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Abstract. The article presents an analysis of previous research on the use of ozone to intensify the active
ventilation of grain. It shows the results of two year experiments revealing possibilities of using ozone in active
ventilation of grain in 20 m3tanks under farm conditions. The essence of the experiments: two equal tanks are
loaded with the same amount of grain of the same humidity and are ventilated with the same intensity of air flow
by adding generator—produced ozone with a concentration of 28 mg-m to the ventilated air of one tank. The
sensor system, installed in the tanks, performs real-time monitoring and records the parameters of the drying
process, which are also periodically checked with hand tools. A decrease in the grain moisture in the ozone tank
was established during the experiments in contrast to the tank without ozone additive in the ventilation air,
especially in the lower layers of the tank. It was found that the ozone additive of the concentration mentioned can
be rationally applied in the treatment of 1.5-2.0 m high grain layer at the ventilation parameters indicated in the
article.
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Introduction

Technologies that reduce environmental impact will become increasingly important in agriculture.
One of such technologies could be application of ozone in grain growing and processing. There are
investigations carried out on the impact of ozone upon grain at various stages the technology — the seed
treatment, the grain aeration and storage; yet most studies have been performed under the laboratory
conditions, with a small amount of grain, under different weather conditions. Also concerning
application of ozone in the active ventilation of grain, most investigations have been made under
laboratory conditions — by treating a small amount of grain with ozone in the equipment specially
designed for this purpose. Most often the amount of grain in such experiments does not exceed a few
tens of kilograms, the height of the grain layer — one metre [1-3]. The initial moisture content of the
treated grain varies from 28% [4] to 14% [6]. The concentration of the applied ozone depends mainly
on the purpose of treatment — the most commonly used ozone concentration for ventilation
intensification is 8-10 mg-m [4; 5; 7], while for the mycotoxin extermination purposes a concentration
of up to 100 mg-m is recommended [8; 9]. Several authors [1; 4; 5] indicate an air flow rate of 0.2-
0.4m-st

There are also studies on the use of an ozone additive to the ventilation air in large volume tanks.
The authors of [10] describe experiments with a 2.7 m high grain layer and significant ozone
concentration in the ventilation air — 21.0-42.0 mg-m=. There are experiments performed [5] in two 30
m? tanks, the ventilation air in both tanks being heated by 5-60 °C, adding ozone of a low concentration
to the air in one tank. Also in [11] air heated to 50 C and ozone concentration of 3-5 mg-m= are used for
ventilation. The authors of the performed experiments believe that such ventilation conditions shorten
the drying time by about 20%. On the other hand, the conclusions of experiments, performed both under
laboratory conditions and in large—volume tanks, indicate that the drying speed increases up to two
times, yet the process parameters are not indicated [7]. In 2019 the experiments with active ventilation
of grain in two 20 m? tanks, adding ozone to the air in one tank with a concentration of 28 mg-m-, with
the initial height of the grain layer of 5.1 m were performed by [12]. The authors conclude that there is
a slight decrease in the grain moisture in the ozone tank in contrast to the tank without ozone additive
to ventilation air; yet the advantages of the method have not been convincingly proved. Therefore,
experiments were continued in 2020 during the next grain harvesting season, performing ventilation in
both tanks for a 3.0-3.5 m high layer of grain.

All the authors of these publications believe that application of ozone give a positive effect in
shortening the drying time, the numerical values of the process shortening are mentioned within the
range from 10 to 100%, most often 10-25%. Most often the ozone concentration is 5-30 mg-m, the
initial humidity of the ventilated grain is 28-18%. In most cases the air flow rate is 0.1-0.4 m-s?, the
duration of experiments was from a few hours in the laboratory to 12 days in the large-volume tanks.
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Obviously, the authors of these investigations have different views on the ozone application modes and
results of grain drying by active aeration in high-volume tanks, which have also an objective reason
because the experiments were performed under different conditions.

The aim of the research is to continue the experiments started in 2019 [12] to find out the
possibilities and efficiency of the ozone application under the farm conditions, ventilating during the
grain harvesting a 3.0-3.5 m high grain layer in two identical 20 m? tanks, by adding ozone to one tank,
the other without the ozone addition.

Materials and methods

The experiments started in 2019 were continued in 2020 at a grain pre-processing centre of a farm
by ventilating wet grains in two equal tanks with a maximum capacity of 20 tons — in one with unheated
outdoor air, in the other with ozone added to the unheated outdoor air (Fig. 1). The methodology of the
experiments is laid out in publication [12]; there is a significant difference in the initial height of the
grain layer to be treated — in 2019 it was 5.1 m but in 2020 it was 3.2 m (shaded in the figure). At the
grain layer height of 5.1 m it was not possible to achieve the required air flow rate in the grain; therefore,
in the upper layers drying of the grain was insufficient, while in the lower layers the grain was overdried
to 11% moisture. The ozone concentration was optimal only in the first and the second layer — around
10 ppm; in the third layer — about half of what was required; in the above layers the ozone effect was
minimal. Therefore, in 2020 the experiments were continued with an initial layer height of 3.2 m.
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Fig.1. Scheme of the ventilation tank, the tank filling: to the height (coloured) of to 5.1 m in 2019, to
3.2min 2020; 1/1 - 1/5; 2/1 — 2/5 — sensors; 1 — ozone; 2 — tank without ozone; 3 — tank with ozone;
4 — outside sensors; 5 — air dust filter; 6 — fans; 7 — ozone generators

L

The tanks for performing experiments are equipped with fans, their engine power being 4.0 kW, the
impeller speed 2800 min, the efficiency 7000 m3-h™. Two ozone generators are arranged in front of
the fan of one tank, the installed power of each being 1 kW, the output 100 g-h* Os; so the total output
200 g-h't Os. In the centre of each tank there is a suspension for fixing the sensor system, installing
boxes with sensors per every metre; the structure and operating principles of the sensor system are
described in publication [13], the methodology of using the sensor system — in publication [12]. The
sensor system is designed to record air humidity in the interspace, temperature and ozone concentration
per meter; in 2019 in five layers, in 2020 in three layers; and to transmit the recorded data to the computer
where real-time online or remote monitoring can be performed. The following parameters were
determined during the experiments by stationary meters, a sensor system or by hand tools.

e Energy consumption by the fan connected to each tank, kWwh.

e Energy consumption by ozone generator, kwh.

e The air humidity in both tanks in the grain interspace in five layers (height 5.1m) in 2019; in
three layers (height 3.2 m in 2020), %.
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e The grain temperature in both tanks in five layers (5.1 m) in 2019; in three layers (3.2 m) in
2020, 0 °C.

e The ozone concentration in the tank with the ozone supply in five layers (5.1 m) in 2019; in
three layers (3.2 m) in 2020, ppm.

e The ambient air humidity and temperature, %, 0 °C.

e The grain moisture in containers per layers periodically measured during drying by a hand tool
(Wile 66 (FarmComp Oy, Finland). Humidity range 8-35% with grain, 6-25% with the oil
plants. Measuring accuracy +0.5% for the whole grain. Better than +0.5% for the ground grain.
Storage temperature — 15°C + 50 °C), %.

e The 0zone concentration at the inlet of the ozone tank, above the top layer of the grain and at a
depth of 2 m from above, during periodic drying with a hand tool (QL-800-O, Manufacturer
QLOZONE, China), with a monitoring range from 0 to 100 ppm, with a resolution of 0.01 ppm.
The ozone conversion, measured by volume in the air, is 1 ppm of ozone = 2.14 mg-m= Os),
ppm.

e The air discharge rate above the top layer of the grain in both tanks periodically during drying
with a hand tool, m-s™.

Mathematical statistical methods were used to process the results.

Results and discussion

In 2019 experiments were performed with approximately 5.1 m high grain layer, the grain mass in
each tank being approximate 17.4 t, the initial grain humidity 23%, the total ventilation duration 28 days.
During this period the fans were operated for 185 hours, an average of 6.60 hours per day. The
parameters, registered by the sensor system, could be monitored both at the moment, and, for the
previous days, on the computer of the farm, and from distance; the total number of the operating sensors
was 27. During the first week an intense decrease in moisture was observed in the lower layer, then also
in the second layer from the bottom. The temperature in the layers varied in the range of 15-26 °C, it
was higher in the upper layers. The ozone concentration was the highest in the lower layer, decreasing
in the second and the third layers, and was negligible in the fourth and fifth layers. At the end of the
second week the grain moisture at the top of the tanks and at a depth of 1.5 m from the top decreased
little — to 17.5% in the ozone tank, and 18.5% in the ozone-free tank; the grain drying had started in the
third layer from the bottom. At the same time the grain at the bottom of the tank were overdried — the
moisture being 11%. The reason for the high moisture of the grain in the upper layers of the tanks is
obviously the insufficient specific air consumption per 1 m* of the grain per hour. In our case this
indicator is 350 m3-ht, the optimum would be 500-550 m3-ht [14]. In order to intensify the process, it
was decided to reduce the height of the grain layer in the tanks by about half, releasing part of the driest
grain from the bottom of the tanks and delivering it for sale with an average humidity of 17.5%.
Continuing aeration of the remaining grain-about 50% of the volume of the tank — on the following days
the grain moisture in the lower layers of the tanks decreased comparatively rapidly, at the top of the
tanks it decreased less. After about a week the grain moisture at the bottom of the tanks was already 11-
12%, therefore its aeration was stopped, and the grain was delivered for sale with an average moisture
content of 15.2%.

The air flow rate above the grain layer and the ozone concentration at the fan inlet and at the top of the
tank were periodically checked by hand tools. The air flow above the grain layer, depending on the
position of the measuring instrument in relation to the centre of the tank, was 0.05-0.06 m-s*, which is
at least twice less than the minimum required for intensive ventilation of the grain [14]. The ozone
concentration in the fan inlet pipe was 15-18 ppm, which even exceeds the planned concentration of
13 ppm or 28 mg-m Os. The ozone concentration at the top of the tank was around 0.1 ppm, which
means that virtually all the ozone has been absorbed — as confirmed by the sensor system — at the fourth
and fifth levels the ozone concentration is negligible [12].

When evaluating the results of the experiments of the year 2019, it was found that the use of ozone
in a short ventilation cycle (2-3 days) allows to reduce the moisture in the grain layer, up to 3 m thick,
by about 1%, in contrast to the outdoor ozone-free ventilation. It was also found that, using the fans
installed on the farm, the experiments should be continued in 2020 with a 3 m high grain layer, because
ventilation of the upper layers is not efficient enough. It has also been established that the sensor system,
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developed and installed in the tanks, worked in accordance with the requirements, and it can be used for
monitoring the drying process and the data collection also in 2020.

Taking into account the results of 2019 [12], in 2020 the experiments were performed with about
3.2 m high grain layer; the approximate grain mass in each tank was 10.8 t, the initial grain humidity
23.5%, the total ventilation duration 22 days; during this period the fans were operated for 136 hours or
an average of 6.18 hours per day; ventilation started on 22.07.2020. The ventilation process was
monitored by a sensor system; additional process parameters were periodically determined by hand
tools, using the methodology developed for the 2019 experiments [12].

Variations in the grain moisture during drying in the tank with ozone (Tank with Ozone-OT) and
in the ozone-free tank (Reference tank — RT), periodically determining the humidity by a hand tool in
triplicate, are shown in Table 1. The samples of grain for the moisture determination in several layers
of the tanks (1 m from the top, 2 m from the top, 3 m from the top) were taken with a probe provided
for this purpose.

Table 1
Variations in the grain moisture during drying in the ventilation tanks by layers
Date 23.07.2020. 28.07.2020. 3.08.2020. 6.08.2020. 12.08.2020.
Moistue, % - R i i
Y Ozone Ozone Ozone Ozone Ozone Ozone Ozone Ozone Ozone Ozone
free -free free free free

Ontop of thetank| 22.0 | 22.0 | 22.0 | 22.0 | 19.0 | 19.0 | 18.0 | 18.0 | 18.0 | 18.0
1mfromthetop | 22.0 | 22.0 | 22.0 | 22.0 | 19.0 | 190 | 175 | 18.0 | 175 | 18.0
2 m from the top |no data| no data | 22.0 | 22.0 | 18.0 | 19.0 | 175 | 18.0 | 16.5 175
3 m from the top |no data| no data | 15.0 | 18.0 | 12.0 | 140 | 10.0 | 11.0 | 95 10.0

Atthe bottom of\ 135 | 140 | 1.0 | 120 | 200 [ 200 | 90 | 90 | 80 | 90
the tank

As evident from the table, the grain moisture has changed differently in different layers of the tank
— at the bottom of the tank, already after one—day ventilation, the grain has reached the condition
moisture (14%); besides, in the tank with the ozone supply the humidity is by 1% lower. During the
subsequent ventilation the grain at the bottom of the tanks were overdried (11%) — similar to what was
found in 2019. In the next layer — 3 m from the top — the ozone effect is visible five days after the start
of ventilation — 28.07.2020 — when the grain moisture in the ozone tank is 3% lower than in the tank
without the ozone supply. The ozonation effect of grain in this layer is also visible in the subsequent
course of drying, but as the grain becomes drier (11%), it gradually decreases. On the 12.08.2020 the
moisture content of the grain in the ozone tank is only 0.5% lower than in the tank without the ozone
supply, and the grain is also overdried in this layer (11%). For technical reasons on the 23.07.2020 it
was not possible to determine the grain moisture. In its turn, in the layer 2 m from the top, the effect of
ozone can be detected 12 days after the start of ventilation — on the 03.08.2020 — when the moisture
content of the grain in the ozone—containing tank is 1% lower; a small difference in moisture remains
until the end of the drying period. In the layer 1 m from the top, the ozonation effect appears on the
fifteenth day after the start of ventilation and is only 0.5%. In the upper layer, on the other hand, the
effect of ozone cannot be detected — in both tanks the grain moisture is 18%, and during 22 days it has
decreased by 5.5%. The experiments confirmed the statements in the literature [1], [2] that the impact
of ozone is effective at the beginning of the ventilation period — up to a few days when ozone intensively
absorbs the grain moisture. This is also evident in the table — in the rows “3 m from above” and “at the
bottom of the tank”.

Periodically, by a hand tool in triplicate, the air flow rate, as well as the ozone concentration at
various locations were determined in the tanks above the top layer of grain. The air flow rate was
measured by placing the meter at five symmetrical points above the grain layer in triplicate and then
calculating the average value. In the measurements of the year 2020 the air flow velocity was found to
be 0.08-0.09 m-s, which is 1.5-1.6 times more, compared to the measurements of the year 2019 (0.05-
0.06 m-s*) above the 5.1 m high layer of grain. However, the flow rate fixed in the year 2020 also lags
behind the optimum for intensive grain ventilation — 0.1-0.2 m-s* [14].
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The ozone concentration was periodically measured by a hand tool in three replicates at the fan
inlet, above the grain layer and 2 m from above. The concentration in the inlet was similar to that in the
year 2019 — 15-17 ppm, which exceeds the planned concentration 13 ppm of air. The concentration of
ozone above the upper layer at the beginning of ventilation is not detectable, after about two hours it
was within the range of 0.1-0.3 ppm, a higher value was found in the drier grain. At 2 m from the top of
the layer the ozone concentration was approximately 4 ppm. Measurements of the sensor system show
a similar concentration. On the whole, the ozone concentration complies with the planned one.

To illustrate the operation of the sensor system, Figure 2 shows the fixed results of the sensor system
in the ozone tank during one day. Ventilation and the ozone delivery started on the 23.07.2020 at 17.45.
As shown in Figure 2a, moisture in the lower layer (sensor 2/1; 1 m) in the grain interspace gradually
decreases. As soon as the equipment is switched off at 21.25, the humidity is rising rapidly again. In the
following layers the changes are much smaller (sensor 2/2; 2 m, sensor 2/3; 3 m). The temperature
changes during ventilation can be observed within the range of 3-4 °C (Fig. 2b), besides, in the lower
layer (sensor 2/1; 1 m) it increases; in the following layers it decreases slightly during the whole
ventilation time. Such a nature of changes in the temperature curves was also observed in the
experiments of the year 2019. As shown in Figure 2c, the ozone concentration increases rapidly in the
lower layer (sensor 2/1; 1 m), in the second and third layers from the bottom (sensor 2/2; 2 m, sensor
2/3; 3 m) the changes are similar, but flatter.

Humidity changes 23.07.2020. 19.00 Temperature changes 23.07.2020.
a) 100.00 b) . o
o 5 18.00 o o
ul
It o 0—Sensor 2/1, (1m)
90.00 & A & A 17.00 5 * 0 Sensor 2/2. (2m)
s % M < M < g)n 16.00 o A—Sensor 2/3, (lem)
& o o—Sensor 2/1. (1m) E 15.00 A x—Sensor (outside)
= 80.00 O—Sensor2/2. 2m) — o < o]
F A—Sensor 2/3, (3m) Z 14.00 x
2 C. x—Sensor (outside) g a
70.00 5 p & 13.00 A
12.00 a B 2
60.00 11.00
17:45 19:12 20:38 22:04 17:45 19:12 20:38 22:04
Time, h Time, h
Ozone concentration change 23.07.2020.
C) 14.00
12.00
P O
3
2 10.00 a 5
=
£ 8.00
g 6.00 ° i
g 400 = ~
c : O—Sensor 2/1., (1m)
E 2.00 o & O—Semsor2/2, 2m) =y
o A—Sensor 2/3, (3m)
0.00 A&

17:45 19:12 20:38 22:04
Time, h
Fig.2. Results fixed by the sensor system in the ozone tank during one day:
a — humidity changes; b — temperature changes; ¢ — 0zone concentration changes

If the results of the experiments conducted in 2020 are compared with the results of the year 2019,
it can be concluded that the results of the year 2020 prove more convincingly the purposefulness of the
ozone application. As it is obvious from the table, already after six days of ventilation in the ozone tank,
1 m from the bottom of the tank, the grain moisture is 3% lower than in the tank without the ozone
supply, which is essential. Continuing the aeration and reducing humidity below the condition humidity
of 14% (the grain overdrying), this difference decreases, because ozone has no effect upon the dry grain.
Also in the layer 2 m from the bottom of the tank the difference in the grain moisture in both tanks is
1%, although only after 12 days of ventilation. The obtained results are similar to the results of other
studies [6; 15] — the higher the grain moisture content, the slower the ozone penetration through the
grain layer; respectively, the higher the ozone absorption.

The lowest ozonation efficiency appears 3 m from the bottom of the tank (i.e., close to the top of
the layer) — 0.5% grain moisture difference, and only after 15 days of ventilation, the grain moisture in
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the top grain layer is the same in both tanks. As already mentioned, the ozone concentration above the
grain layer is negligible; besides the moisture removed from the lower layers is partially condensed in
the upper layer.

Conclusions

1. Active attachment of ozone in wet grain (18-23%) takes place at the beginning of ventilation and
mainly in the lower layers of the grain. As the grain moisture decreases and the layer thickness
increases, the effect of ozone application also decreases.

2. After six days of ventilation in a one metre thick grain layer of ozone with a concentration of 0.028
g m?, the moisture content of the grain is by 3% lower than the moisture content of the grain without
an ozone additive to the ventilation air. The condition moisture in a one metre thick layer of ozone
is reached 3 days faster than without ozone.

3. In a two—meter—thick layer, the grain moisture decreases considerably more slowly and the effect
of the ozone application is less. After 12 days of ventilation, it is 18% for the grain with ozone
added to the ventilation air and 19% without ozone.

4. Inathree—metre-thick layer, during 22 days (136 hours) of ventilation, the humidity decreased only
by 4.5 and 4.0%, respectively, the result of ozone exposure is minimal.

5. To sum up what was mentioned above, one can conclude that it is expedient to apply the ozone in
active ventilation with a concentration of 28 mg-m- at the ventilation parameters, mentioned in the
second part of the article, with the initial humidity of 22-23% and the layer thickness up to 1.5 m,
maximum 2 m. At these parameters application of ozone in a 1 m thick layer would shorten the
drying time by 3 days, 1.5 m layer — by 2 days, 2 m layer — by 1 day, compared to the active
ventilation without the use of ozone.
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