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Abstract: Silages have become the main feed for ruminants and biogas production and are often
stored in large stacks. When a silo is filled, a plastic cover is laid out and fermentation begins. From
this moment, the entire silo becomes a black box for farmers: if any spoilage due to air breaches takes
place, it often will only be recognized when the stack is opened and massive losses have already
occurred. In the present work, a wireless sensor monitoring system for silage stacks is designed that
shall detect changes in the silage environment until feedout and can therefore enable the farmer to
prevent biomass losses. The nail-shaped node design offers elevated feed safety opportunities and
can be easily removed before feedout. For data transmission, LoRaWAN is used in combination with
a hardware-based timer. The sensor nodes are able to endure the full extent of a silage stack storage
period in a full-scale silage test of approximately 40 weeks without battery shortage. The resulting
measurements show that CO2, O2, relative humidity and temperature sensors at the silage surface
can detect changes within the silage environment due to air breach. Temperatures in stable regions
beneath 40 cm can be detected and give information about long-term stability.

Keywords: silage sensor; wireless sensor system; silage monitoring; air breach detection; silo controlling

1. Introduction

Silage quality is of paramount importance with respect to ruminant feeding and in
biogas production operations [1–4]. More than ever, the decline in cow grazing in Europe [5]
stipulates the need for premium forages to ensure optimal productivity. To guarantee a
high-quality silage, establishing an airtight seal directly after ensiling is necessary, which
can be achieved by covering the ensiled material with plastic [6]. Without a seal, silage
quality is impaired due to energy and dry matter losses [7]. When the plastic film is
damaged, air ingress occurs; when combined with bad compaction rates, yeasts and molds
multiply, inducing massive losses inside the silage [8].

According to Köhler et al. [9], losses inside the silage stack in particular must be
reduced. To maintain an elevated level of silage quality, consistently executed controlling of
the silo is recommended. Although it is possible to conduct silage controlling, as mentioned
by several authors [10–12], this is often only performed selectively. Consequently, once the
silage stack is sealed, the whole silo becomes a “black box” for farmers. For the reasons
mentioned, the automated controlling of silages could potentially assure higher quality [13]
and prevent losses, thereby greatly benefiting farmers with regard to economical savings.
Furthermore, if losses are minimized, the carbon footprint of fodder-making could be as
well [14]. To date, however, no automated systems for detecting destructive conditions in
silage have been put into practice, despite extensive research on this topic since the 1990s,
exhibited by [15].
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Initial attempts of sensor-based silage controlling tools were invasive to the plastic
cover, leading to breakage of the airtight film [16]. However, such invasive approaches are
not expedient. Any detectable breach of the film must be methodically sealed to prevent a
point of entry for oxygen or rainwater itself [15]. Yet, few investigations of noninvasive
methods of silage controlling based on the wireless sensor networks have been published.
For the first time, such an approach for practical use in agriculture was reported by [15].
The authors collected temperature and humidity data within the silage, as well as air
and soil temperature outside of the silage stack. An improved approach of this research
was shown by [17], now additionally equipped with an oxygen sensor. Another attempt
was shown by [18], based on temperature and pH value. Despite [17] concluding with
the perspective that their diagnostic system can be implemented in a farm management
information system (FMIS), no implementation has so far taken place. Nonetheless, an
automated sensor-based system for monitoring potential threats in the silage environment
would be a powerful tool to maintain silage quality.

In this paper, we show a novel system design for a silage monitoring system based on
a wireless sensor network that can detect silage environment deviations caused not only by
air breaches, attained by collecting additional factors rather than exclusively temperature
or oxygen. Conducive to reaching a high level of practicability, emphasis is placed on
simplicity, reliability, and applicability. Furthermore, the system shall be tested under
practical conditions, not only to record normal silage behavior, but to also capture air
breach events and reach a Technology Readiness Level 5.

For the system design, several aspects must be considered:

• Hardware development (node);
• Connectivity;
• Energy management;
• Data management.

For testing the system, a threefold approach is chosen:

• Pre-testing (sensor validation) in jars (year 1);
• Testing prototype in field conditions (year 1);
• Field testing on TUM research farm (year 2).

Supplementary to capturing datasets pertaining to the statistical analysis of sensor sys-
tem performance and silage stock processes, field testing provides insights into the practical
handling and limitations of the sensor system regarding insertion, exertion, maintenance,
and general handling.

Within the iterative development process, two distinctive sensor iterations have been
developed and proofed.

Following a review of the present literature, this article shows three different parts of the
system development. In each main chapter, the basic module design requirements are first
addressed (Sections 3.1, 4.1 and 5.1), followed by hardware and connectivity specifications
(Sections 3.2, 4.2 and 5.2) and finally testing and validation (Sections 3.3, 4.3 and 5.3), before
imparting a final conclusion.

2. Literature Review
2.1. Silage Process

The basic principles of ensiling must be accounted for in order to set measurable
parameters. Immediately after airtight sealing of green material, ensiling begins. This is
driven by anaerobic fermentation of the fodder, established by lactic acid bacteria [19].
Ensiling and storage can be divided into different stages. These include the “aerobic phase”,
“fermentation phase” and “stable phase”. A fourth phase following storage is designated
as the “feed-out phase” [19,20]. When silage is sealed airtight, the remaining oxygen is
discharged [19]. H2O, CO2 and NH3 are formed from water-soluble carbohydrates and
proteins [20]. These conversion processes lead to an increase in silage temperature. One
defining characteristic of the aerobic phase is the brief duration, which lasts only a few
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hours [10,19,21]. The subsequent silage fermentation phase then begins with a distinct
shift to an anaerobic status. A rapid emergence of lactic acid bacteria further favors
fermentation, leading to a pH value decrease [19,20,22]. However, anaerobic germs are still
able to multiply, which can lead to spoilage [21,23]. Typically, within this phase, nitrous
gases such as N2O, NO and NO2 [24] as well as NH3 are formed [25,26]. If sealing coverage
is sufficient, this gas formation can be seen at the very beginning of the fermentation phase
by a rising of the plastic film [27]. Combined with moisture, some of these gases react,
yielding aggressively dangerous nitrous acids [21,27]. When the fermentation process ends,
nitrous gas concentrations decrease as they are reduced to N2 und H2O [24].

During the aerobic and fermentation phases, the levels of CO2 and N2 rise to a sum of
nearly 100% of the total gas concentration beneath the film [28]. According to Wang and
Burris [24], nitrogen is displaced by carbon dioxide throughout this step. However, no
specific ratio between N2 and CO2 is given. Most of these changes occurring within the
silage will endure the storage period. Respectively, the silage is in a stable phase and only
few proteins and sugars are dismantled [19,21].

The literature indicates that gas flow inside silage is limited [15,29]. It can therefore
be deduced that sufficient gas measurements must take place close to the silo surface. If
the film is damaged, air will enter the area beneath the film, resulting in a change in the
silage atmosphere prior to silage spoilage. Likewise, temperatures at the surface thereafter
will also change due to spoilage. Within the silage stack, however, temperatures should be
stable below 40 cm and not influenced by external temperatures [30]. Consequently, silage
temperatures within the stack and at the surface may be important variables for long-term
stability measurements.

2.2. Wireless Sensor Networks in Agriculture

According to [31], despite agriculture being one of the foundational systems of our
world, it has not yet been thoroughly digitalized. The authors attribute this to the multi-
factorial, complex production system. Nevertheless, due to cost effectiveness, low power
consumption, and easy implementation, wireless sensor networks (WSNs) have been re-
ceiving more attention in present day (precision) agriculture [31–33], horticulture [34,35]
and smart cities [36]. As one of the most important aspects of the Internet of Things (IoT),
sensor nodes within a WSN are capable of sending data from areas that are hard to access
or within hostile environments [36]. Often, the data within agricultural WSNs can be
considered modest in size [32], so that even low-power wide-area networks (LPWANs)
can be used. For applications requiring wireless data transmission, a variety of wireless
communication technologies are given in [37,38]. Their advantages and disadvantages
are shown by [38]. The implementation of WSNs and different topologies, protocols and
architectures are given as shown by [36]. The properties of a WSN are dependent on
the amount of data to be sent and energy consumption and supply, but also shielding
of the wireless signal. Especially prevalent in the agricultural context is the lack of grid-
supplied power due to rural distances, making batteries, solar panels, and low-power
soft- and hardware designs a necessity [32]. Actual research often shows a setup for WSN
up to simulations or the visualization of gained data [36,37,39,40] and includes the stages
“(i) data collection, (ii) processing, (iii) data analysis, and (iv) decision making” [34]. The
rapid evolution of such WSNs shows the need for data protection against third parties
within the whole network system, “from the source node (origin) to the receiver (destina-
tion) in the communication network and application for data processing and storing” [31].

2.3. Technical Fundamentals of Existing Silage Monitoring Tools

Only two attempts have been made to implement a noninvasive sensor node for silage.
The technical parameters of these attempts are described below.

In the first-ever mentioned attempt, described by [15,17], data transmission took place
wirelessly via a 433 MHz transceiver and a 10-bit A/D converter within a single hop
network system. A single 3.6 V, 1.2 Ah lithium battery acted as the power source [17].
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Battery life was estimated to be 120 days. The sensor nodes were ball-shaped and meant to
be implemented between 50 to 10 cm beneath the silage surface [15,17]. The material used
for the protective housing was not mentioned. Next to temperature, humidity and later
oxygen, weather data were obtained to feed a computational fluid dynamics (CFD) model
to predict temperature and oxygen trends of the silage. Tests were only conducted in a
test silo of 3 × 1.5 × 0.5 m (lwh), not under direct practical conditions. The results were
not sufficient as the model showed deviations between prediction and actual oxygen and
temperature levels, directly after the beginning of the trial [17]. The actual behavior of the
sensors when an air breach is conducted therefore cannot securely be described.

Thünen et al. [18] utilized temperature and pH sensor technologies to predict silage
spoilage. Additionally, movement and position were gained to retrieve the sensor node
within the silage stack during the feed-out phase. A density sensor was intended to give
feedback about the silage density during the ensiling phase. The temperature sensor in
this case had a range of −20–100 ◦C with an accuracy of 0.5 ◦C. Two 3.6 V, 13 Ah LSH20
Lithium batteries provided a power source. The estimated battery time was one year. Data
transmission in this research was achieved by using a 169 MHz Band. Communication
between the nodes and Gateway worked bidirectionally. This node resembles the node
by [15,17] but is additionally equipped with a spike in which the pH sensor takes place. The
node is made of Acrylonitrile Butadiene Styrene (ABS) using a 3D printing process. Since
this node also serves as a density sensor for the silage, it must be placed during ensiling
and is therefore also located inside the silage, underneath the surface. Tests in large-scale
silage stacks were primarily conducted, e.g., to confirm general measurement and data
transmission possibilities and the general functionality. Furthermore, in this study, no test
was described assessing air infiltration under practical conditions.

The above-mentioned research presented limits regarding implementation, usability,
and results. At no point were air breaches under practical conditions in a large-scale silo
evaluated and until presently, the sensors have not been factored into practice. The behavior
of those systems under legitimate practical conditions in addition to a conducted air breach
cannot be described as sufficient.

3. Materials and Methods

The scheme of the Technology Readiness Level (TRL) is followed in this research paper.
According to [41], the TRLs “are used to assess the maturity of a new technology towards
full economic operation.” The TRL scale consists of 9 steps, from TRL 1 to TRL 9 which
are, e.g., defined by DIN-EN 16603-11 [42], or by [43]. By the end of this chapter, TRL 1
(basic principles observed and reported) and TRL 2 (technology concept and/or application
formulated) will be reached. Over the course of the experiment, Technology Readiness
Level (TRL) 5 (component critical function verification in a relevant environment) and the
beginning of TRL 6 (model demonstrating the critical functions of the element in a relevant
environment) [42] shall be reached.

3.1. Module Design Requirements

Following Green et al. [15], a wireless sensor node inside a silage stack has several
advantages. According to the authors, the cover is still sealed and a long-term data collec-
tion with suitable scales and resolutions (compared to traditional methods) is provided.
Furthermore, they state that a “wireless sensor’s intimate connection with its immediate
physical environment allows each sensor to provide detailed information that is difficult to
obtain through traditional instrumentation such as invasive electrodes or probes.”

Sensor nodes must be able to withstand the detrimental environment of silage. The
benefits of a housing structure include robustness against influences from silage, protection
of sensors and other electronics, as well as protection of the silage against defective elec-
tronics; a possibility in such instances as leaking batteries. These properties are seen as the
minimum requirements for a sensor node.
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As the literature shows, changes are anticipated, especially at the silage surface. To
locate the node securely and retrievably, its head should stay even with the silage surface
and its body must contain all necessary sensors and hardware. Requirements of the system
for practical usage include both easy insertion and easy removal of the sensor node.

Before any spoilage of the silage is visible, losses between 5–20% may already be
present [44]. It can be conveyed, therefore, that changes within the silage and the silage
atmosphere take place inertially. Consistent with these parameters, measurements in the
silo stock with a time interval of up to one hour are sufficient to record changes. Between
measurements, the sensors can be shut down to save battery.

3.2. Hardware and Connectivity Specification

To develop a comprehensive overview about the silage state, a variety of sensors are
needed. After reviewing the silage-related literature, the following parameters shall be
tested regarding their information value for the proposed aim:

• Temperature (◦C) at surface and in 40 cm depth,
• Oxygen concentration (%),
• Carbon dioxide concentration (%),
• Humidity (%),
• Air pressure (hPa).

3.2.1. Sensors and Batteries

As the standard storage time of a silo can last up to one year, specific required sensors
were chosen to account for low energy consumption to facilitate 365 days of measurement.
Further technical requirements of all sensors are composed of adequate measurement
ranges. With respect to temperature, values from −30 ◦C (depending on the local climate)
up to 70 ◦C (representative of a hot summer day with high sun exposure) should be
anticipated. Oxygen sensors maintaining a measurement range between 0 and 21% (actual
amount in the air) are functionally sufficient. As the literature demonstrates, CO2 and N2
add up to an amount of 100% in total. As no specific maximum is shown in the literature, a
CO2 sensor with a range from 0 to 100% is assumed to be capable of measuring any amount
present. Regarding humidity, it is known from the literature that water is a decomposition
product consequent of ensiling. Therefore, a humidity sensor with a measurement range
from 0 to 100% is obligatory. No specific information regarding air pressure is given in
the literature. Thus, a standard air pressure sensor capable of collecting measurements
between 15 to 115 kPa would be appropriate. To satisfy these requirements, a variety of
off-the-shelf sensors could be used, especially for temperature, humidity, and air pressure
measurements. However, to utilize oxygen and carbon dioxide sensors that meet the
requirements, a limited number of sensors show adequate performance. For a better
overview, the sensors are listed in Table 1. As two distinctive sensor iterations have been
developed and proofed, both hardware properties are shown in the following.

As temperature sensors in early-stage nodes, the temperature modules “RTR-502L” by
T&D corporation with a measuring range of −60 to 155 ◦C and an accuracy of ±0.3 ◦C at
−20 to 80 ◦C were used. The second sensor generation was equipped with analogue Pt100
sensors of accuracy type B and a MU-PT100-U010 transducer to convert output voltage to a
range from 0 to 5 V.
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Table 1. Overview of used sensors and their power source in the present nodes. The correct voltages
needed were provided by DC-DC converter.

Used Sensors in This Research

RTR–Nodes
Iteration 1

LoRa–Nodes
Iteration 2

Temperature

RTR-502L by T&D corp.
Range: −60 to 155 ◦C
Accuracy: ±0.3 ◦C at 20 to 80 ◦C
Power source: own battery

Pt100 by B + B Thermo
Range: −40 to 180 ◦C
Accuracy type B (±0.3 ◦C
at 0 ◦C)
Power source: 6 × 3.7 V,
4500 mAh

Oxygen

ME2-O2–Φ 20 by Zhengzhou Winsen Electronics
Technology Co., Ltd.
Range: 0 to 15% O2
Sensitivity: 0.05~0.15 mA

Power source: 4 × 1.2 V, 13,000 mAh NiMh Power source: 2 × 1.2 V,
13,000 mAh NiMh

Carbon dioxide
COZIR Wide Range Sensor by gassensing.co.uk
Range: 0–100% CO2
Accuracy: ±5% CO2

Power source: 4 × 1.2 V, 13,000 mAh NiMh Power source: 2 × 1.2 V,
13,000 mAh NiMh

Humidity
HIH-4000 by Honeywell
Range: 0–100% RH
Accuracy: ±3.5% TH

Power source: 2 × 3.7 V, 4500 mAh Power source: 6 × 3.7 V,
4500 mAh

Air pressure
MPX4115 by Freescale Semiconductors
Range: 15–115 kPa
Accuracy: ±3.5%

Power source: 2 × 3.7 V, 4500 mAh Power source: 6 × 3.7 V,
4500 mAh

A chemical “ME2-O2-Φ 20 Oxygen Sensor” from “Zhengzhou Winsen Electronics
Technology Co., Ltd.” with a measuring range of 0 to 25% was used for the detection of
O2 with a sensitivity of 0.05~0.15 mA in the air and an input voltage of 3.3 or 5 V [45]. A
pre-heat time period of about 30 min is required [45].

For CO2 measurement, an NDIR-based “COZIR Wide Range Sensor” (0 to 100%)
with an accuracy of ±5% and a 3.3 V current supply was chosen. Energy consumption is
specified with 22 mA [46].

An HIH-4000 Sensor by Honeywell is powered for relative humidity measurement.
Supply voltage amounts may range between 4 to 5.6 V with typical 200 µA and maximum
500 µA current supply. Accuracy is specified with ±3.5% [47].

For air pressure, an MPX4115 with a supply voltage of 4.85 to 5.1 V and 7 to 10 mA
current supply is used. Accuracy is specified with ±1.5% [48].

For initial tests, 868 MHz data transmission modules are used. These modules, named
“RTR-500”, are provided by T&D Corporation, Matsumoto, Japan. Each RTR module has
its own battery (Saft LS 26500) with 3.6 V and 7.700 mAh, which includes the temperature
sensors. Within the RTR nodes, 4 NiMh batteries with 1.2 V and 13,000 mAh power oxygen
and carbon dioxide sensors, which run at 3.3 V, and two Li-ion 26,650 with 3.7 V and
4500 mAh are used for powering air pressure and humidity sensors at 5 V. For a better
overview, power sources are assigned to the individual sensors in Table 1.

In the second node iteration, LoRa transmission modules “Arduino MKR 1300” are
used. LoRa is a wireless data transmission technology, which typically runs at 868 MHz in
Germany [49]. Such boards consist of 8 digital I/O ports and 7 analog input ports. LoRa is
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used as it is reportedly known for its wide range usage, relatively low power consumption
and robustness against interferences [31,37]. Furthermore, the hardware is highly cost-
efficient without monthly fees as required by the usage of other networks [37]. These nodes
consist of one format of 6 Li-ion 26,650 with 3.7 V and 4500 mAh, each connected in series.
These batteries power the microcontroller board, humidity and air pressure sensors with
5 V and two Pt100 sensors with 12 V. In another format, two 1.2 V and 13,000 mAh NiMh
batteries empower oxygen and carbon dioxide sensors with 3.3 V (Table 1).

The introduced hardware must resist the oxidative environment within a silo. Basic
hardware, such as transmitting modules, timer circuits or batteries can be secured by
modification of node design within an extra housing. The sensors, however, must be
exposed to the environment for adequate measurement collections. As no sensor fulfills
any hardware protection requirements at factory default, the protection of used sensors
must be ensured otherwise. For this purpose, an epoxy coating is tested.

3.2.2. Connectivity and Data Management

A wireless sensor node inside a silage stack on a farm requires a sufficient connectivity
solution. Since silos can be built farther from the farm, reliable data transmission must
be ensured even over distances greater than 100 m. Often on farms, no farm-wide area
network is established. Therefore, a wireless data network with low power consumption
and reliable data transmission needs to be installed from the node up to data storage
and evaluation.

In the first sensor node iteration, to reach a high data resilience, each sensor is attached
to an RTR module, which is capable of storing data for over seven days. Data packages
of each sensor can be gained via an 868 MHz wireless connection on demand. If one RTR
module fails, only the data of the sensor attached to this specific RTR module are lost.

Data from this first node iteration were manually collected via a gateway after ca.
7 days with the “RTR-500 for Windows” software and transformed into a .txt file. Manual
transmission was chosen to ensure that no transmission issues lead to a lack of data.

The second sensor node iteration, equipped with a LoRa microcontroller, can obtain
data from all sensors at the same time. As the network topology, a simple star topology is
used, as only low influences by, e.g., obstacles, can be awaited, and a close line of sight can
be assumed. Furthermore, due to the implementation of a hardware-based timer board,
multi-hop systems are impractical. The LoRa microcontroller sends data automatically via
868 MHz when it awakens from deep sleep mode. Therefore, Over The Air Activation
(OTAA) with an fixed authentication (“root”) key within the LoRa device is used, which
is recognized by the LoRaWAN network server for authentication. With the help of this
authentication key, which will not be sent during a connection between device and gateway,
so-called “session keys” are generated by the network server, which will be renewed by
every new connection [50]. No data storage is given within this node. The data are sent to
a Multitech MTCDT-246A-868-EU-GB LoRa gateway, which directs the data package via
the Internet to a LoRaWAN Network Server, called “The Things Network”. From this, the
data are derived by a Raspberry Pi single-board computer and stored in a continuous .txt
file for each node on Network-Attached Storage (NAS). The general structure of a wireless
sensor network for such a purpose can be seen by [51] and is abstractly shown in Figure 1.
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Figure 1. Structure of the LoRa wireless sensor network within this study. Data transfer from
LoRa sensor nodes to LoRa Gateway happened wirelessly. The gateway as well as the single-board
computer and the network-attached storage were connected via ethernet cable to the Internet.

Gateways for both sensor generations were placed inside a stable, at between 45 to
70 meters distance from sensor nodes. With self-programmed LabView programs, data
packages were accumulated and then post-processed within R-studio.

3.3. Testing and Validation

Testing and validation is threefold in this research and will be conducted from a test
under laboratory conditions to a small-scale test with the node design, concluding in a
full-scale silage test.

3.3.1. Mason Jar Test

In order to reach TRL 3 (characteristic proof of concept) [42], a laboratory pretest of
the designed sensors was conducted in a mason jar. Over a time span of 13 days, inside a
2-liter mason jar filled with unfrozen green grass material (200 g, 46% DM), oxygen, carbon
dioxide, relative humidity and air pressure sensors were tested for general suitability. The
material was not specifically compacted. Sensors were placed in the jar and connected
via a cable to a computer running a LabView program. After insertion of the green grass
material, the jar was sealed airtight to initiate the fermentation phase. A total of 221 h after
closure of the jar, the lid was opened to simulate an air breach.

3.3.2. Test Silo

After the sensors demonstrated the capacity to detect changes under laboratory con-
ditions in the mason jar, TRL 4 (component functional verification in laboratory environ-
ment) [42] was reached within this test. A test silo of 64 cm in diameter and with a height
of 94.5 cm was filled and compacted with 206 kg of previously fermented grass silage
(36.7% DM content, reconsolidated in 20 cm layers with 95 kg force per ~346 cm2) from
winter 2018 for 57 days (19 February 2018–16 April 2018). A conceptualized sensor housing
with default data transmission modules was brought into the test silo, with all six sensors
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attached, and the silo was sealed. After 35 days, a massive air breach was conducted, and
the seal was broken with 4 holes of approximately 14 cm in diameter.

3.3.3. Full Scale Test

In order to reach TRL 5 (component critical function verification in a relevant envi-
ronment) [42], the two different node configurations were tested in a full-scale silage stack
experiment (config one 4 times, config two 7 times) at the Veitshof farm of the Technical
University of Munich. Tests were conducted in grass silage from May 2019 till April 2020.
The dry matter content was 50.3%, and the silo was compacted with a 16-ton wheeled
loader with attached tires sized 20.5 R25 with 3 crossings per layer (max 30 cm per layer).
The sensor nodes were brought into the silage after compaction and before the plastic film
was laid out (Figure 2). After the storage phase, air breaches were conducted at two sites
within a test field, equipped with seven nodes (A + B in Figure 2). Air breaches 1–3 and
5 took place at site A, air breach 4 at site B. Additionally, a weather station by “Lambrecht
meteo” was installed at the silo site with the purpose of collecting temperature, global
radiation, relative humidity and precipitation levels.
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Letters show two different sites of implemented air breaches.

4. Results
4.1. Module Design

Based on the literature review, a first house conceptualization was designed, which
is shown in Figure 3. The sensor node consists of two separated containers and a spike.
Within the inner container, data transmission modules as well as a hardware-based timer
board and batteries were installed. This container is sealed airtight to protect the hardware
from harmful outside influences in the environment. The second container (“Sensorvolume”
in Figure 3) contains the oxygen, carbon dioxide and relative humidity sensors and is open
against the silage environment via a tube of 5 mm diameter. As the pretests show elevated
humidity, another tube located at the bottom allows the condensate to run out. Temperature
was measured at two sites. The node head was equipped with one sensor to detect changes
at the surface. The core temperature of the silage also gives information about long term
stability; therefore, another temperature sensor was attached at the spike of the sensor
housing. When LoRa Boards for data transmission were implemented, the node design was
revised. A revised version is shown in Figure 4. The second-generation nodes (iteration two)
have a smaller head as the spike now contains the batteries, and the LoRa microcontroller
is smaller than the previously used RTR transmission modules. Accordingly, the spike’s
diameter is bigger in iteration two to contain the batteries (I1 = 25 mm, I2 = 34 mm). This
resulted in issues implementing the sensor nodes into the silo.
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Figure 4. Schematic of the second-generation sensor node (drawn with Autodesk Fusion). The head
is designed smaller, sensors come closer to the surface and an additional circumferential grill is
applied to let gas enter the sensor container from all sides. The battery can now be positioned into
the nail. Sizes are shown in mm.

4.2. Hardware and Connectivity Development Results

This section is divided into sub sections containing sensor durability, timer circuit and
energy sufficiency, and connectivity of the nodes.

4.2.1. Sensor Durability

Results show that the silage environment is especially hostile to sensor systems. CO2
sensors in particular exhibited damages due to oxidation within pretests. Functionality
could be protected with a layer of epoxy resin. All sensors were coated with epoxy so that
humidity and silage gases were not able to reach the electrical components (apart from
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the actual sensor element). Even electrical joints that are located within the sensor were
covered with epoxy resin to keep full functionality. However, after extraction, O2 sensors
indicated a lack of functionality in some cases, while RH sensors still worked sufficiently.
As the temperature sensors are placed inside the hermetic hardware volume, these were
not affected by the silage environment at all.

4.2.2. Timer Circuit and Energy Sufficiency

As mentioned in the aim of this work, the battery life of the sensor must endure at
least a 365-day storage period. To ensure this aim, a hardware-based timer circuit was
designed, based on an NE555 and two AQZ 202 PhotoMos to create an astable flip-flop.
As the O2 sensor requires a 30 min preheat time, it was not shut down by the timer
circuit. Due to the implemented timer circuit, approximately every 17:03 min (ranging
from 16:32 to 17:55 min), sensors are started, and one data package is delivered per node.
Due to hardware specifications, which can differ within a part, and time of connection
to the gateway, the mean time differed slightly between the nodes. So, within a day,
approximately 84.5 measurements per node are possible when batteries are fully loaded.

Sensor iterations in this research were tested to evaluate energy consumption. Hereby,
both power circuits (NiMh and Li-Ion) were considered separately. The results were
calculated for a whole year. Results can be seen in Table 2. The capacity for each power
circuit (NiMh and Li-ion) is sufficient for 365 days. The additional batteries for empowering
the RTR data loggers are not shown within the table.

Table 2. Calculated energy usage and available amount of energy for a 365-day period of used node
iterations, divided by battery circuits.

Energy Consumption of Used Sensor Iterations, Divided by Power Circuits

Iteration Battery Capacity Total Available and Needed for 365 Days

NiMh (1.2 V, 13,000 mAh Each) Li-ion (3.7 V, 4500 mAh Each)

RTR Module
4 NiMh,
2 Li-ion

Capacity total: 52,000 mAh

Capacity need: 16,619 mAh

Capacity total: 9000 mAh

Capacity need: 7705 mAh

LoRa Module
2 NiMh

6 Li-ion (two each
connected in

series = 7.4 V packs)

Capacity total: 26,000 mAh

Capacity need: 8866 mAh

Capacity total: 13,500 mAh

Capacity need: 8608 mAh

4.2.3. Connectivity

The connectivity was evaluated within the large-scale silage test, with four repetitions
of iteration one and seven repetitions of iteration two executed.

Data transmission of iteration one with RTR 500 modules was adequate despite trans-
mission problems occurring sometimes. The data sampling rate of the RTR 500 modules
was one point per minute as no specific options could be chosen by default (e.g., only
measurements when voltage of sensors is high). As only oxygen and temperature were
powered full time, the data density of these sensors exceeded the data density of the others,
which showed valid measurements when being turned on by the timer board (after approxi-
mately 17:03 min). Due to minute interval measurements, zeros occurred in the data of CO2,
humidity and air pressure, which had to be extracted by post-processing. Approximately
every 7 days, the stored data packages were manually transmitted via wireless connection.
Several times within the trial, however, some modules’ data could not be gained by the
installed gateway as no connection to the modules could be established. As a result, an
individual used a second gateway attached to a laptop and moved near (<3 m) to the nodes
to transmit data from this point. These issues were not observed with iteration two nodes.
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Figure 5 shows the course of the delivered data packets of the LoRa sensor nodes
within the trial. Data were sampled when the timer circuit turned on the power after
approximately 17:03 min. The “Received Signal Strength Indicator” (RSSI) values of the
LoRa nodes were pending between −80 and −100. Sensor nodes were extracted from the
silo at the point of silage removal. The delivered data packets are given in percentages,
as each node was evaluated for its own maximum daily transmitted data packets (based
on individual hardware properties, see Section 4.2.2). The graph shows that during the
time of 35 weeks (afterwards, only 2 nodes were still in the silo), the amount of delivered
data is decreasing, with a pronounced slump in Week 20. In week 38, another breakage of
transmissions can be observed. Module 8 and Module 10 failed within the first 10 weeks
due to technical defects and did not send any packages following. Module 5 showed low
battery in Week 15. It is remarkable that from inception, node 7 only sends slightly more
than 50% of possible data packets. The other nodes show a transmission rate of about 76%
up to 85% (approximately 2.8 data packets per hour) at the beginning. During the trial,
these rates decrease, so that at the end of the 40-week trial, around 50% of possible data
packets are delivered, equivalent to approximately 1.7 data packets per hour.
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4.3. Testing Results

In the following section, the test results of the three scaled test are shown.

4.3.1. Mason Jar Test

The results of the laboratory test are shown in Figure 6. The oxygen curve decreased
close to zero within 10 h, while CO2 increased during the first 50 h before it reached a
plateau. It is noticeable that within the test, O2 showed an increase 23 h after the start,
with a peak after 50 h before decreasing again. Humidity rose quickly within the first 25 h
to more than 80% and continued rising afterwards. Air pressure is volatile and therefore
showed no indication of being influenced by reactions within the jar. Overall, sensors have
demonstrated that air ingress can be detected by proof of concept.
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Figure 6. Laboratory test in a mason jar with green grass material. O2 curve shows an increase after
reaching zero already. CO2 rises constantly, as well as humidity. Air pressure is not influenced by the
ensiling process. When opening the jar after 221 h, O2, CO2 and humidity show clear breakdowns.

4.3.2. Test Silo

The results of the test silo test can be seen in Figure 7. Temperatures at the silage
surface as well as in the spike show the same course. The only difference is that at the
surface, a daily fluctuation can be seen. The temperatures were compared to measurements
outside the trial and indicated that they imitate the outside climate. Similar patterns were
observed with air pressure. O2 decreases and CO2 increases until the plastic cover was
damaged after 840 h. These sensors demonstrated basic functionality. Humidity increased
over the entire period; after opening the test silo, it could be determined that the whole
silage surface had dried out down to 5 mm. Consequently, the module design was altered
so that the surface of the sensor housing was enlarged and moved closer to the surface
to detect any changes directly at the surface. The test silo proving scheme illustrates that
these sensors, installed into the designed housing, fulfill basic requirements.
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Figure 7. Results of the prototype test with already-fermented silage. Silage was extracted from a
full-scale silo and re-ensiled in the test silo in winter. Temperatures at surface and in spike show the
same patterns. At the surface daily variations are also seen. Oxygen decreases during the trial, while
carbon dioxide rises. Both processes reverse as the test silo is opened. Humidity rises over the whole
period, and air pressure shows no anomalies when compared with outside air pressure.

4.3.3. Full-Scale Test

Figures 8–11 show the air-breach section of temperature, CO2 and O2 from the large-
scale silage test within the trial area of the silo. Temperatures at the surface are directly
affected by outside temperatures. The core temperature underneath 40 cm shows a decreas-
ing value over the 300-day period, with one exception from day 86 to day 93, where M4
increases from 28.7 ◦C to 32.1 ◦C and M6 from 29.3 ◦C to 30.1 ◦C. Some sensors show a
slight increase shortly after an increase in outside temperature as well. During air breaches,
temperature sensor values show no influence. As seen in the mason jar test, as within this
test, the oxygen values decrease to 0 at the beginning of fermentation, before a clear ascent
within a few days.

Within the conducted air breaches (grey highlighted), the O2 sensors are capable of
showing deviations from their normal behavior, especially at air breach B (#4, M2, M4, M6)
and slightly during the last air breach (#5, M4, M6) at site A in which the breach was not
cut but plucked to imitate a bird picking. The CO2 levels show strong deviations of more
than 5% (Figure 11). M1 and M6 in particular show breakages of more than 5% at each air
breach. At air breach B, M4 also shows a breakage of values higher than 5%. However, not
all sensors close to the air breach exhibited deviations. Sometimes sensors farther away
from the breach showed such indications, while closer ones did not. Assessing Figure 11,
CO2 concentration within the silage rises to over 60% within a few hours. As observed,
some sensors show a rise to only 40–50%. However, during the trial, the levels of carbon
dioxide decreased.

Humidity sensors displayed only slight rises in value at certain breaches. However,
these rises were less than 5%, and elevated daily amplitudes were observed during summer
months (some sensors show amplitudes higher than 10%). As air pressure showed no
differences to the outside pressure, it is not included in the results.
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Figure 8. Temperature at surface during the full-scale test within the trial field. Grey highlighted
are the conducted air breaches. Breaches 1–3 and 5 are at spot A, breach 4 is at spot B (Figure 2). It
becomes obvious that outside temperature (pink) is always lower than surface temperature inside the
silage. Nevertheless, the silage surface temperature shows a similar course to the outside temperature.
As Module 8 broke within the first few days, it is not shown.
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Figure 9. Temperature within 40 cm depth during the full-scale test within the trial field. Grey
highlighted are the days of air breaches. Breaches 1–3 and 5 are at spot A, and breach 4 is at spot
B (Figure 2). Over the whole storage period (300 days) the temperature decreased with a bigger
exemption of Module M4 and M6 at days 86–93. Additionally, other modules showed slight increases
in temperature when hot days preceded. As Module 8 broke within the first few days, it is not shown.
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Figure 10. Normalized oxygen content during the full-scale test within the trial field. Grey highlighted
are the days of air breaches. At the beginning of the trials, an unusual rise in the oxygen curve can be
observed which can be traced back to a cross sensitivity to NOx gases. Breaches 1–3 and 5 are at spot
A, and breach 4 is at spot B (Figure 2). During the air breaches, several sensors showed a rise in their
curves and therefore indicate an air breach. When no abnormality is present, the values are pending
close to zero. As Module 8 broke within the first few days, it is not shown.
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Figure 11. CO2 concentration during the full-scale test within the trial field. As CO2 sensors showed
different calibrations, maximum amounts of CO2 between each sensor differed. Within the grey
highlighted areas, air breaches are conducted. Breaches 1–3 and 5 are at spot A, breach 4 is at spot B
(Figure 2). As Module 8 broke within the first days, it is not shown.
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5. Discussion
5.1. Module Design

The results largely show that it is possible to detect air breaches and spoilage within
a silo with specifically designed sensor nodes. The design and insertion differ between
previously reported research and the literature: it is not meant to be placed beneath the
silage surface, but rather, the head should stay even with the silage surface and immersed
into the silo after compaction, before putting the plastic on it. This way, gas sensors also stay
at the surface and yield more reliable results than earlier published experimental attempts
as gas flow within the silage is proven to be very limited [15,29]. The insertion method of
the sensor was confirmed to be effective. In some cases, due to high compaction rates, it
was necessary to predrill a hole for the spikes of the node with a steel stick. Removal from
the other side was then feasible before feed-out so that no damage to the hardware was
caused, a previously potential occurrence with silage removal machinery in research trials.
As the node’s heads were fastened with blue tape, their surface contrasted with the silage
and were easily found. Due to the V2A steel, they could easily be pulled out. In general,
applicability and handling of the sensor module appeared functional; high practicability is
assumed. However, the module design should be developed in specific ways. One could
improve the insertion of the modules further, by designing the nail as small as possible in
diameter, while a thread on the nail could support insertion as well. As Rees et al. [29] state,
silage typically has a low gas diffusion rate. Within the shown modules, all sensors except
temperature are attached to one side of the module; they are connected to all sides with a
grid and space for gas diffusion. While gas flow may find its way to the sensor devices,
humidity in particular showed changes in the uppermost layer of silage within the test silo
when air ingress occurred and should therefore be measured at the highest point possible.
In a future generation, sensors should not be attached to a side of the module but on top
of it, directly underneath a lid to be protected from direct heat from the sun. To reuse the
node, even if a sensor is broken, sensors must be easily replaced, which can be also fulfilled
by such a design. As the spike is open to the container, it satisfies a prerequisite for usage
inside of the feed: in case a battery is leaking, undesirable contaminants will run and be
stored inside the spike and not contaminate the fodder. Temperature measurements within
40 cm of depth can be seen as a good indicator to evaluate long-term stability of silage and
therefore should be collected as well. Within this study, however, V2A steel was used as a
basis for the sensor nodes. As metal has thermal conductivity, it is possible that outside
temperatures can be forwarded down the sensor and influence the measurement, which
was seen within the large-scale silage test. In node generation two, the batteries moved
from the top of the node into the spike. In addition to the advantage that the head of the
node becomes smaller, the batteries are now more insulated against strongly fluctuating
temperatures in the node heads. The results of the tests show that temperatures in the
region can exceed 50 ◦C in summer and dip lower than 0 ◦C in winter. With the obligatory
sensors specified, an enhanced module can be created and plastic forming or 3D printing
can be employed to create modules quickly and economically for future research.

5.2. Hardware Development and Sensor Protection

Bauerdick et al. [52] state that four distinct aspects cause sensor detriment on farms;
these are humidity, coldness, heat, and corrosion. When placing a sensor inside a silage
stack, all factors will influence the sensors. As can be inferred from the results, humidity
increases to significant levels within a short amount of time when silage is sealed. Due to the
fermentation, nitrous gases are formed, such as N2O, NO or NO2 [53]. Occasionally, these
gases leak from the silo and can be identified as rust-brown fogs around the silo. When
these gases react with humidity, nitrous acids can be formed which are extremely dangerous
for humans [27]. These acids can also act as strong oxidizing agents [54] and therefore harm
sensors and Printed Circuit Boards (PCBs) as well. Adapted sensor protection is therefore
critical. The results show that an epoxy coating of the electronical parts of a sensor (limiting
environmental exposure exclusively to the sensor element of the apparatus) is sufficient to
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protect sensors against environmental hazards for an entire storage season. Oxygen level
detection was established with chemical sensors in this trial. Since it cannot be ruled out
that silage gases influence the chemical components of used sensors, in future research,
chemical sensors should be replaced. Limited sensor lifetimes estimated by manufacturers
must also be taken into consideration for all sensors in future research.

In the present research, a hardware-based timer was chosen. Software failure due to
data storage issues or otherwise can therefore be avoided.

5.2.1. Energy Efficiency

Table 2 shows the available energy within the used sensor nodes, as well as the
theoretical energy values required for a one-year storage period. The calculated results
emphasize the results of the full-scale test to which the node iterations endured a whole
storage time within a silage environment. Within this research, the required capacity was
even overestimated to ensure a safety buffer, as NiMh batteries are known to have high
discharge rates. Therefore, for satisfactory practical usage, the actual sensor node iterations
need a high quantity of batteries in order to work properly for 365 days (RTR nodes = 6 batteries
for sensors and additional 6 batteries for the RTR-500 datalogger = 12 batteries in total;
LoRa node = 8 batteries in total).

In addition to the required space, the recharging process is a detailed operation. A
possibility to reduce the number of batteries could be a charging function during the actual
silage storage time. To avoid harming the foil, wireless charging methods as shown by [55]
could be used. However, this diminishes the advantages of cost efficiency. A slimming of
the nodes’ hardware seems to be more appropriate to lower the energy demands. When
considering the testing results, it becomes obvious that air pressure sensors can be taken
out of consideration in future nodes. Furthermore, Pt100 sensors that need 12 V power
should be replaced by sensors which work at 3.3 to 5 V, such as DS18B20, to minimize
needed space, cost, and power consumption in particular. Within a laboratory test, we
evaluated a modified version of the LoRa node with the above-mentioned changes and a
modified timer module. The power consumption of the whole node decreased to 8021 mAh
in total at 3.7 V. This consumption can be fed by only two 3.7 V, 4500 mAh batteries. As
the sensor node has the capacity for at least three batteries in the spike, a security buffer is
supplied, which may also be necessary if the security of the delivered data is increased in
future generations. Prodanovic et al. [31] show that in their experimental setup with usage
of standard LoRa, e.g., only an authentication of a node within a network consumed up to
7% more energy compared to no authentication. Although an Over The Air Authentication
(OTAA) was already used within this research, an additional security buffer for an unusual
threat or loss of capacity during storage time would be advantageous and achievable with
a third battery.

5.2.2. Data Transmission

High data resilience is assigned for the trials with the RTR module as every sensor
is equipped with a dedicated transmission unit. Some RTR modules, however, had trans-
mission issues, even when a gateway was used a few meters away to gain data manually.
This can lead back to signal shielding by the module material itself, which consisted of
V2A steel. In the development process, these transmission units were replaced by LoRa
microcontroller boards.

Treiber et al. [38] compare different transmission technologies. Due to this comparison,
it can be pointed out that especially LoRa, based on 868 MHz in Europe, fulfills the need
for an automated silage control tool. Furthermore, [39] states that, due to the open-source
network, a freedom of scale is given, so that silages can be equipped with dozens of
the presented sensors without the need for monthly fees. With a data rate of 0.3 up to
50 kbit/s, a range of up to 10 km, and a high penetration rate through objects, silos can
be observed even at distant locations from the farm. It can therefore be assumed that
LoRa is able to penetrate “the three different types of obstacles that can be generally
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encountered when deploying WSN” [36], which include trees or mobile items, wireless-
absorbing or interfering obstacles such as buildings and walls, and a line of sight without
any obstacles [36]. Nevertheless, to ensure these aspects, the authors of [36] advise that
it is crucial to conduct direct field tests with newly applied ideas, which is taken care of
by the large-scale test. The lower the frequency, the higher the capability of penetration
through such materials as biomass [56]. With the conception of this module, in comparison
to those by [15] and [18], it is not directly necessary to penetrate biomass with a signal,
as the head of this trial module is even with the silage surface. There are few, if not zero,
centimeters of biomass between the line of sight to the LoRa gateway. The problem of
low transmission rates is negligible in these cases as the data packages only consist of the
sensor values and are therefore very small. However, the RSSI, pending between −80 and
−100, can be classified as weak [57,58]. The antennas in this example were standard dipole
Arduino GSM Antenna for MKR 1300. It is already mentioned within the description of
these antennas that metal surfaces nearby may influence its coverage [59]. As the node
consists of V2A steel, this can be identified as a potentially weak source of signal strength.
If the node housing would be manufactured from plastic, possible influences of the metal
body can be eliminated in future designs.

Considering the data transmission rates of the LoRa nodes, the maximum possible
amount of delivered data packages is attained in minimal time. At the beginning of the
trial, approximately 80% of possible packets are delivered, and in the end (40 weeks after
start) around 50% are still delivered. This can be attributed to the fact that the battery
voltage is decreasing. A decrease in energy can lead to a decrease in reception strength
of a sensor network [60,61]. Referring to Figure 5, in the weeks 20 and 38, a dip in the
transferred packets can be observed. This breakage can be seen with all sensors and can be
traced back to network issues at the farm. The lower amount of data packages of module
7 results from the limited time of “on” intervals by the hardware timer. Other failures (M10
and M8) resulted out of battery shortage. Its origin can be connected to quality issues of
the selected hardware and soldering. A quality check run over the course of a few days for
each module before usage can fix these problems. However, the available data are sufficient
due to the remaining modules. These results show that energy conservation is of great
importance to ensure a long period of silage surveillance.

To avoid a lack of data due to any connectivity errors, a storage unit can be constructed,
which sends stored data when a successful connection has been restored. Although the rates’
monitored parameters in this research are slow, like in many agricultural WSN [32], 1.7 data
packets per hour are sent at the end of the 40-week duration, providing an appropriate
monitoring frequency and exceeding the suggested amount of one packet per hour. A
consistent transmission of data as requested by [32] for an WSN is assured.

Even though the amounts of data sent by the nodes are low, it has been demonstrated
in other research that analysis processes can be executed within the sensor node, and only
the processed data are sent for storage or decision support [34]. This approach is not
applicable to this situation: depending on the location of each node (e.g., sun-covered by
walls or weights of the plastic) as well as due to the very heterogenous properties of a silage
(DM, spores, bacteria, temperature when being harvested, bulk density, etc.), for most of
the gained parameters, no general thresholds can be calculated for every silage as proposed
in former research. This stands with the exception of oxygen, as such values should not
deviate far from zero after the aerobic phase. In this use case, all data need to be analyzed
on a central system, for instance a computing machine on the farm or intrinsic to a cloud
system to evaluate the data from one silage heap in total.

Khalifeh et al. [36] state that a need “to develop new algorithms, protocols, low power
modules” and more is still prevalent today. Critical to the sensor node technology presented
here, the point of end-to-end security for (meta-) data should be taken into focus with its
development, as at the moment, the LoRa modules use a standard Over The Air Activation
(OTAA) with a lifetime used identification key. Prodanović et al. [31] state that if this
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identification (or “secret”) key is stolen, the attacker is able to steal the data that is sent by a
sensor node.

5.3. Testing Validation

The sensor data show that it is possible to detect signs of spoilage and air breaches
within the silage. The temperature within 40 cm depth can provide adequate information
about long-term stability or reheating [62]. From this trial, it can be seen that over time the
core temperature is decreasing. Pries and Kayser [62] state that the core temperature of
silage should be below 15 ◦C, or it is otherwise assumed that reheating and thus, spoilage,
are occurring. However, it can also be observed that core temperature drops down to 15 ◦C
only after more than 150 days. Thaysen [63] states that it is not expedient to look at the core
temperature just once, but to permanently log data to see whether it is fluctuating. The
author states that higher temperatures within silos can also be caused by uncooled silage.
This permanent observation can be granted with this sensor node.

By monitoring the temperature beneath the surface, it becomes obvious that the
sensor values are highly dependent on outside factors such as sun radiation and outside
temperature. It is only during low-temperature night conditions, when there is no sun
radiation to influence the sensors, that a simple standard deviation issue of the data was
present after one air breach. The temperature of one node (M4), located nearly 50 cm from
the breach, showed a rise four days after air breach number four.

However, biomass, such as silage in particular, has substantial insulation properties not
only against heat [30,62] but also against gas flow, depending on its dry matter content and
bulk density [8]. The higher the dry matter content of a silage, the higher the bulk density
should be to prevent gas exchange [8] and therefore reheating. With an increase in the DM
content of grass silage of 20% (from 20% to 40% DM), a higher bulk density of 70 kg DM/m3

(from 160 to 230 kg DM/m3) is recommended. A list of adequate bulk densities concerning
its dry matter content can be found in [64]. This indicates that if reheating does not take
place adjacent to the sensor, it might not be detected with a temperature sensor, as the
heat may remain locally restricted. In that case, when reheating is eventually detected,
considerable damage may already have been occurred. Nevertheless, temperature data
collected over long-term periods can be used to determine the persistent stability of silages
and therefore act as a source for models in which weather forecast dependency provide
guidance to the farmer on feed-rates per silo and per week. As this research focused on
the technological aspects and proof of general functionality, the bulk density of the used
silage was not part of investigation. Its influence on the precision of gathered data must be
integrated into future research.

Before any air breach is caused, oxygen curves show an unexpected behavior during
the beginning of fermentation: the curve decreases to zero within 6 h. This is slower than
the literature describes (30 min, [65]). Afterwards, a slight escalation can be observed. This
reaction can be explained by a cross-sensitivity of the oxygen sensors with nitrous gases;
although a surge in oxygen content after sealing has not been cited in the literature. How-
ever, as already mentioned, during the fermentation phase, nitrous gas formations occur in
different concentrations. NO, for example, rose within a test by [24] up to 9.71% within a
few hours after ensiling and decreased to 0.12% 42 h after ensiling. A laboratory trial with
the used chemical sensors and a test gas (30% NO, 70% N) indicated a deflection of the
graph. Other nitrous gases may amplify this effect. As the nitrous gases disappear during
the first days, this explains the decrease in the graph after several hours of fermentation.
With this information, the used sensor node is not only capable of detecting air breaches or
spoilage of silage but can also act as a warning tool for farmers, indicating the formation of
highly hazardous nitrous gases and when the area around the silo can be safely re-entered
again. The behavior of the oxygen sensors during the air breaches shows that it is possible
to detect a disruption of the plastic cover. However, a critical result is that the graphs do
not show a constant high level of oxygen during disruption, but rather a diurnal pattern.
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It is striking that in some cases, the sensor values of O2 and CO2, which are very close
to the damage, do not react, while sensors roughly 3 meters away do. A reason can be
identified within the silage surface topography. Due to the compaction of the silage, a
varied and not-homogenous surface is created (Figure 12). Within this surface, several
troughs and hills can be identified. As oxygen diffuses very slowly or not at all within
silage [29], modules located behind an elevated area are isolated, while others, laying in
troughs, are able to detect oxygen.
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CO2 sensors largely show well-defined breakdowns at air breach locations. As the
sensors presented very different analog outputs during the field test, these were tested
afterwards with calibration gases in a laboratory environment. Although the CO2 sensors
were meant to measure up to 100%, it could be found that the measurement range of
used sensors within the trial diverged between 7.9% and 61.6%. This explains why some
sensors show a breakdown of CO2 concentration when the total concentration of CO2 has
reached their measuring capacity. It becomes obvious that in some nodes, oxygen shows no
differences while CO2 curves do so. Well-calibrated carbon dioxide sensors are therefore
more capable of detecting air breaches when complemented to oxygen measurements. The
literature shows that carbon dioxide and nitrogen share a strong negative correlation within
a silo environment [24,28]. The authors state that due to air ingress, a high concentration
of nitrogen inflows displaces CO2. In line, the decrease in CO2 in the present experiment
can be explained by air ingress (due to breaches or air encounters at the silage wall)
influencing the correlation between nitrogen and carbon dioxide. It also shows that the
measurements of [66], where concentrations of 20–40% within the upper layers of silage
can be shown, are snapshots and a comprehensive range can only be detected when
permanent CO2 measurement takes place. This curve has advantages for the farmer. Not
only can air breaches be detected, but the overall permeability of a silo can be assessed.
When compared over several years, recommendations can be made on how a silo must be
managed to maintain a maximum efficiency of sealing (e.g., sealing the walls, etc.).

Humidity levels rise during the trial, and H2O is formed by fermentation due to
nitrous gases [24]. However, the rise in humidity is gradual within this test. Former tests
disclosed show faster increases in humidity. This may be justified by the dry matter content
of the silage, which is about 50.3%. This content is far too high and should normally be
around 30% [10]. In the context of detecting air breaches or spoilage, humidity could be
capable of showing changes, but often any detectable changes of the curves lie within
2% or maximum 5% of the values. Therefore, a more accurate absolute sensor should be
used, which brings up the question of how often it must be changed within a sensor node,
as sensors age and accuracy decreases. Furthermore, additional peaks could be detected
which have no relation to the breaches. Respectively, future research should focus on
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exploring possible interrelationships between humidity and other factors, implementing
humidity as an indicator as well.

Air pressure was examined as well but did not show any deviations from the outside
pressure. The sealing conditions are not dense enough to use this as an indicator.

Within the full-scale silage test, it was evident that the sensor node successfully
operates under specific circumstances, and it can disclose critical states beneath the plastic
cover. TRL 5 (component critical function verification in a relevant environment) [42]
has been reached. In order to minimize the number of necessary nodes within a WSN as
requested by, e.g., [32], further research has to be conducted with different silage types and
varying properties to find the optimal distribution of the nodes in a silage stack.

In general, especially for O2, a threshold for future integration of an alarm system can
be assumed. The rapidly following oxygen content increase after the aerobe phase in silage
must be evidence of unusual behavior. Regarding CO2, it became visible that breakages
of more than 5% from the actual concentration are observed when air enters the stack.
However, it becomes obvious that over the entire storage period, the CO2 concentration is
decreasing. This decrease can be traced back to reports of air ingress in the literature [24,28];
both the ingress and course of CO2 are dependent on several unavoidable factors such as
silage wall (porosity), plastic cover, or feed out. Therefore, no one unique course can be
forecasted for a silage. However, the decrease in CO2 takes place inertially. To suggest
an alarm system working on CO2 concentration, the mean value for the last 6 h should
be compared with the actual sensor value. If this mean value differs by more than 5% of
points from the actual value, an air breach can be assumed.

Overall, the used sensors show practicability for the use case. The requirements
defined in Section 3.2.1. for each sensor are appropriate. However, the calibration of used
sensors needs to be inspected well before their usage as standard calibration “as is” varied
greatly by purchased sensors.

6. Conclusions

Within this research, the TRL 5 and the first elements of TRL 6 are realized. Results
show that a sensor node capable of detecting negative impacts on silos could be designed
and general requirements can be met. Special attention must be given for sensor durability
against the oxidative silage environment. In terms of precision, it can be stated that CO2
does not need a high-precision accuracy readout. For this sensor, a wide measurement
range (0–100%) is necessary, and accuracy of ±5% as used in this research is satisfactory,
as breakages in CO2 are normally at least 5% when a leakage in silage appears. As the
oxygen content should stay close to 0% when a plastic cover is applied, precise negligible
amounts are not critical to report. When considering the parameters of an alarm system, it
is only necessary to detect any amount of oxygen higher than 1%. Humidity yielded no
reliable results as any anomalies were in the range of measurement errors of the sensor.
Nevertheless, humidity at surface levels should be considered in future research. Thus, high
accuracy (<1%) is needed. Air pressure is not a necessary factor for sensing any harmful
changes. Temperature measurements need to show a high accuracy to sense any changes in
an early stage. As reheating due to an oxygen breach appears in a delayed manner, it is not
a sufficient as an individual parameter, despite such use in previous research. Nevertheless,
as silage quality is dependent on these parameters, an outlook on long-term stability can
be constructed, providing farmers with weather-dependent recommended feed rates.

Data transmission via LoRa standard is adequate and, combined with low-power
sensors, provides a node battery lifetime of approximately 365 days. As the actual sensor
nodes require many batteries, hardware design must be adjusted: an air pressure sensor is
not necessary and can be left out; temperature sensors need to be replaced by low-voltage
sensors. With such an adapted hardware and a modified timer circuit, required battery
capacity as well as node volume can be decreased. Data packet amounts are higher than
one packet per hour, even at the end of long-term trials. This data volume transfer rate can
be granted as effective.
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The conceptualized sensor node shows its capability to protect hardware components
against the silage environment. Nevertheless, it should be noted that the choice of the
module material impacts on temperature measurements if it is consisting of metals. Addi-
tionally, data transmission can be influenced by the usage of such material. Therefore, a
plastic-fabricated module is recommended. Sensors must be placed as close to the silage
surface as possible for optimal performance.

The module was effectively implemented in a relevant environment. In future research,
a provision for the redesign of this node with plastic and exposed sensors should be made.
High amounts of data could train artificial intelligence to recognize small deviations or
patterns in the data as potential threats. Additionally, with an extensive dataset over
different silage types and qualities, along with laboratory-measured silage losses over
storage periods, models may be created to not only prevent silage losses, but to also
calculate the actual losses due to measured changes in the silage environment. Furthermore,
the collected data can contribute to the determination and optimization of the required
node number per silage.
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