on the concentration ratio, for concentrators having different
values of the design parameter x0/r, is shown in Figure 8b. Additionally, in Figure 8c, we
can see the averaged I–V curve of one section of the developed CPV modules at CSTC.
The dimensions of the RR’s active surface, for one module section, are 10 × 1020 mm. The
efficiency change corresponds to Equation (7).

4. Increasing Energy Production by Increasing Systematization Level—Optimization
of the Power Supply Process as a Whole

It should be noted that in many recent studies on normative instruments (e.g., [54–58])
the approach to the construction concept of PV systems for individual facilities is close
to the one we investigated. In [58], the consuming equipment (consumption circuit) is
supposed to be a part of the PV system. Additionally, in the event that the consuming
equipment would not be included in the PV system supply contract, such equipment shall
be detailed in the technical documentation for the PV system. Nevertheless, the evaluation
of the system was limited to that of its PV part. In [57], efficiency was assessed through
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a conventional parameter called “service ratio”, which rather schematically describes the
relationships between the generated energy and satisfied needs. This methodology is only
fit for a theoretical comparison of PV systems using this conventional parameter but not for
the design process of PV systems and the efficiency assessment of real functioning systems.

The final objective of PV system operation, similar to any other power-generating
equipment, is to provide the consumer with the required kind of energy in the specified
and required quality.

The analysis of the process of power supply to individual facilities shows that the total
losses caused by inefficient operation of power supply systems are 28–73% (see Figure 9).
The average losses caused by improperly arranged power supply amount to 26% of the
aggregate power losses. The losses caused by the unreliable performance of such systems
as a result of their design features are 28% [6,17,59].

Figure 9. Diagram of the process of power supply to individual facilities.

Therefore, the actual efficiency of the power-generating equipment is determined not
only by the characteristics of the generating equipment themselves, e.g., a PV system (Eg
and EL1 or Eg + Enw and EL1 + EL2 shown in Figure 9) but also by the peculiarities of
the equipment, structures, and factors influencing the energy generation, transmission,
and use processes (EL3–EL6). Moreover, due to the specificities of PV system functioning,
even an inconsiderable change in losses (in conjunction with the time of day and of year,
weather, load conditions, etc.) may substantially influence the PV system’s operation
and the quantity of energy delivered to the consumption points. The assembly of the
above-mentioned equipment, structures, and factors, into a system and the optimization
of such a system will allow for the minimization of losses, thus substantially increasing
the amount of energy used by a consumer with the same output power of the PV system
(both as stand-alone generating equipment and in combination with any other generating
equipment and/or a network). Hence, by taking into account the final objective mentioned
above, the operation of the generating equipment can become as efficient as possible.

At present, the efficiency of power supply with the use of PV systems is evaluated on
the basis of their characteristics at the consuming equipment input. As seen in Figure 9,
from the point of power input to the consuming equipment until the moment of meeting
consumer needs, significant energy losses are possible. Accordingly, to estimate the effi-
ciency of the PV system realistically, it should be determined based on the final result, i.e.,
the degree to which consumer needs are met.

This means that an increase in the PV system’s efficiency can be achieved by expanding
the boundaries of the system, which is mainly the new and higher level of generalization
and systematization characterized by the following features:
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- For power supply, a uniform complex system is created that includes all the systems,
processes, and structures, involved in or influencing the power supply in any way;

- The system efficiency index is the degree to which consumer need(s) are met;
- The power supply facility (e.g., a building) is a part of the system;
- The principle of integrating functions is applied to the maximum possible extent: Each

structure, technical means or subsystem shall perform as many functions as possible.
When a structure (technical means, subsystem) can be built to perform the functions
of several structures (technical means, subsystems), it has to be designed to combine
maximum of these functions (e.g., BIPV modules);

- The development of a system begins at the time when the facility creation begins and
includes a synchronized parallel interrelated development of all of the system components.

The block diagram of such a highly efficient PV system is shown in Figure 10.

Figure 10. Design of highly efficient PV system for individual facilities created as a complex system
of energy supply to the facility (SS means “subsystem”).

Unlike ordinary network systems, the problem of the interconnection of all processes,
from power production to power consumption, is critically important for PV systems. If a
system is improperly organized or its structure is not optimized, there will be an energy
shortage, or even an absence of energy supply, on the consumer side. It is obvious that in
particular cases, the assertions of inapplicability (inoperability) of a PV system or its lower
efficiency compared with the expected values of parameters, are, first of all, associated
with improper organization and structure of the PV system. When a PV system is used
for power supply to a facility, its maximum efficiency may only be achieved when it is
designed in accordance with the foregoing principles.

The efficiency criterion of highly efficient PV systems is formulated as follows: “maxi-
mum satisfaction of needs with minimum costs”, and the objective function, generally, is
as follows:

W =

⎧⎨
⎩

S → max
CE → min
HE → 0

(9)

Provided that

(CE → min) ≡
{

Ecn → min
ELΣ = EL1 + EL2 + EL3 + EL4 + EL5 + EL6 → min

}
(10)

(Ecn → min) ≡
{

Ed → min
EL6 → min

}
(11)
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(Ed → min) ⊃
{

Need optimization/correct assessment of needs
Consumption equipment optimization

}
(12)

where S is the degree of need satisfaction (if S is expressed as a percentage, then S → 100%);
CE is the energy expenditure; HE is the environmental damage; ELd is the energy demand;
and ELΣ is the aggregate energy losses. Ecn, EL1, EL2, EL3, EL4, EL5, and EL6 are shown in
Figure 9.

With that, the cost minimization is assumed to be, first and foremost, the minimiza-
tion of energy expenditures and, therefore, the minimization of losses. Additionally, the
maximum satisfaction of needs is understood to be the maximum number of needs met
and the maximum satisfaction of each need. Methods for numeric evaluation at the level
of individual facilities do not yet exist for all the indices through which the needs are
expressed. In this case, one proceeds from the affirmation that a greater observance of this
condition corresponds to greater satisfaction of needs and is always preferable, e.g., more
ecologically sound solutions are always preferable.

The correct assessment and formalization of needs is the most difficult task in the
creation of PV systems in accordance with the proposed efficiency criterion in Equation (9).
This occurs in the following manner:

The consumer is described by a set of needs N for the satisfaction of which electrical
energy (or electrical energy from a PV system) may be required. Each need ni is described
from 1 to J by parameters pij. In a general case, the number of parameters characteristic
of different needs is different. Each of the parameters is characterized by a value (or
permissible value range) of vij corresponding to the state of “need is satisfied”, or a number
of values/ranges and the relevant degrees of need satisfaction are established for each
parameter. The general outline of consumer need formalization may be presented through
the following identical relations:

Consumer ≡

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Set

o f needs

N

N = {n1, n2, . . . , ni}

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

⇔

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Set

o f the parameters

characterizing

needs

NP

NP =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

{NP1}
{NP2}

. . .

{NPi}

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

≡

∣∣∣∣∣∣∣∣∣∣∣

NP1 =
{

p11, p12, . . . , p1j
}

NP2 =
{

p21, p12, . . . , p2j
}

. . .

NPi =
{

pi1, pi2, . . . , pij
}

∣∣∣∣∣∣∣∣∣∣∣

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

⇔

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Set

o f the parameter

values

characterizing

needs

NPV

NPV =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

{NPV1}
{NPV2}

. . .

{NPVi}

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

≡

∣∣∣∣∣∣∣∣∣∣∣

NPV1 =
{

v11, v12, . . . , v1j
}

NPV2 =
{

v21, v12, . . . , v2j
}

. . .

NPVi =
{

vi1, vi2, . . . , vij
}

∣∣∣∣∣∣∣∣∣∣∣

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(13)

where NP is the set of parameters characterizing all consumer needs that require electrical
energy to be met, NPi is the set of the parameters characterizing the i-th need, NPV is
the set of the parameter values characterizing all needs, and NPVi is the set of parameter
values characterizing the i-th need.

The task of creating a PV system is to ensure that the energy generated by it meets
each need. Formally, this means that the value of each parameter from the set of parameters
in Equation (13) is equal to the desired value (i.e., it is within the desired range of values).

The process that is fully applied today is shown in Figure 11. The system efficiency
evaluation is carried out in reverse order.

Additionally, the efficiency of such PV systems is as follows:

ηsyst =
Ecn − ΔE

Ein
· 100% (14)

where Ein is the amount of energy supplied to the system (the product of the aggregate
irradiance of PV module active surfaces or CPV module aperture by the aggregate area
of active surfaces or aperture). In the case of power supply with the use of PV systems,
these are only Ein = Ecn + (ELPV + EL3 + EL4 + EL5 + EL6); ELPV = EL1 is the losses in
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the generation process; and ΔE is the difference between the energy required for consumer
needs to be fully met and the clean energy directly used to meet consumer needs.

Figure 11. Diagram of PV system implementation and its efficiency evaluation.

Instead of energy, power may be used to simplify the evaluation process. In this case,
to assess the efficiency, instead of ΔE, it is necessary to determine ΔP, which is the total
power of all needs that are not fully met.

The efficiency evaluation according to the proposed criterion and the creation of a PV
system in accordance with Figure 10 indispensably include the possibility of amendments,
adjustments, and modifications as a normal functional condition of the process, from
changing settings to the replacement of equipment, software logic, etc. This includes the
possibility of modifications due to the inaccurate assessment of the state of need satisfaction
resulting from (1) PV system’s imperfection due to any errors in design and inaccurate
determination of the consumer needs from the outset as well as (2) a change in needs.

The described approach may be quite properly combined with modern software
possibilities, which allows for the implementation of the diagram in Figure 11 in practice.

5. Approbation of Proposed Solutions

The final characteristics of the developed PV/CPV modules, as well as typical average
characteristics of conventional mono-Si modules, are shown in Table 3. As can be seen
from the I–V curve of the developed modules (Figures 2c, 5b, 7b and 8c), it is possible to
further increase the PV/CPV modules’ efficiency, especially the modules based on planar
high-voltage PV cells.
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Table 3. Characteristics of the newly developed PV/CPV modules and typical characteristics of
conventional crystalline Si PV modules.

Module Type
Active Surface

or Aperture (mm)
Height
(mm)

Vo.c

(V)
Js.c

(mA/sm2)
Vmpp

(V)

Jmpp

(mA/sm2)

Pmax

(W/sm2)

Conventional crystalline Si PV modules
(60 single p–n junction mono-Si PV cells

with size 156.75 × 156.75 mm)
1671.0 × 1002.0 35.0 44.0 0.567 36.3 0.526 0.019

PV module-based vertical high-voltage
PV cells 60.0 × 10.0 0.4 640.0 1 0.559 1 548.5 1 0.456 1 0.250 1

PV module-based planar high-voltage
PV cells 1578.5 × 945.5 37.1 439.7 0.0625 382.4 0.061 0.023

CPV module-based one-dimensional
double-wing concentrator and vertical

high-voltage PV cells (one section)
37.64 × 1020.0 75.4 730.0 0.0453 637 0.038 0.024

CPV module-based multi-zone
microconcentrator and planar

high-voltage PV cells
1607.0 × 967.4 47.2 512.9 0.068 405.0 0.058 0.023

1 Under 10 suns.

In the period from 2011 to 2022, the concept considered above was used for designing
PV systems in various climate conditions and at facilities with different needs [43,60–64].
The functioning of those systems confirms the correctness of the proposed approach. The
composed systems can satisfy 30–50% more needs than PV systems with a conventional
systematization level simultaneously installed at similar facilities, i.e., they are equivalent
to PV systems with a conventional systematization level but generate more energy by
30–50%. The points of PV systems’ installation were in various regions of rural territories
with different climates, so the results may be deemed quite representative.

The research results presented in Sections 2–4 were combined in the base experimental
project of an ecological complex (Lat 58.01 N, Lon 43.34 E) consisting of two main buildings
and free-standing identical cottages whose number grew from year to year. The PV system
was implemented from the outset as a comprehensive power supply system with conventional
mono-Si PV modules located on the roof and integrated into the balcony rail and flexible a-Si
panels on the roof with an arched form [60]. As new PV/CPV modules were developed, these
new devices would be partially installed for conventional planar modules. The power supply
to one of the cottages, in comparison, was ensured from the very beginning using a conven-
tional PV system. The rest were designed with a different higher level of systematization.
Depending on the particular cottage, the systematization level increased with the extension
options by incorporating into the system other components involved in the power supply
process (see Figures 8 and 9). Additionally, the level of systematization of parts of the PV
system of the main buildings was gradually adjusted.

Thanks to the installation of the developed PV and CPV modules, the total maximum
power at STC (CSTC) was 1120.86 kW. That said, thanks to a higher output voltage and
other specific features of the modules, the losses inside the system decreased by 12 to 15%,
and also maintenance losses decreased. In the case of PV systems of the cottages built
simultaneously with the cottage equipped with a traditional PV system, the power directly
used to meet consumer needs was 21% to 23% higher. As the proposed approach was
improved, in the construction of new cottages, losses were reduced, and Ecn was increased
by 12% to 16%.

The reduction values of the maximum power at STC/CSTC, and, consequently, those
of the energy production of the developed PV modules, were from 0.2% to 0.24% per year
under wet atmospheres with high concentrations of dissolved ammonia (see Figure 12). These
values of the developed PV modules were from 0.22% to 0.37% per year. Measurements
were carried out on a livestock complex experimental site and using an accelerated aging
method in laboratory conditions. For comparison reasons, Figure 12 shows the deterioration
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range for conventional mono-Si PV modules, in a normal environment. The average annual
deterioration of their performance may attain 5% to 7%, in a wet ammonia environment.

Figure 12. Reduction in the energy production of modules during their operation lifespan: 1, 2—newly
developed PV modules with high-voltage PV cells in wet ammonia environment (1—maximum,
2—minimum); 3, 4—newly developed CPV modules in wet ammonia environment (3—maximum,
4—minimum); 5, 6—conventional mono-Si PV modules in normal operation conditions (5—maximum,
6—minimum).

6. Conclusions

The use of PV equipment is a real efficient method for fighting against climate change,
and the protection and restoration of the environment. For the mass implementation
of PV systems in agriculture in rural areas, their attractiveness to consumers should be
increased, for which it is necessary to improve the energy output of PV devices, as well as
their reliability and environmental resistance, to improve their aesthetic quality, as well as
enhance the diversity of efficient PV equipment for any operational conditions ensuring
the versatility of PV systems use as an energy source.

High-voltage vertical Si PV cells for terrestrial applications and high-voltage multi-
junction planar Si PV cells were proposed and developed. A significant increase in the
output voltage of the PV modules and PV arrays was attained with the design of PV cells
that enabled a reduction in power losses, material consumption, required space, and cost.
At the same time, the design of planar multijunction PV cells allowed for adherence to the
conventional mass production technology for PV modules.

The modules based on high-voltage vertical PV cells composed of 40 cells had a size
of 60 × 10 mm, a maximum power point voltage of up to 1000 V, specific power of up
to 0.245 ± 0.01 W/cm2, and an efficiency rate of up to 25.3%, for radiation concentration
ratios from 10 to 100. The samples of the second type of modules composed of 60 PV cells
(156.75 × 156.75 mm) had Vo.c = 439.7 V, Is.c = 0.933 A, and Pmax of 348 W, at STC. The
maximum power degradation at STC was estimated to be within 0.2% to 0.24% per year in
a wet ammonia environment.

New designs of concentrators with uniform radiation distribution in the focal region
were developed, including a parabolic cylindrical concentrator with minimized Fresnel
optical losses and a multi-zone parabolotoric microconcentrator whose dimensions enabled
CPV modules similar in size to conventional planar modules to be manufactured. Two
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types of CPV modules were designed: (1) modules consisting of a parabolic cylindrical
concentrator and an RR composed of vertical multi-junction cells, and (2) modules com-
prising multi-zone microconcentrators with a planar high-voltage multi-junction cell as
the RR. The second-type CPV modules included 42 × 29 microconcentrators and had the
dimensions of 1607.8 × 967.4 ×47.2 mm. These modules had the following average values
of output parameters at CSTC: Vo.c = 512.9 V, Is.c = 1.051 A, and Pmax of 361.57 W. The
degradation of maximum power at CSTC was estimated at 0.22% to 0.37% per year in a
wet ammonia environment.

Through the use of PV and CPV modules based on the developed cells and concen-
trators, projects using the power supply on the basis of PV systems were designed. The
projects implemented the principles of complex energy supply systems, which allowed for
the minimization of the losses and requirements for the output power level of PV systems.
The thus-created systems satisfied 30–50% more consumer needs than PV systems with a
traditional systematization level simultaneously installed at similar facilities. Thanks to a
higher output voltage and other specific features of the developed modules, the power loss
inside the PV system decreased by 12% to 15%, along with a reduction in maintenance loss.
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