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Abstract: The protection of potatoes from pests and diseases, especially at an early stage of their
development, is an indispensable element of cultivation. Pesticides are most commonly used for
protection, but their high doses may adversely affect the natural environment, including soil and
water. This study compares the losses of a chemical agent emitted during the dressing of seed
potatoes by means of an innovative valve enabling intermittent outflow of the liquid and by means of
a standard valve with a continuous outflow. The research proved that the intermittent outflow of
the working liquid decreased the amount of the chemical agent emitted into the environment ten
times. The article also describes the site at which the innovative valve was tested and compares
the results of laboratory tests for three distances of the sprayer from the potato fall path (50, 100,
150 mm) and four different pressures of the working liquid (1–4 kPa). The research showed that the
amount of losses, i.e., emissions of the chemical agent into the environment from the innovative valve
(intermittent stream of the working liquid) depended on the difference in the air and liquid pressure.
The solution is environmentally friendly. The results showed that the distance between the sprayer
valve and the seed potato falling path had minimal influence on the amount of the agent left on the
surface of seed potatoes when a continuous stream was applied, but it had considerable influence
when an intermittent stream was applied. The distance had negative effect on the ratio of retention of
the applied liquid at pressures of 100 and 200 kPa, but it had positive effect at pressures of 300 and
400 kPa (at an intermittent flow). When a continuous stream was applied and the distance between
the spray valve and the seed potato falling path increased from 100 to 150 mm, it had positive effect
on the retention coefficient for all the four pressures tested (100, 200, 300, 400 kPa).

Keywords: potato; intermittent stream of liquid; innovative valve; emission of chemical agent;
weight method

1. Introduction

Potatoes (Latin: Solanum tuberosum) are some of the most popular root crops all over the world [1–3].
The consumption of products made from edible potatoes (fried products—crisps and chips, frozen,
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preserved and ready-to-eat products—dumplings, pancakes, etc. and dried raw or boiled potatoes) is
continuously increasing in Poland and around the world [4]. Food processing and industrial processing
are two of the three sectors where potatoes are used [5,6]. In the previous season 49% of the total
volume of potatoes processed in these sectors was used for starch production.

Potatoes are also a source of cheap food because of their high nutritional value and yield [7].
Therefore, they can compete with wheat and rice in Asia [8]. In view of the high market for potato tubers
for direct consumption they should be characterised by adequate external features such as: average
size, regular shape, shallow eyes, adequate colour of the peel and flesh (no greening), the condition
of the tuber surface (appropriate texture without cracks), no mechanical (transport) damage [9,10].
The following internal features are also important: high taste values, no darkening of raw or cooked
potatoes, appropriate consumption- and usability-related features (the firmness, flouriness, delicacy
and structure of the flesh) and the right content of starch (potato cultivars for industrial purposes) [11,12].
The high yield of a cultivar is a particularly important factor for the producer. This involves appropriate
agrotechnical and crop protection procedures, which may vary in different parts of the world [13,14].

When consumers in Poland and other countries all over the world buy vegetables, including
potatoes, they are more and more often concerned not only about the appearance of these products but
also their content of chemicals, which is important for health [15]. In 2014 the principles of integrated
pest management (IPM) were introduced to agricultural production, which allows the use of all crop
protection methods [16] and minimises the risk to humans, animals and the environment [17,18].
At present most European countries promote ecological aspects and try to take care of the natural
environment [19,20]. The ‘Ecophyto 2018’ programme was introduced with due consideration of
the environmental risks in order to reduce the use of crop protection products during production to
50% [21]. The programme allowed for various aspects of crop protection products used for agricultural
production, including the production of potatoes. Crop protection products are important elements
of cultivation due to the safety of the natural environment, groundwater and human health [22].
Spraying chemicals is a crop protection method applied to seed potatoes. This treatment should
be carried out precisely [23]. In Poland dressings are usually applied to potato tubers by means of
stationary dressing machines located in seed potato warehouses. As treatment with these devices is
laborious, it takes more time to prepare seed potatoes for planting. In addition, potato tubers are not
placed in the soil immediately after the treatment. It seems more reasonable to dress potatoes with
devices mounted on transplanters or tractors, which directly apply the required layer of dressing to
seed potato tubers during planting. The solutions which are currently used to dress seed potatoes
in devices such as GRIMME are still very expensive. This significantly hinders the development
of the future crop protection technology. Therefore, it is necessary to make an optimal selection
of various magnitudes and parameters in order to ensure normal operation of the dressing device.
This enforces development towards precision agriculture [24,25]. Zimny (2007) defines precision
agriculture as the use of information technology to match input doses of fertilisers and crop protection
products to the potential demand of the crop grown. The process requires measurement of soil
properties, the distribution of weeds and the development of diseases and pests in individual parts of
the field [26]. This changes the traditional approach to agriculture because a field is no longer treated
as a whole—instead it is divided according to a map showing the soil abundance. In general, precision
agriculture can be defined as a set of technological procedures introduced in agriculture to adjust
technology to variable soil conditions in individual parts of the field [27–29]. The implementation
of the principles of precision agriculture is more profitable in large fields, which are characterised
by considerable variability of soil abundance parameters. In practice, the postulates of precision
agriculture are met by individual treatment of individual parts of the field and by the use of modern
machinery [30,31]. Most machines are equipped with electronic and automatic systems, which improve
their efficiency and accuracy. The advantages of precise agriculture can be related to economic functions
(lower labour costs, shorter agrotechnical treatment time, optimal use of the farm area) and ecological
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functions (precise use of chemicals reduces the amount of these substances that needs to be applied in
a given plantation) [32]:

The first symptoms and attempts to use precision agriculture date back to the 1980s. This technology
began to develop rapidly in the 1990s, when the Global Positioning System (GPS) developed.
This technology solved the problem of positioning machines in a field, enabled the creation of a
map of the soil abundance in a plantation and adaptation of the parameters of machinery to individual
parts of the field area [33,34]. Owing to the information and communication technology, the construction
of modern machinery precision agriculture is developing faster [35].

Currently planters are equipped with dressers applying the working liquid in a continuous flow,
e.g., Grimme or ApliTech. When potatoes are being planted one at a time, there are undesirable
emissions of chemicals to the environment. If potatoes are planted at intervals, chemicals can
also be dosed at intervals in an intermittent outflow of the working liquid. Therefore, following
the requirements of precision agriculture and strictly defined ecological standards specified in the
‘Ecophyto2018’ programme, the authors of this article designed and constructed an electronically
controlled valve with an auxiliary air stream in a mobile potato dresser mounted in a potato planter.
The aim of the study is to assess the amount of the chemical lost (emitted to the environment) in
an intermittent flow (innovative valve) and a continuous flow of the dressing liquid. In addition,
the amount of the agent left on the peel of seed potatoes was compared for the intermittent and
continuous flow of the dressing liquid. The retention coefficient R was proposed for this purpose to
assess the amount of the chemical agent left on potatoes in relation to the total amount of the agent
used for the intermittent and continuous flow the dressing liquid.

2. Materials and Methods

There were two stages of laboratory investigations. At the first stage 100 potato tubers were
randomly selected from a group of tubers intended for actual tests (the second stage). The amount of
the agent (weight of the dressing agent) which may remain on the surface (peel) of seed potatoes was
assessed. The amount (weight) of the dressing agent left on the tuber surface was calculated as the
difference in the weight of the tuber after and before its immersion in water. The weight was measured
on a RADWAG PS 1000/Y electronic scale with a measuring accuracy of 0.001 g. At this stage of the
research the assumption was that the results would be the reference point for the amount of the agent
applied to the tubers at the second stage of the investigations. There were two variants: one with a
standard valve and the other with an innovative (original) valve for applying the dressing agent to
potato tubers while they were being planted (Figure 1). The research station was used as the basis
to construct and patent a prototype of electronically controlled mobile wet dresser (PL 226004) [36].
During the preliminary and actual tests water was used as the working substance (dressing agent),
because of the safety of the people making measurements. The physical properties of water are similar
to the chemical solution of the dressing agent.

The amount of the chemical agent applied to the seed potatoes (at the second stage) was measured
at the designed research station (Figure 1). Ten seed potatoes were placed on the conveyor belt (1)
and transported to the spraying chamber (2). The tubers fell vertically through a guiding pipe (3),
which was 300 mm long, with a diameter of 60 mm. Next, the free falling seed potato tubers crossed
(obscured) a beam of infrared light emitted by an optical sensor (4). They were sprayed with the
dressing agent applied by innovative solenoid valves (PL 224859) [37] (5) equipped with an ARAG
TFA ASJ ejection sprayer nozzle at a rate of 0.48 L/min. There were four solenoid valves in the spraying
chamber to ensure better accuracy of covering potato tubers with the dressing agent. The design of
the spray chamber (2) and the electronic system controlling the station (6) allowed spraying the seed
potatoes like in real field conditions. The patented controller (PL 223195) [38] (Figure 2) allowed setting
any delay and switch-on time. In our tests the switch-on delay of the solenoid valves was set at 65 ms,
whereas the switch-on time of the solenoid valves—the emission of the chemical agent was set at 80 ms.
The values of these times were determined experimentally. The station was equipped with an electric
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pump of the working liquid, which enabled a pressure of up to 800 kPa (7), a valve controlling the
working fluid pressure within 0 to 1000 kPa (8), an air pressure reduction valve within 0 to 800 kPa (9),
a 120-litre tank for the working fluid (10) and a working fluid pressure gauge (11). The sprayed potato
tubers fell into a container (12) under the spray chamber (2). The next step involved measuring the
amount (weight) of the dressing agent left on the surface of seed potatoes by calculating the difference
in the weight of seed potato tubers after and before the dressing agent was applied.

The retention ratio R—an indicator defined as the ratio between the mass of the dressing left on
potatoes Ms and the total amount of the dressing, i.e., the sum of the dressing left on potatoes Ms

and the mass of dressing lost Mzs, was introduced for the purpose of this study (Equation (1)). It is
necessary to pay attention to the mass of dressing lost, because it is emitted into the soil.

R =
Ms

Ms + Mzs
· 100% (1)

where:

R—retention ratio,
Ms—mass of water left on seed potatoes,
Mzs—mass of water lost (collected in the spray chamber).

The design and construction of the spray chamber enables collection of the liquid which did not
remain on the surface of seed potatoes. The liquid is collected in a separate vessel and weighed on the
RADWAG PS 1000/Y balance with an accuracy of 0.001 g. The design of the laboratory test enables
precise assessment of the mass of the liquid left on potatoes and the mass of losses. Thus, the retention
ratio R can be calculated.
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Figure 1. A laboratory facility for assessment of the degree of coverage by means of the weight method:
1—conveyor belt, 2—dressing (spray) chamber, 3—guide channel, 4—optical sensor, 5—innovative
solenoid valves, 6—electronic control system, 7—working liquid pump, 8—working liquid pressure
control valve, 9—air pressure reducing valve, 10—working liquid tank, 11—working liquid pressure
gauge, 12—potato tuber container.

A control device (6) was specially designed to control the test facility. The delay of the switching
on time of the solenoid valves and the duration of the solenoid valves switching on time are freely
programmable in the control device.
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Figure 2. A diagram of the controller used in the test facility (PL 223195): 1—Programmer, 2—Sensor 1,
3—Sensor 2, 4—Valves, 5—Terminal keyboard, 6—Up, 7—Down, 8—Further, 9—Valve 2, 10—Valve 2.

The tests were conducted at a constant temperature (T) of 25.4 ◦C and relative humidity (W)
of 45%. Throughout the experiment the air parameters were monitored with a Benetech GM9
thermohygrometer with the temperature and humidity measurement accuracy up to 0.5 ◦C and 2%,
respectively. The constant air temperature and humidity resulted in a similar time of evaporation of
water (the working liquid) from the surface of potato tubers.

The variable parameters were:

- The distance between the sprayer nozzles and the axis of the potato tuber falling path S: 50, 100
and 150 mm;

- The working fluid pressure p: 100, 200, 300 and 400 kPa;
- The variant of emission of the spray liquid from the solenoid valve: continuous and intermittent.

The results of measurements of the amount of the agent applied to the surface of potato tubers
were analysed statistically, including multivariate analysis of variance (MANOVA). According to the
null hypothesis assumed in the research, the groups under analysis did not differ in the amount of the
agent applied to the surface of potato tubers depending on the variable factors. The Statistica package
v.13 PL was used for the statistical analysis. The level of significance used in the analysis and inference
was α = 0.05.

3. Results

Table 1 shows the statistical characteristics of the weight of the potato tubers used in the tests
before and after immersion in the working liquid and the amount (weight) of the chemical agent
left on the surface of the seed potato tubers after total immersion in the liquid (the reference test).
The average weight of the potato tubers before and after immersion in the working liquid amounted to
51.02 ± 13.66 g and 51.63± 13.76 g, respectively. The average weight of the working liquid (the dressing
agent) left on the surface of the potato tubers was 0.62 ± 0.13 g.
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Table 1. The statistical characteristics of the potato tuber weight before and after immersion in the
working liquid and the weight of the working liquid on the potato tubers (the first stage of the tests).

Parameter
Potato Tuber Weight (g)

Weight of Liquid on Surface of Potato Tubers Mc (g)
Before Immersion Mb After Immersion

Minimum 24.168 24.567 0.351
Maximum 90.142 91.010 0.870
Average 51.018 51.633 0.615
Median 49.439 50.008 0.607
Standard deviation 13.664 13.763 0.128
Coefficient of variation (%) 26.782 26.656 20.753

Figure 3 shows a second-degree equation describing the amount of the chemical agent covering
the surface (epidermis) of potato tubers depending on their weight (the reference test). The equation is
characterised by good fit to the empirical data. The value of the correlation coefficient was 0.79.
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and the tuber weight.

In the next stage the effect of the electronically controlled sprayer valve was compared with the
steady flow of the working liquid (Figures 4 and 5) and the electronically controlled valve with an
intermittent flow of the working liquid (Figures 6 and 7).

Figure 4 shows the amount of the chemical agent left on the surface of the seed potato subjected
to the dressing process. The retention ratio was also calculated for the constant flow of the liquid
from the sprayer (Figure 5). The amount of the agent left on the seed potato surface and the retention
ratio increased along with the working liquid pressure. The largest amount of the chemical agent was
applied at a distance of 150 mm and working pressure of 400 kPa (Figure 4). The results show that as
the distance between the sprayer and the potato falling path increased, so did the amount of the agent
left on the seed potato surface at each pressure, assuming that the ambient parameters, such as the air
temperature and relative humidity were constant.
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Figure 5. The ratio of retention (%) of the agent on the seed potato surface for the valve without
electronic control, depending on the falling path distance (mm) (continuous flow).

The authors decided to check the influence of an auxiliary airstream in the electronically controlled
valve to verify the information in reference publications and their own experience. Figures 6 and 7 show
the results of comparative tests checking the influence of the value of the auxiliary airstream pressure,
which was successively lowered by 50 kPa in relation to the working liquid pressure. The influence of
the distance between the sprayer valve and the seed potato falling path as well as the influence of the
working liquid pressure varying within 100–400 kPa was tested for the pressure values.
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4. Discussion

The laboratory investigations provided a considerable set of data, which confirmed the dependence
between the amount and the ratio of retention (R) of the chemical agent remaining on the seed potato
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surface after the dressing process. The amount (weight) of the working liquid measured on the surface
of potato tubers (seed potatoes) at the first stage of the tests after immersion of the tubers in water was
used as a reference point for the results of the amount of the agent applied to the tubers at the second
stage of the tests. When the seed potatoes were immersed in water, the average amount of the dressing
per seed potato was 0.62 g (Table 1). However, when an intermittent outflow of the liquid with an
auxiliary airstream was applied, on average there was 0.35 g of the liquid per seed potato (Figure 7).
During the continuous outflow of the liquid from the sprayer, when the nozzle was positioned at a
distance of 50 mm from potatoes and the working liquid pressure was 400 kPa, the average amount
of the agent covering the potato surface was 0.4 g (Figure 4). Bayer CropScience recommends the
following amount of Prestige Forte 370 dressing to be applied: 0.8–1.5 litres of the solution per 100 kg
of potatoes. If we assume that the average weight of one potato is 50 g, the amount of the agent applied
ranges from 0.4 to 0.75 g. Thus, the amount of the liquid used in the tests was sufficient and it should
ensure proper protection of potato plants from diseases and pests.

The degree of retention of the working fluid was also analysed. As the results showed, the
degree of retention depended on the distance between the sprayer and the axis of the potato falling
pathway and on the value of the working pressure. When there was a greater distance from the axis
of the potato tuber falling path, a greater amount of the agent was applied to the surface of seed
potatoes. This dependency was observed at each of the pressures used in the tests, assuming that
there was constant ambient air temperature and relative humidity. This information is important to
choose the location of the spraying nozzle in relation to the falling path of potato tubers while being
planted, because they can be covered with the chemical agent more thoroughly and thus they can
be better protected from viral diseases and pests. The effect of the chemical agent applied evenly
and at an appropriate amount to the surface of potatoes was determined by Erlichowski et al. [39].
They conducted experimental research and proved that the chemical agent applied at a dose of
100 mL/100 kg) influenced the effectiveness of protection of the potato plantation from pests [39].

The experiment showed that after immersing seed potatoes in the chemical agent, the amount
left on the surface of the potatoes corresponded to the minimum dose of the chemical agent for seed
materials proposed by manufacturers of chemicals. The amount of the agent left on the surface of seed
potatoes after spraying them with the working liquid applied in a continuous flow was comparable
with the amount of the agent applied to seed potatoes by immersion, i.e., about 0.6 g per potato.

The second area of the analysis involved measurements of the amount of the agent lost during the
application of the working liquid to seed potatoes. The test results clearly indicate that electronically
controlled valves with an intermittent flow of the liquid from the nozzle with an auxiliary air stream
had beneficial effect at all the four pressures (100, 200, 300, 400 kPa). When the liquid was sprayed
with a continuous flow, 85 g of the lost liquid was used for a sample of 10 seed potatoes at a pressure of
400 kPa (Figure 8). However, when the electronically controlled valve with an auxiliary airstream was
used, the amount of the chemical agent lost was more than five times smaller at a pressure of 400 kPa,
i.e., 16 g (Figure 9). Thus, about 80% of the agent needed for treatment with the liquid was saved,
but the quality of the treatment was maintained. The multivariate analysis of variance (MANOVA)
showed that all the variables significantly (α = 0.05) influenced the amount of the agent applied to the
surface (peel) of seed potatoes (Table 2).
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Table 2. The results of multivariate analysis of variance (MANOVA) of the adopted parameters vs the
amount of the agent applied to the surface of seed potatoes.

Effect

Multivariate Tests of Significance for the Amount of Chemical Agent by Weight
Parameterisation Method with Sigma-Limitations

Decomposition of Effective Hypotheses
SS Degrees of Freedom MS F p

sprayer
distance 4.58 2 2.29 86.07 0.00

controlling 92.43 1 92.43 7729.89 0.00
liquid pressure 7.54 3 2.51 96.22 0.00
auxiliary
airstream 15.92 3 5.31 214.67 0.00

The empirical research showed that the retention ratio in all configurations with the electronic
valve with an auxiliary airstream was significantly better than in the electronically controlled valve
without the airstream. The highest values of the retention ratio were noted when the distance between
the sprayer and the seed potato falling path was 50 mm and the air pressure was 25 kPa lower than the
working liquid pressure. When the air pressure was 50 kPa lower than the working liquid pressure,
the retention ratio tended to decrease as the difference in the air pressure increased. These results can
be explained by the influence of the pressure. Lower air pressure extended the time necessary for the
working liquid pressure to rise when the valve was switched on. In consequence, this extended the time
of reaction to the valve being switched on and the formation of a proper stream of the liquid sprayed.

5. Conclusions

The laboratory tests (the intermittent flow of the liquid) showed that the distance between the
sprayer valve and the seed potato falling path had a negative effect on the ratio of retention of the
applied liquid at pressures of 100 and 200 kPa, but it had a positive effect on the pressures of 300 and
400 kPa. When the distance increased from 100 mm do 150 mm at a pressure of 200 kPa, the retention
ratio decreased from 22.6% to 17.2%. On the other hand, at a pressure of 300 kPa the retention
coefficient value increased from 9.7% to 17.5%. When the continuous outflow was applied and the
distance between the sprayer valve and the seed potato falling path increased from 100 mm to 150 mm,
it had positive effect on the retention ratio for all of the four pressures tested (100, 200, 300, 400 kPa).
The highest increase in the retention ratio (from 6.1% to 19%) was observed when the pressure was
400 kPa.

As the working fluid pressure increased from 100kPa to 400kPa, so did its retention ratio.
An increase in the liquid pressure was accompanied by an increase in the kinetic energy of the drops
and a simultaneous decrease in their diameter. Thus, a more even (thin) layer of the liquid was applied
to the seed potato peel. The liquid did not drip, which resulted in better retention of the chemical agent
on the seed potato surface.

The distance between the sprayer and the seed potato falling path had minimal influence on the
amount of the chemical agent left on the seed potato surface. When the liquid pressure was 400 kPa,
it was 0.6 g per seed potato. This value was comparable to the amount of the chemical agent left on the
seed potato surface after immersion in a liquid, i.e., 0.6 g.

The distance between the sprayer and the seed potato falling path affected the application of the
dressing with the electronically controlled valve. When the distance was longer, the amount of the
chemical agent left on the seed potato surface decreased. At the same time, the spread between the
results presented in the second and third quartiles increased as well.

In all spraying configurations with the electronically controlled valve and an auxiliary airstream
there was a greater amount of the liquid left on seed potatoes and greater losses (chemical emissions into
the environment) as the working liquid pressure increased. The average loss of the liquid amounted to
8 g per seed potato when it was applied in a continuous flow from the sprayer.
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The innovative electronically controlled valve with an auxiliary airstream decreased the amount
of the chemical agent left on the seed potato surface. When the distance between the sprayer and the
seed potato falling path was 50 mm, the amount of the chemical agent decreased by about 30%. At the
same time, the loss of the chemical agent emitted into the environment decreased by more than 50%,
as compared with the continuous flow of the working liquid from the sprayer.

The auxiliary airstream in the innovative valve significantly influenced the results of the dressing
process. The air pressure, or more precisely, the difference in relation to the working liquid pressure
had minimal influence on the amount of the chemical agent left on the seed potato surface. When the
air pressure was lowered in relation to the working liquid pressure, it significantly affected the amount
of the chemical agent lost, i.e., emitted into the environment. The emission was the smallest when the
air pressure was 25 kPa lower than the working liquid pressure at 50, 100, 150 mm distance between
the sprayer and the seed potato falling path.
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