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1. INTRODUCTION

During the food production process, qualitative losses are caused
by biological contaminants (fungi, mycotoxins, and insects) and
chemical contaminants (pesticide residues), widely found in grain
storage. Several species of fungi, when they find ideal conditions
for their development in the silos, cause damage to the grains (clod
formation, grain heating, discoloration, loss of germination vigor,
reduced nutritional value) and produce mycotoxins. With the ad-
vent of the new globalization, the demands for quality and sus-
tainable products are becoming stronger. Thus, digital transfor-
mation is a differential for the productive market, inserting dis-
ruptive technologies, to become increasingly competitive. There-
fore, monitoring of physical and biological conditions by intel-
ligent systems in grain storage environments is required, as well
as sustainable decontamination strategies (method-green). There-
fore, in this article is proposed the use of IoT technology for mon-
itoring and detecting the proliferation of different fungal species,
having as parameters the temperature and humidity produced by
fungal growth in (sites) of the grain storage silo. Besides, the
use of ozone gas (GRAS - generally recognized as safe) is pro-
posed as a useful alternative for fungal decontamination inside the
storage unit silos and an automated real-time gas release system.
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Quantitative losses often occur during the food production process.
Technical problems, such as harvester regulation, grain handling
during harvest, as well as transportation, are factors that are associ-
ated with these losses [28, [7]].

Food loss and economic impact are the main problems to be solved.
On the other hand, qualitative losses, triggered by biological (in-
sects, fungi and mycotoxins) and chemical (pesticide residues) con-
taminants are widely found in grain storage [[19,26].

Insects can cause damage to grains and usually carry fungi that
eventually are responsible for spoilage of parts of the grains and
seeds. Fungi develop in silos, causing clods, grain heating, discol-
oration, germination loss, odor changes, reduced nutritional value
and affect product quality. In addition, they can produce mycotox-
ins, which makes the problem even more serious [} 26].

Factors such as the high temperature associated with high air and
grain humidity are crucial for the formation of clods. Alterna-
tives such as systematic grain drying and continuous application
of fungicides and pesticides are commonly applied in these cases.
However, the high energy consumption produced by grain drying
ventilation systems [24] and residual contamination generate eco-
nomic losses for producers and concern for human health and the
environment [27].

The practices described above meet the trends of the new globaliza-
tion that is growing with digital transformation [18]]. Bioeconomics
has become an emerging strategy as it is a new economy based on
biological resources and clean, renewable and sophisticated pro-
cesses. In the concept of digital transformation, technological inno-
vations are constant, as they introduce new benefits such as greater
simplicity, convenience in use and lower cost. [30].



Thereby, disruptive technologies, such as the (Internet of Things -
I0T), have been widely used in areas that need accurate control and
continuous monitoring. In agroindustry, with smart agriculture, IoT
is used to evaluate soil, air and biomass conditions of plants and
animals [29]. The sensing systems implemented in Grain Storage
Units (UAGs) are essential for controlling the internal temperature
and humidity of the silos. Through control it is possible to prevent
and combat the development of pest insects, fungi and bacteria.
Therefore, it is proposed in this research work the use of thermom-
etry technique to detect the formation of clods produced by fungi
filamentous in grain storage silos, respecting a time constraint. In
other words, it is proposed to use temperature and humidity sen-
sors for the preventive detection and elimination of clod-forming
fungi, as well as the ozone gas Oz application strategy for real-
time decontamination of silos. Real-time in this context refers to
the system response time. In this case, the system must meet with
the activation time of the O3 release mechanism and gas exposure
time in the grain storage unit. For this, an IoT platform is used, sim-
ilar to the FASTEN project [9], composed by open source software
for silos monitoring and alerts generation for the user.

FASTEN (Flexible and Autonomous Manufacturing Systems for
Custom-Designed Products) is a project carried out in coopera-
tion between Brazil and Europe (H2020). The main goal of this
project is to develop an open and standardized structure to produce
custom-designed products that can function autonomously and pro-
vide products from low-cost additive manufacturing.

This article is organized as follows: in Section [2] we present con-
cepts related to ozone gas and storage fungi. Section [3]is detailed
the research proposal which consists of the use of IoT to detect fun-
gal formation in storage silos through thermometry. In Section[d]is
showed the environment configuration and the results of the first
experimentation. Finally, in Section 5] is concluded our article and
present indications for future works.

2. OVERVIEW

In Latin America approximately 127 million tons of food are
wasted per year. Of this total, approximately 28 million tons are
lost during the storage and handling steps. Some Mercosul coun-
tries have losses of up to 25% of their cereal production total, and
fungi are among the main factors promoting these losses [[17]. Most
storage fungi can be toxigenic and produce toxins, leading to loss
in the quality of grains directed for human and animal consumption
[26]].

Increasing consumer demand for food through increasingly sustain-
able production makes it impossible to apply fungicides to con-
trol and eliminate these microbiological contaminants. Developing
agriculture for the new digital globalization requires balancing the
three strands of sustainability: environmental, economic and so-
cial [18]]. Given this, it is proposed in this research work a phys-
ical and computational infrastructure that meets the three aspects.
Therefore, the use of ozone gas as a sustainable decontaminant is
proposed, as well as the use of technological tools for prevention,
detection and notification of fungal development, based on temper-
ature and humidity conditions.

Ozone gas is considered a GRAS (Generally Recognized as Safe
- FDA). The half-life of O3 in atmospheric conditions is approxi-
mately 30 min and reduces with high temperatures and low pres-
sures [22,[15]].

In industry it is used as an effective tool in the control of insects,
such as Tribolium confusum and Oryzaephilus surinamensis, gen-
era of fungi Aspergillus, Fusarium and Penicillium their toxins and
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Fig. 1: Ozone production performed by electric discharge in an oxygen
stream. Adapted from [4].

in the degradation of pesticide residues mainly of the pyrethroid
group. [2} [1118].

From the discovery of O3 as a decontaminant, it was very diffi-
cult to use on a large scale due to the expensive ozone generators.
The cellulose and paper industries needed to replace chlorine with
Og for the bleaching process, new technologies made it possible to
build ozone generators, lowering their generation costs. [16].

The O3 production does not require high investments, it is per-
formed by the process of electric discharge (corona discharge),
which occurs through the tunnel between 2 electrodes subjected to
a high potential difference of about 1000v (Figure[T). It is produced
by the passage of air or pure oxygen between both electrodes. Oxy-
gen molecules collide causing oxygen dissociation and the conse-
quent formation of O3 by the time electrons reach enough energy
to dissociate [4].

Ozone gas can be utilized as an oxidizing agent and applied as
a decontaminate to elioisinate living organisms (fungi, bacteria,
viruses, protozoa, insects and mites) and / or degradation of toxic
compounds such as pesticides and mycotoxins in food industries
[3L125].

Some articles, [20} (14} 21]], utilized high concentrations of O3 in
short periods to eliminate larvae and adults of several beetle species
responsible for intense damage to agriculture.

Low humidity content does not ensure storage efficiency. Some
fungal species, such as Aspergillus glaucus, during their develop-
ment release water and heat that can reach 40C [26]. Besides the
formation of clods, these species compromise the quality of the
grains (burnt grains) with high humidity content, 14.8% [6].
Species such as A. restriticus require humidity contents of 13.2
13.5% and temperatures of 30C to 35C for the development of their
reproductive structures. [26].

Intelligent systems with sensors and micro-controllers are used to
precisely monitor the development of reproductive structures in
fungal cultures, utilizing the substrate temperature and humidity
as parameters. [32].

In this context, the Internet of Things (IoT) is used in precision agri-
culture to monitor the temperature and humidity of silos, thereby
preventing and detecting clod formation by fungi. IoT is a network
of physical objects with sensors and actuators, connected to the In-
ternet, that collect and transmit data and act when needed.

The FASTEN project IoT platform allows farmers to implement
cost-effective technologies. The open source software allows the
addition of economic and social sustainability. Besides to facilitat-
ing the dissemination of technological innovations for agriculture
by the inclusion of digital transformation in agribusiness and the
new competitive landscape.
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Fig. 2: Grain storage unit designed to receive ozone gas.

3. FUNGI DETECTION SYSTEM IN STORAGE
SILOS

Grain storage has some climatic and biological barriers that cause
great damage and hinder the flow of production. Therefore, it is
proposed in this work a system for preventing and detecting the
formation of clods produced in silos of grain storage units, as well
as the use of O3 gas for decontamination. The objective of this
research is to reduce economic losses in grain silos using as a de-
contaminant a component considered as clean technology (Green).
The research proposal presents three main contributions:

(1) Projects for silos and ozone generator: In order to use O3 gas
as a decontaminant, it is necessary to project the method as the
gas will be inserted. The structure of the sensor presented is
currently utilized.

(2) Clod prevention and detection system: development of a hard-
ware and software infrastructure capable of preventing, detect-
ing and notifying the user of clod development. In addition, the
system will control gas release, concentration and release time
according to the characteristics of the detected fungi.

(3) Ozone gas concentrations and exposure time: for each fungal
species it is necessary to correlate the concentration and expo-
sure time of the gas to get the whole process safe and effective.

3.1 Project of silos and ozone generator

Figure 2] shows the O3 generator (ozonator) and grain storage unit
structures that have input for gas insertion. The conduction of Os
gas is accomplished through openings pipes that release Os. In each
silo there are three tubes with up to 36 openings (Figure EI)
Humidity and temperature sensors are inserted into the silos using
cables. The silos are made up of 3 sectors, totalling a set of 45
sensors. Each sector consists of 15 temperature and 15 humidity
sensors distributed in 5 points. A FigureEl shows Sectors 1, 2, and
3, which consists in the provision of O3 (1), in the Og inlet tubes
(2), in the sensor cables (3), and the grain mass (4).
Figure ] presents the silo structure with grain stocked (1), the sen-
sor cables (2) and the O3 gas release ducts (3).

The fungi detection process begins with measurements of humidity
and temperature of the silo, since fungal development occurs with
the association of these two factors. When the temperature rise in
a particular part of the silo is detected, an alert is sent to the sys-
tem (4). It will notify the user of fungal development and send a
command to the actuator to release gas into the openings in the
tubes underlying the sensor that detected the fungus. O3 gas will
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Fig. 3: Distribution of temperature and humidity sensors inside the grain
silos.

Fig. 4: Metal silo interior, local decontamination and detection scheme and
real-time ozone application.

be released according to the fungus infestation characteristics, at
pre-established concentration and time, in real time (5).

For each type of pest detected a specific concentration and release
time is required. With this, the system, through the actuator, must
adjust the concentration in the ozonator and control the O3 release
time.

3.2 Fungi contamination detection and prevention
system
The computational platform is represented by Figure B} As can be

seen, it consists of a hardware layer (IoT Devices) and 3 software
modules (IoT Core, Data Repository and Real-time BI).
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Fig. 5: 1oT Platform for data processing [[10].

—IoT Devices: consists of sensors and actuators. Sensors are re-
sponsible for capturing humidity and temperature data, and send-
ing this data to processing core. Actuators have the role of trig-
gering the ozonizer at the correct concentration and deactivating
it when the gas release timeout is reached. Messages (data or
commands from the actuators) are sent over a wireless network
using the MQTT (Mensage Queuing Telemetry Transport) pro-
tocol [23]]. This, in turn, is a connectivity protocol designed to
carry messages from low latency IoT devices.

—IoT Core: it is a module composed of software responsible for
receiving and processing the data sent by sensors. Initially data
is received by a broker software. The software used to perform
this function is the VerneMQ [31]. It uses the MQTT protocol
for communication and its purpose is to provide a set of fea-
tures related to scalability, reliability and high performance. Af-
ter that, the data is processed in a data streaming framework.
Apache Kafka [13]] is a distributed messaging platform based on
the publish / subscribe model that allows an application to act
as a stream processor. Time Constraint Rules are responsible for
controlling the O3 gas release time and for sending commands to
Device Operation Feeding which will send received commands
to the actuators.

—Data Repository: is responsible for storing the data. The In-
fluxDB [12] database was used as it is a time-series database
designed for storage of monitoring data, IoT sensors and instant
analysis.

—Real-time BI: is responsible for data presentation and alerting.
Grafana [[11] is the software used as it performs time-series data
analysis.

4. EXPERIMENTAL RESULTS

This section presents initial results of the elimination of fungi ob-
tained in the laboratory, as well as the simulation of a monitored
environment with temperature and humidity sensors.

4.1 Use of Ozone Gas in Grain Fungi Control

Utilizing low concentrations (10 ppm) of O3 and time (60 min) to
control fungal colonies in pilot silos show a reduction in fungal
load. After treatment, the rice samples (n = 3) were for isolation
and subsequent identification of genera in petri dishes after 7 days
of cultivation at 25C. The control group (6a) (without gas treat-
ment) presented three different genera of fungi, whereas (6b) (with
treatment) obtained reduction in fungal count and also three differ-
ent genera of fungi.
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Research performed by [S] showed by scanning electron mi-
croscopy that beetle species (Alphitobius diaperinus) isolated in
storage units are also vectors of toxigenic fungi, especially when
they are dead. Figure |/| shows micrographs of the dead collected
A.diaperinus beetle with high contamination by feed toxigenic
fungi stored inside the poultry house. The head region (7a) was in-
fected by fungal conidia. Figure (7b)), in turn, shows the reproduc-
tive structures of the fungi Pencillium sp. dominating the beetles
elytral suture.

Treatment with (60 ppm) 24 hour exposure gas was effective in
eliminating A. diaperinus beetles in both the adult stage and larvae
[S]. Further research on the application of ozone is needed since
this pesticide-controlled beetle species remains dead in the envi-
ronment as a substrate for fungi development.

4.2 Monitored Environment Simulation

One silo with three temperature sensors and three humidity sensors
was used to perform the simulation. Six sensors belonging to 3 sec-
tors of the silo were configured, with temperature values between
15C and 60C and humidity values between 40% and 100%. Three
fungi filamentous species were considered: Aspergillus flavus, As-
pergillus restriticus and Aspergillus glaucus. To identify the fungi,
the following rules were inserted:

—A. flavus: the development of this fungi occurs when the tem-
perature of the silo is between 20C and 29C and the humidity is
85%.

—A. restriticus: its development occurs when the silo temperature
is between 30C and 35C and humidity is 70%.

—A. glaucus: this fungi develops when the silo temperature is be-
tween 30C and 35C and humidity is 73%.

The concentration and exposure time of O3 gas was considered the
same for all fungi species, as this research stage is under develop-
ment.

4.3 Results Analysis

Synthetic data were generated according to the rules presented in
the previous section, to simulate the proposed environment. Data
is generated every 10 seconds and graphics and tables are updated
every 5 seconds.

Figure[§]shows the dashboard of Grafana to be presented to the end
user with the temperature and humidity graphs and the table with
the detection of fungi the alerts generated.

Figures [9] [T0} [TT] present the graphs and the table separately. The
graph in Figure [9] shows the temperature variation data in the silo
sectors. The line in the graphic indicates that the temperature is ac-
ceptable up to its limit, that is, 20C. above these temperatures alerts
are generated, because the chance of formation of fungus clods in-
creases. These visual alerts enable the user to better assess the status
of the silo.

Figure [I0] presents the data obtained from the humidity sensors in-
serted in the sectors analyzed. As it can be seen, the limit value is 70
% humidity from this value alerts will be presented. alerts consist
of a change in the screen of the graphics with red signals.

Finally, the table shown in Figure [T1] shows presents the result of
the association between the temperature and the humidity of the
silo that contributes to the formation of fungi clods. As can be seen,
the system detects and identifies the fungi which allow the user to
have a real-time view of the silo situation.
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Fig. 7: Reproductive structures of Penicillium sp in the head region and elitral beetle suture A.diaperinus [3].

5. CONCLUSION

Technologies have been used to control and monitor humidity and
temperature in grain storage units. The combination of these two
factors is crucial for the development of biological contaminants
such as fungi, mycotoxins and insects. However, the techniques
used to control humidity and temperature and for decontamination
are costly and release toxic residues in grains and do not eliminate
all pathogens, making them resistant.

Therefore, this research work proposed the use of low cost tech-
nology for monitoring and control of formation of fungal clods in
real time, as well as a clean method (Green) for decontamination
of grain storage units.

A standard IoT platform was used to monitor and control grain
storage units. The platform allows the user to know the situation
(temperature and humidity) of the silo through graphical presenta-
tions and visual alerts. For decontamination, the use of O3 gas was
proposed. Studies have shown the efficiency of gas in eliminating
pathogens such as fungi, mycotoxins and insects.

As a result, tests were performed that prove the significant reduc-
tion of toxigenic fungi. In addition, a simulation environment was
designed to verify the system. The system was able to monitor and
identify fungal species according to temperature and humidity of
the silo. The use of the platform allows UAGs to be aware of the
situation of their grain storage units and thus assists them in de-
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Fig. 9: Presentation of the silo temperature during the time

cision making. In addition, the use of a clean (I) method for de-
contamination adds value to products, which include it in the new
globalization and, consequently, in the competitive market.

As future work, it is initially intended to refine the presentations
by expanding the amount of silos and sensors. In the end, it is ex-
pected that the system will be able to present the humidity and tem-
perature data of the silos, identify the developing fungi, enable the
sound notification of the possible formation of clods by fungal, is-
sue commands to the actuators (for the release of O3), as well as
control the concentration and exposure time to the gas.
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