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Abstract: Purpose: This paper presents an aspect of asset tracking and storage conditions. This paper
aims to fill the gap in the development of Industry 4.0 in terms of fully digital asset tracking to be
implemented by medium and large-size manufacturing and logistics facilities. The article presents
an innovative technology for the remote monitoring of chemical raw materials, including fertilizers,
during their storage and transport from the place of manufacture to the local distributor or recipient.
Methods: The method assumes the monitoring and identification of special transport bags, so-called
“big-bags,” through embedded RFID tags or LEB labels and monitoring the key parameters of their
content, i.e., temperature, humidity, insolation, and pressure, using a measuring micro-station that is
placed in the transported raw material. Results: The automation of inference based on the collected
information about the phenomenon in question (the distribution of parameters: pressure, temperature,
and humidity), and expert knowledge, allows the creation of an advisory system prototype indicating
how to manage the measuring devices. Conclusions: No similar solution in the field of monitoring
environmental parameters has been implemented in the Polish market. The developed system enables
the monitoring of 10,000 pieces of big bags in at least 30 locations simultaneously.

Keywords: monitoring of environmental parameters; smart logistics; sustainable storage; RFID
technology; Internet of Things

1. Introduction

The growing human population makes it necessary to create and then connect in-
telligent and sustainable systems in increasingly urbanized areas. This applies to both
the transportation of people and the transportation of goods. The need to combine smart
mobility with the concept of sustainable smart city systems has emerged [1,2]. What is
necessary to call cities intelligent is the ability to function as an integrated organism. There-
fore, a smart city is one that maintains internal balance while integrating all components
(functional organs), such as infrastructure elements, with the services they provide. Smart
cities are connected into a coherent whole by intelligent monitoring and control devices
called sensors. Their proper operation affects the functioning of the above-mentioned ele-
ments, i.e., infrastructure and services. Sensing is essential for smart cities” infrastructures
as they can monitor themselves and act on their own intelligently. Using sensors to monitor
and control infrastructure enables a more efficient use of resources. Real-time monitoring
eliminates the need for regular human actions and inspections, therefore reducing costs
and energy consumption. The data that were collected by these sensors allow for accurate
forecasting and appropriate action, in order to avoid undesirable system states or become
more system efficient. The theoretical background in this area and the roles of sensors as
the nerves of smart cities are presented in the work [3]. Making cities smart represents
an excellent potential for sustainable development in which both quality of life and the
economy are improved. However, implementing new and efficient solutions in a smart
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city involves a large spectrum of factors that are related to the size and complexity of this
type of project [4-6]. Eliminating unnecessary traffic and road congestion and optimizing
routes with reduced environmental footprints are some of the fundamental factors of smart
mobility. What makes the term smart appear in these efforts is the Internet of Things (IoT),
Artificial Intelligence (AI), Blockchain technology, and Big Data guiding the main directions
and fundamental pillars for the emergence of new innovative solutions that will change
the existing paradigm of smart cities and their inhabitants. It is also often said that the
smart city concept is moving towards a sustainable city concept, i.e., one in which resource
conservation concerns both the environment and economic, social, and spatial aspects.

This article highlights other significant opportunities and challenges of smart logistics
to counteract the disruption of the aspects that are mentioned above. It is essential to keep
in mind that a properly growing city contains a human population that requires food. In
fact, a feature of a sustainable city is to support urban farming, which aims to reduce the
environmental impact of the agriculture supply chain. Still, it is not able to satisfy all the
needs in this area. Therefore, food production occurs primarily outside of urban areas,
which requires a supply system to be activated, albeit with fertilizers, to maintain high
productivity. This, in turn, triggers huge, energy-intensive logistics processes that also
require smart and sustainable approaches [7]. The technology that is the subject of this
article makes it possible to increase the percentage of rescued materials in the chemical
industry from destruction, resulting from the detection of the wrong conditions in which
they are located. Data have been obtained stating that the complaint rate is 2-3% in the
cited industries. The proposed system gives a 95% probability of capturing anomalies in
transport and location at the distributor.

Due to the special scope of the work, to show its place and thematic relationship with
the published works of other authors, the following literature review is carried out.

2. Literature Review
2.1. Smart City Manufacturing

The manufacture of products and goods for the public has gone through many stages
of development, leading now to the pattern of Industry 4.0. The main goal of Industry 4.0,
the largest European research project on the digital industry to date [8], is to achieve an im-
provement in the digitization of the European industry through electronics and information
and communication technologies (ICT) [9]. The three main pillars of the systems approach
in Industry 4.0 are digital manufacturing, supply chain networks, and product lifecycle
management, which interact and influence each other. Real-life cases of this approach are
presented in work [10], showing results where digital manufacturing resources, distributed
by supply chain network (including warehousing and logistics tasks) [11], and product
lifecycle stages can also be monitored through its digital footprint [12]. Within the above
pattern, paradigms such as Sustainability, Manufacturing Networks, Smart Manufactur-
ing, the Internet of Things, and Digital Twins have formed [13-16]. The characteristics of
this type of manufacturing, also called urban, are manufacturing and service companies
operating in buildings that are located in residential areas to rationalize the use of urban
areas and solve transportation problems [17]. This solution does not deny the development
of traditional industrial areas, i.e., manufacturing enterprises that are located outside the
residential area of the city in industrial zones or industrial and technological parks [18].
The purpose of urban manufacturing is to meet the needs of city residents, as well as the
needs of urban businesses and technology development centers (hereafter referred to as ad-
vanced technology and education parks (ATEPs)), by providing goods and services within
a sustainable development framework [19]. However, the remoteness of production centers
from the final destination is associated with the problem of transporting this production, as
mentioned above [20].
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2.2. Smart Logistics

Huge costs have been incurred for the improper storage and uncontrolled tracking
of material flows in manufacturing facilities [21]. The foregoing is particularly true in
the production and storage of bulk materials, such as artificial chemical fertilizers and
cereals. As a result of their improper storage, contractors cause the loss of their physical
properties [22,23]. As a result of complaints, they often demand a new delivery from
manufacturers at their expense. Therefore, there is a need for a system to remotely monitor
the physical and chemical parameters, distribution and storage, and identify contractors
improperly handling such products. The traceability and accuracy system is related to
real-time communication and feedback. Significant problems in the existing methods of
identifying and tracking parts and products include part and product errors, schedule
delays, delivery delays, and cost increases [24]. In fact, the use of appropriate technologies
can improve the performance of monitoring and traceability, rather than just relying on
human intervention and traditional methods, such as a barcode. Proper asset management
can increase the productivity of a company. With advancements in the IoT, tasks such as
tracking asset location and managing asset parameters can be carried out easily. Available
asset management solutions use active or passive RFID tags [25]. For example, RFID
tags have many advantages, more than barcodes. The paper [26] lists the benefits of
RFID based on 10 case studies that are reported in the literature [27]. Unlike barcode
technology, RFID has several advantages, such as multiple read rates of 1000 labels per
second, which makes it a viable and cost-effective candidate for object identification and an
important tool for providing visibility at different stages of the supply chain [28]. In fact,
supply chains using RFID technology can generate 10 to 100 times more information than
traditional barcode technology. Each RFID tag has a unique identification number and can
have rewritable memory depending on the type [29]. Current asset tracking technologies
typically require supporting infrastructure (signal transponders) to communicate with
active asset tags [30,31]. The continuous tracking of resources in external and internal
spaces can be costly, and reliable reference points are needed to calculate their position
accurately [32]. For objects of this type, an augmented reality (AR) technique combines
(passive) fiducial markers, i.e., taken as a fixed basis of comparison with flexible spatial
anchors. This approach, called SABIAT, continuously tracks the approximate location of
an asset using spatial anchors and, if necessary, the exact location of that resource using
reference tags. The SABIAT technique, described in [33], was used to build an AR-IPS
demonstration system to show how to track and locate resources inside a large, multi-
level building.

2.3. Sustainable City Manufacturing

In the case of Industry 4.0, the movement of raw materials, semi-finished products,
parts, etc. [34-36] has a significant influence on all the areas that are connected to manufac-
turing, as well as logistics and supply chain management (SCM), which are often defined as
Logistics 4.0 and SCM 4.0 [37]. Smart production focuses mainly on the Cyber-Physical CPS
System, which means trends in digitization, and logistics—especially in resource planning
and warehouse management. SCM can also benefit from a combination of physical and
digital planes. The concept of CPS-based warehouses, which includes autonomous trans-
port, means moving different materials from one location to another and receiving data
from separate parts of the supply chain to realize deliveries in the system of a just-in-time
and just-in-sequence. Each asset is fully identifiable via its Digital Twin counterpart, so the
amount and quality of the resources are updated automatically [38,39]. There are many
automation systems with subsystems in the industry at once which depend mainly on the
scale of the company, but traceability has always been a key element of a product or asset.
This includes physically tracking assets on the factory premises (e.g., production halls
and warehouses) and, for fertilizers, tracking their life cycle, and updating and managing
their statuses.
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2.4. Smart Agriculture

Applications of the intelligent approach in agriculture include the use of many types of
sensors to monitor and control various environmental and production parameters, such as
temperature, humidity, soil quality, pollution and quality of air, surface and groundwater,
sunlight and many more [40]. This is to maximize harvest as well as other agricultural
production. Currently, intelligent agriculture uses advanced technologies from the field of
AL It has been proven that such technologies increase the yields by appropriate assessment
of the quality [41-45], and then classification of the yields, which significantly influences
the optimization of production [46-50]. The use of intelligent sensors [51-57] and advanced
techniques of artificial intelligence [55,58] enable the planning [59-61] and analysis of
agricultural production. This approach creates integrated monitoring systems in plant
production, as well as in animal husbandry [62]. Smart sensors and IoT turn conventional
farming into smart farming. Consequently, great importance is attached to the optimal use
of artificial fertilizers.

As the literature review shows, it is possible to indicate many specific problems that
relate to the topic of the work, but due to limited editorial possibilities, they are only
discussed in a general way. However, from the general scope of the subject, a specific aim
of the research is introduced.

3. Materials and Methods

The general scope of this article focuses on the aspect of asset tracking and storage
conditions. This article aims to fill the gap in the development of Industry 4.0 in terms of
fully digital asset tracking to be implemented by medium to large-size manufacturing and
logistics facilities.

The specific scope, which is presented in the paper, is the innovative technology for
the remote monitoring of chemical raw materials, including fertilizers, during storage
and transport from the place of their manufacture to the local distributor or recipient.
The system assumes the monitoring and identification of special transport bags, so-called
“big-bags,” using RFID tags (“pastilles”) or LEB labels that are sewn into them, as well as
monitoring of the critical parameters of their content, i.e., temperature, humidity, insolation
and pressure, using a measuring micro-station that is placed in the transported raw material.
RFID systems are modern solutions for the identification of various objects using radio
waves. Their broad applicability, durability, and convenience of use caused the application
of this solution. Additionally, this solution is supported by the fact that methodologies
are being developed to optimize the system of tracking resources by a limited number
of RFID readers. Methods for maximum location coverage are being improved along
with new metrics for analyzing the critical number index, and the optimal placement of
a limited number of RFID readers is being determined. The proposed methodology is
already implemented in a healthcare facility where the RFID coverage increased by 72%,
compared to the previously used reader-placement strategy based on expert knowledge
and heuristics [39].

The proposed system enables the central management of quality tests and the dis-
closure of cases of improper transport or the storage of raw materials and materials. In
particular, it enables an accurate analysis of the product lifecycle from the moment of
loading in the factory to the handover to the end-user. Thanks to the built-in mechanisms
of machine learning and data analysis, the system uses a minimum number of measur-
ing stations to ensure the system’s statistical significance and effectiveness. The built-in
application (interface) allows, among other things:

e  Monitoring the movement of big bags from production to distribution centers
and wholesalers;

The ability to identify a specific production run during remote measurement;
Real-time monitoring of environmental parameters;

Aggregating and analyzing data coming from the big bags;

Automatic targeting of consecutive big bags for testing.
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As a result, the system replaces the typical random inspection of handling points,
manual sampling for parameter testing, and the manual measurement of environmen-
tal conditions. Additionally, it provides monitoring of the transport bags themselves.
Currently, no environmental-parameter monitoring solution offers such capabilities.

To meet the above requirements, many components must be integrated. Therefore, the
proposed system in its integral parts (hardware and software) is as follows.

4. The proposed System
4.1. Functional Structure of the System

To achieve proper functionality, an innovative technology of the remote monitoring
of chemical raw materials, such as fertilizers, during storage and transport from the place
of manufacture to the local distributor or customer was developed (Figure 1). The system
provides for the monitoring and identification of special transport bags, the so-called
big bags, using sewn-in RFID chips or LEB labels, as well as monitoring of the critical
parameters of their content, e.g., temperature, humidity, pressure and other parameters
required by potential users, e.g., UV radiation, using a measuring MicroStation that is
placed in the transported raw material. The system enables the central management of
quality tests and the disclosure of cases of improper transport or storage of raw materials.
Thanks to the built-in mechanisms of machine learning and data analysis, the system uses
a minimum number of measuring stations, ensuring statistical significance and efficiency.
It enables an accurate analysis of the product lifecycle from the moment of loading at
the producers until delivery to the end-user. The system uses solutions from the field of
microelectronics, embedded systems, and Service-Oriented Architecture.

the ability to identify a specific
production batch during
monitoring of big bags from remote measurement
production to distribution
centers and wholesalers

aggregation and
analysis of data
flowing from big
bags

real-time monitoring of
| environmental parameters

automatic selection of the
next big bags for testing

Figure 1. Functional structure of the system.

4.2. A Proposed System Architecture

The hardware structure of the system is based on Belbuk technology (Figure 2). Belbuk
devices are robust structures in the form of measuring probes in a sealed enclosure, which
transmit wirelessly measured physical quantities in real-time in the form of encrypted
data transmission to the aggregation server. The autonomy and wireless operation of
the measuring module are based on wireless communication standards. The complete
Belbuk measurement station solution consists of a measurement module in the form of
a measurement probe in a sealed enclosure sending data to the server. According to the
Internet of Things (IoT) methodology, the aggregation of data that is obtained from the
measurement modules can be sent to dedicated servers (Figure 2) using GSM LTE, 3G
(UMTS, HSPA), LTE-M, and NB-IoT technologies (standards with the highest potential
from the point of view of energy efficiency and coverage). When local infrastructure and
WiFi wireless networks are available (within a compatible frequency, such as 2.4 GHz), it is
possible to minimize the operational costs of installation and communication with servers.
WiFi wireless radio networks provide a range of up to 70 m indoors and up to 250 m
outdoors. The supported wireless communication standards are also complemented by an
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implemented module for receiving the Global Positioning System (GPS) signal, operating
on the 1575.42 MHz and 1227.6 MHz carrier frequencies.

Belbuk
System &

e e ()
sewn in a big bag

readers of

7777777 -- communication
modules in distribution
centers / wholesalers

serwer + services

including the big
jE bag targeting

module Hﬁk @

RFID / LEB modul :
= RFID/ eabere measur.lng prObe
R sewn in a big bag placed in the

selected big bag

Figure 2. Structure of the Belbuk system.

Measurement interval: defines the frequency of receiving measurements from con-
nected sensors. The value depends on the technical capabilities of the individual sensors
and the characteristics of the physical and climatic parameters. Logging interval: defines
the frequency of converting the received measurement data into the minimum, average and
maximum values that have been aggregated over a given period. Data transmission inter-
val: defines the frequency of sending recorded data to the Belbuk server. Belbuk devices are
robust structures in the form of measurement probes in a sealed enclosure that wirelessly
transmit measured physical quantities in real-time as encrypted data transmission to the
aggregation server. The autonomy and wireless operation of the measurement module are
based on wireless communication standards. The Belbuk system is based on measuring
probes that allow measuring of the following parameters:

e  The humidity content of the calcium fertilizer (a method with minimal risk of electrical
discharge or potential for ignition of calcium compounds);
Temperatures;
The pressure scaled for quantitative evaluation of the vertically stored big-bag type
bags of fertilizer;

e  The relative humidity and air pressure (around the device).

The probe chip (Figure 3) can record data and send them to an aggregation server
using GSM, NB, IoT, and LTE communications. In addition, if there is no communication,
the data should be stored locally until they are read. The system is optimized to allow
uninterrupted battery or rechargeable battery operation for six months from startup, as-
suming the measurements are taken every 15 min and the data are sent to the aggregation
server once a day. This is unprecedented on the market and is a significant competitive
advantage of the solution. The finished device in the form of a measurement probe is
shown in Figure 4.
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Figure 3. Central unit of the measurement module.

Figure 4. The measuring probe—general view.

4.3. Software

The software is designed to achieve maximum optimized performance and flexibility.
A processor with minimized energy consumption was chosen as the central unit. It is
designed to carry out the activities that are necessary for the functioning of the entire system
(management and supervision of the power supply system) and to perform measurements.
The system also has the function of switching into sleep mode for a set time (between
successive measurements).

JSON, bootstrap, HTML 5, and PHP technology were used to implement the inter-
face. The process itself was implemented based on Mockups (mockups) and Wireframes
(sketches) that were developed in Adobe Illustrator CC 2018 and Adobe Photoshop 2018.
The following development tools were used:

Docker—used to build an application environment;

Apache Kafka—system architecture;

Kibana—data analysis;

R studio—statistics;

Azure Machine Learning Studio—statistics;

Microsoft SQL—system database implementation;
GRAPHQL—description of the data in APIL;

HTML 5—used for several applets of the central application;

Adobe illustrator—for preparing the wireframe of the central application;
Eclipse Studio—server services, measurement probe software.

After the entire packet of measurement data is completed, serialization (to optimize
the amount of transmitted data) and encryption (to further secure them) are performed.
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The output information packet that is prepared in this way is sent via the NB IoT module
to the server. An important parameter from the metrology point of view is the frequency of
measurement execution and reporting. Due to the need to modify these parameters during
the system operation, the system was programmed in such a way as to configure them
based on a specific client command that was sent from the server.

The software also allows for remote updating—OTA (Over-The-Air). The device
periodically checks the server, and when a new software version is available, it downloads
the update file. Then, at a convenient moment, the device switches into bootloader mode
and performs the update. With such functionality, the device entirely fits into the Internet
of Things concept, allowing for complete remote management of the system and making
any changes to the software without any hardware interference. The software architecture,
based on the above tools is presented in Figure 5.

Microsoft SQL - system database

cmp Object configuration module (MKO) /

| Driver 1 | Driver 2
HTTP REST (ODATA/GRAPHQL)
|

d

HYTP REST

Illhini-llﬂ I GRAPHQL |“F|

22 /Apache Kafka

EEm

o Kofka IM/

<mp Authentication module (MU)

=
)

' ore o modse o)/

Kibana - data analysis;
R studio - statistics;
Azure Machine Learning Studio

Figure 5. Software architecture of the proposed system.

4.4. System Algorithms

The system key algorithms were developed, including a big bag targeting algorithm for
a probe placement (Figure 6), a probe data-acquisition algorithm, and the reader localization
algorithm based on communication modules.

The measurement probe is integrated with the software system by wireless connection.
It allows to send the measurement to the server or receive updates from the server. Figure 6
shows the integration between the hardware and software modules.

Ultimately, all the above-mentioned elements are integrated to create a fully functional
prototype of the system. Then begins the last stage of research, i.e., testing the prototype.
The tests and evaluation of the obtained measurement results were as follows, as presented
in the Sections 5 and 6.
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Figure 6. Algorithm for the operation of the central unit of the measurement module.

5. Results

As part of the system tests, the required backend services were implemented, and
communication with external services, including Microsoft Azure, was ensured. The task
also included the implementation of big bag targeting algorithms and integration tests.
The data come from a pilot study based on a single prototype measurement device used
multiple times in transport sets at different contractors between June and September 2021. A
total of 26-time series were collected, i.e., the prototype was placed in 26 different transport
sets for two consecutive days. The prototype recorded parameters like humidity, pressure
and temperature every 15 min during this period. The 26 sets were carried out by five
contractors. The primary goal of performing the pilot study was to confirm the possibility
of collecting actual data in non-laboratory conditions and, on their basis, to describe (build
the characteristics of) the issue quantitatively. The resulting global descriptive statistics are
presented as box plots. To show precise values, the table form is introduced, apart from
box plots. Table 1 and Figures 7-9 show the global values of selected parameters. On the
other hand, Table 2 and Figures 10-12 show selected parameters for individual contractors.

Table 1. Summary statistics for temperature, humidity and pressure globally for all 26-time series.

Temperature [°C]

Humidity [%]

Tension [Pa]

Minimum 6.50
1st quartile 16.98
Median 19.25
Mean 20.13
3rd quartile 21.73
Maximum 46.38

15.03
18.86
20.04
20.12
21.26
25.98

10,295,001
10,297,708
10,300,330
10,319,435
10,302,964
10,803,336
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Figure 7. Box plot for temperature (degrees Celsius) globally (for all 26 time series). Temperatures in
(°C): minimum 6.5, 1st quartile 16.98, median 19.25, mean 20.13, 3rd quartile 21.73, maximum 46.38.
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Figure 8. Box plot for humidity (%) globally (for all 26 time series). Humidity in (%): minimum 15.03,
1st quartile 18.86, median 20.04, mean 20.12, 3rd quartile 21.26, maximum 25.98.
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10,500,000
1
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1

Figure 9. Box plot for pressure (Pa) globally (for all 26 time series). Pressure in (Pa): minimum
10,295,001, 1st quartile 10,297,708, median 10,300,330, mean 10,319,435, 3rd quartile 10,302,964,
maximum 10,803,336.
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Table 2. Summary statistics for temperature, humidity and pressure for the different contractors (kontr).

kontr_1 kontr_2 kontr_3 kontr_4 kontr_5
Temperature (°C)
Minimum 8.52 10.02 9.12 a.l.w. 6.50
1st quartile 16.89 17.04 16.91 16.65 17.82
Median 19.17 19.43 18.63 19.48 19.98
3rd quartile 21.55 21.60 20.79 22.10 22.55
Maximum 41.07 46.38 38.35 32.41 43.53
Humidity (%)
Minimum a.lw. alw. 15.03 25.98 alw.
1st quartile 18.20 19.03 19.06 19.17 18.97
Median 19.41 20.21 20.12 20.26 20.08
3rd quartile 20.84 21.46 21.14 21.52 21.16
Maximum b.uw. 25.98 b.u.w. b.uw. b.u.w.
Tension (Pa)
Minimum a.lw. alw. alw. a.lw. alw.
1st quartile 10,298,662 10,298,217 10,298,851 10,289,864 10,294,439
Median 10,301,026 10,301,277 10,301,153 10,300,994 10,302,083
3rd quartile 10,302,364 10,305,138 10,302,319 10,304,735 10,307,376
Maximum b.uw. 10,741,059 10,446,672 10,803,336 10,666,239

b.u.w.—below upper whisker boundary of the box plot; a..w.—above lower whisker boundary of the box plot.

40

30

20

10

Figure 10. Temperature by contractor.
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Figure 11. Humidity content by contractor.
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Figure 12. Pressure by contractor.

The resulting global descriptive statistics are presented as box plots. The mean temper-
ature that was recorded in the shipping bags (Figure 7, Table 1) was 20.13 degrees Celsius,
with the measurement showing a fairly small scatter around the mean (1st and 3rd quartiles
were 16.98 and 21.73, respectively).

Figure 8 shows many deviating values for measurements above 30 degrees Celsius.
From the information that was provided by the expert, it is known that it is extremely
dangerous to expose big bags to temperatures exceeding 40 degrees. Below (Figure 8,
Table 1), a similar graph for humidity is presented. The average humidity oscillated around
20%. There were no abnormally high extreme cases in the range of humidity measurements.

According to the obtained expert knowledge, a moisture content of 26% is acceptable.
In contrast to the previously discussed parameters, the measured pressure significantly
exceeds the standards. Figure 9 (Table 1) shows the distribution of measurements for
pressure. The mean value and the first and third quartiles are very close (at 10.3 MPa) to the
outliers (between 10.5 MPa and 11 MPa). A significant outlier for a pressure measurement
could mean that the pressure was measured when another shipping bag was placed on
top of the shipping bag with the prototype. This type of arrangement is often used by
companies but is very detrimental to the quality of the raw material being transported.

Table 2 presents statistical data from the collected measurements for individual con-
tractors. From their base, the anomaly in the process of storage can be identified.

Figure 10 shows the box plots by contractor. Similar to the global statistics, the outliers
do not strongly deviate from the central tendencies’ values. However, it can be noted that
the (minor) deviations, if any, are characteristic of only two counterparties, i.e., 2 and 4.

Regarding the temperature by contractor (Figure 11), two, in particular, should also
be considered, i.e., the second and fifth contractors have significantly more temperature
measurements in the ranges above 30 or even 40 degrees Celsius. As has been already men-
tioned, high temperature is the factor that causes the deterioration of raw material quality.

In the case of pressure (Figure 12), only contractor 1 did not have a significant overpres-
sure. The remaining partners must have transported or stored the bags in a non-compliant
manner, with contractors 5 and 4 doing so twice.

Automation of conclusions based on the collected information about the studied phe-
nomenon (distributions for parameters, such as pressure, temperature, humidity) and the
obtained expert knowledge allow the creation of an advisory system prototype indicating
how to manage measuring devices.

6. Discussion

The analysis of the obtained results and their interpretation was supported by expert
knowledge that was provided by the quality control employee. His heuristic knowledge
allowed him to interpret the measured values of selected parameters. The average tem-
perature recorded in the transport bags (Figure 7, Table 1) was 20.13 degrees Celsius, and
the measurement had a fairly small dispersion around the mean (respectively, the first
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and third quartiles were 16.98 and 21.73). The best condition for storing fertilizers is a
warehouse with adequate ventilation, where the temperature inside is in the range of 5 to
20 degrees C. The outliers are the temperature values above 30 degrees Celsius. According
to the information that is provided by the expert, it is extremely dangerous to expose big
bags to temperatures above 40 degrees. It follows that many contractors do not comply with
the temperature storage requirements of fertilizers, instead keeping the wrong temperature
in the warehouse. A similar diagram is presented for humidity in Figure 8 and Table 1.
The requirements for warehouses with controlled air humidity require keeping the air
humidity below 50%. This allows to avoid the growth of bacteria and the formation of
lumps in the big bag. The average humidity fluctuated around 20%. In terms of humidity
measurements, there were no cases of abnormally high, extreme values. According to the
expert knowledge, a humidity of 26% is acceptable. Contrary to the previously discussed
parameters, the measured pressure significantly exceeds the norm. Figure 9 (Table 1) shows
the distribution of pressure measurements. The mean value and the first and third quartiles
are very similar (at 10.3 MPa) to the outliers (between 10.5 MPa and 11 MPa). A significant
outlier for the pressure measurement may indicate that the pressure was measured when
another shipping bag was placed on top of the probe shipping bag. Double big bags with
fertilizer weighing more than 500 kg should be stored in one layer at most. Nevertheless,
this type of storage system is often used by companies but has a very negative effect on
the quality of the transported raw material. In the case of detailed analyzes of individual
contractors, the system also offers the possibility of assessing the quality of storage. In
the case of the fertilizer storage temperature by individual contractors (Figure 10), two of
them, in particular, should be taken into account, i.e., contractors 2 and 5, where many
more temperature measurements were recorded in the range above 30 or even 40 degrees
Celsius. As already mentioned, high temperature is a factor causing the deterioration of
the raw material’s quality. Figure 11 presents humidity box plots for individual contractors.
As in global statistics, the outliers do not differ significantly from the values of central
tendencies. However, it can be seen those (slight) deviations, if any, are specific to only
two counterparties, i.e., 2 and 4. In the case of pressure (Figure 12), only contractor 1 had
no significant overpressure. The other partners had to transport or store the bags in a
non-compliant manner, with contractors 5 and 4 doing so twice.

Based on the obtained detailed measurement results of the indicated parameters
proving the quality of transport, storage and warehousing by contractors of fertilizers,
general conclusions were formulated, as presented below.

7. Conclusions

The obtained characteristics are to be used to determine the principles of detecting
undesirable phenomena in general and the potential fraud of individual contracts; for
example, those who would like to extort additional deliveries, e.g., as part of a complaint,
and who store the materials incorrectly. This gives the opportunity to estimate trends in
the activities of the fertilizer supplier, optimize contracting, transport, etc. The next step
is to automate the inference based on the collected information about the phenomenon
under study. The distribution of parameters, such as pressure, temperature, humidity
and successively obtained expert knowledge allow for the creation of a prototype of a
consulting system that shows how to manage the transport of materials, not only fertilizers,
in the future.

There is no similar solution implemented in the Polish market in terms of monitoring
environmental parameters. The possibility of simultaneously monitoring 10,000 big bags in
at least 30 locations is competitive on the global markets, where, for example, tracking a fleet
of delivery vehicles (a service that is offered by Elatec RFID System) comprises a maximum
of several hundred cars simultaneously (however, in this case, it is not monitoring of
the big bags themselves, but only their means of transport). Another example is the
AssetGather solution from the US, which monitors the inventory by placing RFID sensors
on it. The system has no indicated limitation of the number of monitored sensors, but it
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is in one physical location (without the possibility of tracking packages “on the move”).
This technology also makes it possible to increase the percentage of big bags in the nitrogen
industry (Anwil S.A.) and calcium industry (Polcalc sp. z 0.0.) that are “saved” from
calcification and destruction, resulting from the detection of unacceptable conditions to
which they are exposed. It was found that in the mentioned industries, the complaint rate
is 2-3%. The presented system gives a 95% probability of detecting anomalies in transport
and location at the distributor.
Other successful competitive advantages that are achieved include:

1. Autonomy—fully autonomous operation without external power sources or wired
communication;

2. Modularity—the ultra-compact design; the rich, versatile equipment, and interface
configuration; and the autonomous operation allow the creation of flexible measurement
systems while maintaining all the key features of professional measurement stations;

3. IoT (Internet of Things)—compliance with all leading IoT standards allows to select the
optimal wireless communication depending on customer needs and local conditions
of the system;

4. Data security—data encryption in radio communication is based on the AES-256 stan-
dard, which means a 256-bit encryption key, virtually unbreakable by today’s computers.

Even though the project is dedicated to the chemical industry, especially fertilizers,
the developed system structure is universal enough to enable the central management of
quality tests and the disclosure of improper transport or storage of other raw materials and
loose materials. Thanks to the built-in machine learning and data analysis mechanisms, the
system uses the minimum number of measuring stations, ensuring statistical significance
and model effectiveness. The system enables an in-depth analysis of the product life cycle
from loading at the factory to hand-over to the end-user. The system also replaces the
common random checks of transshipment points and manual sampling for parameter
testing, and the manual measurement of environmental conditions. In addition, it provides
monitoring of the transport bags themselves. Such a set of functionalities does not currently
exist in any solution in the field of monitoring environmental parameters.
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