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Abstract: In this study, the main elements that can make up a Natural Treatment System for
Wastewater (NTSW), its most important parameters and properties of operation and design, have
been analyzed, as well as the environmental problems derived from the generation of large amounts
of slurry. The objective of this paper is to propose a methodology to improve the operation of these
systems, associated with small and medium-sized livestock farms, in insular and isolated systems
such as the Canary Islands. An Integrated and Resilient System (IRS) for monitoring and measuring
operational variables quasi-continuous and in situ is proposed. Low-cost technology and open
source hardware are employed, as well as application of the IoT (Internet of Things) strategies to
share and analyze the information collected in the cloud. In view of the high degree of resilience
and the simplicity of this type of technology, as well as its low cost, it is concluded that it is feasible
to create a measurement system with these characteristics that can be used for NTSW parameteri-
zation, and other purposes. Satisfactory results were obtained for several parameters (ambient tem-
perature, relative humidity, UV radiation, atmospheric pressure). It is presented as a novel proposal
based mainly on low-cost technology and free software with which to improve the NTSW operation
process.

Keywords: wastewater; IoT; Arduino; natural treatment; monitoring

1. Introduction

In recent years, there has been an increase in intensive farming, mainly due to the
global increase in meat consumption [1]. Outdoor grazing is commonly being replaced
with indoor feeding systems, often with totally or partially slatted floors. Such a system
generates large amounts of manure, forming a heterogeneous mixture of solid and liquid
excrement, feed remains and water, that is often difficult to assimilate with the available
farmland [2—4]. This growth in the number of heads of cattle per farm means that manure
has gone from serving as fertilizer for the land to becoming a waste that must be managed
correctly, since there is not as much surface area available [5,6]. Especially, slurry of pig
origin are the ones that present the most problems when it comes to correctly managing
said waste due to its properties [7]. In general, pig manure is characterized by a high de-
gree of hydration, a high chemical and biochemical oxygen demand (COD and BOD), and
a high content of fertilizing macronutrients (nitrogen, phosphorus, potassium). In addi-
tion, due to the diet, traces of iron, zinc, and copper can be found in its composition, which
can be polluting elements for the soil [3,8-10]. As can be seen in Figure 1, excess slurry
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without proper treatment can cause contamination of: (i) surface and groundwater due to
the presence of nutrients such as nitrogen and phosphorus in high concentrations; (ii) the
atmosphere, due to the significant amount of emissions of greenhouse gases, including
methane (CH4), carbon dioxide (COz), and nitrous oxide (N20); (iii) the land, as high con-
centrations of elements such as heavy metals, antibiotics, and nitrates, can have detri-
mental effects on the properties of the land, exposing the soil to a risk of contamination
and reducing crop yields [6,11-15]. In recent years, various materials and components
have been proposed for wastewater treatment, composite materials are gaining attention
for various uses including wastewater treatment due to their specific functionality, cost-
effectiveness, and efficiency in articles reported by the Awual group [10,16-19]. These
studies have investigated materials such as bamboo, which have suitable characteristics
and morphology for the removal of heavy metals from wastewater.

N - - Atmosphere
Water Pollution Soil Pollution -
Water Pollution Pollution
Nitrates Nitrates CH, ]
Phosphorus Heavy metals N,0, CO, ]

Figure 1. Pollution by the composition of pig livestock waste in the different environments.

In Gran Canaria (Canary Islands, Spain), small pig farms represent almost 90%, how-
ever, 10% of these intensive farms account for almost 75% of the total number of animals
on the island. These farms generate a large amount of waste, since they represent around
1000 to 1500 animals in a closed cycle in a year of production. In addition, 79% of these
animals are concentrated in just three municipalities: Telde (35%), Teror (31%), and
Agtiimes (13%) [20,21]. Figure 2 shows the geographical location of the island of Gran
Canaria.
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Figure 2. Gran Canaria (Canary Islands, Spain) location.

Given that a large part of the territory of Gran Canaria belongs to protected areas,
approximately 42% is under one of the protection categories of the Canarian Network of
Protected Natural Areas, it can be considered that the island is wvulnerable to
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contamination due to poor slurry management. Figure 3 shows the island territory con-
sidered as protected land [22].

Asreported in different studies, one way of treating said waste is to employ a Natural
Treatment System for Wastewater (NTSW) on the livestock farm itself, either through an-
aerobic digestion or the use of constructed wetlands and lagoons [23-26]. However, it has
been studied that these systems generally operate in less-than-optimal conditions, mainly
due to the lack of online data of the operating parameters, which translates into lower
performance. In addition, as a consequence of the lack of information about each stage of
the process, undesired organic overloads and unexpected interruptions of the process or
accidental addition of toxic substrates can occur [27-29].

Rural Park

Natural Park

Natural monument

Protected landscape

Special nature reserve
Comprehensive nature reserve

I

Site of scientific interest

Figure 3. Protected Natural Areas, and Biosphere Reserve of Gran Canaria [18].

It should be noted that in Gran Canaria, the non-existence of previous execution pro-
jects, environmental studies, or management reports of pig farms is by no means uncom-
mon. The computerized control of the animals, the production, as well as the manure han-
dling process is very scarce, with the systems that are in place requiring significant updat-
ing and modernization [21,30]. It can reasonably be argued that the monitoring and con-
trol of slurry management processes, from a technological point of view, are poorly de-
veloped. Process parameters should be available online and there should be far less of a
need to rely on human intuition or intervention.

It can therefore be said that the development of monitoring systems is crucial if the
aim is to have control over the entire sludge treatment process and increase process per-
formance. These should be easy-to-use systems that do not compromise the potential and
quality of the information they sample. This is potentially possible due to the application
of sensor technology and appropriate process modeling for each system [31-36]. Sophis-
ticated hardware solutions should be avoided, and robustness and simplicity should nec-
essarily be part of the monitoring design [28].

The aim of this work is to propose a methodology for improving NTWS operation
associated with small and medium-sized livestock farms, in insular and isolated systems
such as the Canary Islands. The methodology is based on the design and implementation
of an Integrated and Resilient System (IRS) to monitor and measure operating variables
through low-cost technology and open hardware (sensors, data loggers, control systems,
etc.), and the application of Internet of Things (IoT) strategies to share and analyse the
information collected, serving as a climate change mitigation tool. Removal technology is
developed based on selectivity, sensitivity, and cost-effectiveness in similar studies [37-
41]
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2. Materials and Methods
2.1. Analysis of the Operating Parameters and Design of the NTSW
2.1.1. Anaerobic Digester

Anaerobic digestion (AD) is a complex biochemical process, in which microorgan-
isms break down organic matter in the absence of oxygen and produce biogas. According
to the literature [42-47], temperature is one of the main parameters that need to be taken
into account in the design of anaerobic digesters. Anaerobic processes are highly depend-
ent on temperature as it strongly affects the AD rate. As the growth rate of microorgan-
isms increases, the digestion process speeds up, producing more biogas. However, violent
temperature variations in the digester can damage the process. The temperature is related
to the Hydraulic Retention Time (HRT), which is the time that the biomass must remain
inside the digester to complete its degradation. The higher the temperature, the shorter
the retention times, and so a smaller volume of reactor is required to treat the same
amount of biomass. [48-51].

The pH values also need to be taken into account, with this being a determining factor
in both biogas production and composition. The anaerobic process must be maintained at
pH values between 6.0 and 8.0 [42,52-54]. Its value is especially critical in AD, significant
amounts of protons may be released if the pH values are too low (<6.0) which can lead to
acidification and accumulation of volatile fatty acids (VFA), reducing the yield of the pro-
cess. In contrast, if the pH values are high (>8) there will be an increase in the formation
of ammonia, which is an inhibitor of microbial growth in very high concentrations. There-
fore, the measurement and control of pH are important to ensure a good process perfor-
mance [33].

Other parameters also need to be taken into account including, among others, the
amount of suspended solids (SS) present [55,56], the type of organic matter that is used,
substances that may inhibit the methanogenic process, and the C/N ratio [42—44].

2.1.2. Constructed Wetlands and Lagoons

Constructed wetlands and lagoons are types of systems especially suitable for tropi-
cal and subtropical countries since radiation and ambient temperature are key factors in
the performance of their processes [57,58]. Wetland plants can improve water quality
through the uptake of nutrients, metals, and other contaminants. The distribution and
morphological characteristics of the roots, and the efficiency of contamination removal
will depend on the type of plants used. In studies [59,60], bamboo was used to achieve
efficient encapsulation of toxic copper thanks to its porous structure, larger surface area,
thermal stability, and governable morphology.

Intense summer radiation results in warmer conditions and higher evapotranspira-
tion. Winter radiation is less intense and results in cooler temperatures with less evapo-
transpiration. Other variables that affect the process are humidity and precipitation
[61,62], in addition to other parameters such as pH, dissolved oxygen (DO), depth or strat-
ification [63-67].

2.2. Monitoring Techniques to Control the Anaerobic Process and/or Water Quality

There are several methods to monitor the liquid and gas phases of AD. These include
gas chromatography, pH titration, high performance liquid chromatography, or near and
mid-infrared spectroscopy. However, laboratory analysis or offline monitoring of control
parameters are often associated with potential errors due to improper sampling and anal-
ysis techniques, as well as human bias [28,68].

All these aforementioned methods suffer from certain disadvantages with respect to
sample preparation. While mid-infrared and near-infrared spectrometry have been shown
to be a viable option, they require advanced automated sampling, sample transfer, and
filtering to allow sufficient sampling. Additionally, ultrafiltration of the reactor samples
is necessary to produce a clear, particle-free liquid for spectroscopy [69,70]. It can be said
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that these methods are often expensive, time-consuming, and commonly tested manually.
Furthermore, they generally require complex equipment and/or extensive maintenance.
The literature reviewed reveals that process monitoring is the best option to achieve better
system stability and higher conversion efficiency in digestion [71-74].

2.3. Methodological Proposal to Control and Improve the Performance of NTSW

Process monitoring is the first step and constitutes a crucial component of any auto-
matic control system. Advances in instrumentation make it possible to monitor in real
time the critical parameters in the wastewater treatment process. Such instruments serve
to provide warnings if disturbances occur that may impair the process, thus decreasing
the performance [75]. There are three basic elements in any control system: sensors, con-
troller, and communication software [68].

Below, a methodological proposal is offered to improve NTSW operation, using low-
cost sensors and implemented with Arduino technology (Figure 4). The objective is to
provide a cheap and easy-to-use tool for the control and improvement of the slurry puri-
fication process. The idea is to develop a system that can be extrapolated to the treatment
of different types of wastewater and livestock farms.

Atmospheric
00y °
parameter sensors ° 0

y Thingspeak ...

0
0
@) [}
Qo Qoo 0 Y )
0 ° O
o]
0
Process parameter ..
000
sensors

Figure 4. Generic diagram of the system employed.

2.3.1. Sensors

It is proposed to use low-cost sensors (Figures 5 and 6) compatible with Arduino
technology to monitor different parameters and variables of an NTSW. It is important to
monitor parameters such as ambient temperature, relative humidity, radiation, or the
speed of the incident wind in the area. It is important to control operating parameters such
as pH, temperature of the aqueous medium, dissolved oxygen, conductivity, gas concen-
trations (COz, CHs, H2), pressures, or redox potential.

Atmospherics Parameters Sensors

- BME280 sensor. This precision sensor can measure relative humidity from 0 to 100%
with an accuracy of +3%, barometric pressure from 300 Pa to 1100 hPa with an abso-
lute accuracy of 1 hPa, and temperature from —40 °C to 85 °C with an accuracy of
£1.0 °C. It can also estimate altitude with an accuracy of +1 m.

- MLS8511 sensor. It is proposed to use the ML8511, an easy-to-use ultraviolet light sen-
sor to measure ultraviolet radiation. It works by emitting an analog signal relative to
the amount of ultraviolet light detected in a 280-390 nm wavelength range.

- TSL2561 sensor. It is proposed to use the TSL2561 module, a digital output sensor to
measure intensity of light. This sensor is highly accurate and can be configured with
different gains and acquisition times. Its internal architecture contains two light de-
tectors, one in the visible light spectrum and the other in the infrared light spectrum.
It can be configured for different gain/integration time ranges to detect light ranges
from 0.1 to 40,000 Lux. By having an I2C communication port, it facilitates its inte-
gration with different embedded systems.
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Process parameters Sensors

pH sensor. As previously mentioned, pH is one of the factors with the greatest impact
on the AD process. It is proposed to use Atlas Scientific’'s EZO-pH integrated circuit
with its corresponding probe to measure pH. This is a module that allows high-pre-
cision measurements for a relatively small cost, compared to traditional equipment
[76]. The connection with the microcontroller can be made in UART or in 12C.
Oxygen Reduction Potential sensor (ORP). ORP probes are extremely versatile meas-
urement systems for monitoring biological reactions in wastewater treatment plants,
as they can indicate whether acceptable biological activity is taking place [77]. It is
proposed to measure this parameter using Atlas Scientific’s integrated circuit EZO-
ORP, which allows to take measurements of great precision. The ORP probe has a
platinum tip that is connected to a silver wire, surrounded by silver chloride. The
connection with the microcontroller can be made in UART or in 12C.

DO sensor. Oxygen is a key factor for wetlands and lagoons, so it is essential to know
the DO concentrations of dissolved oxygen in each of the different stages. Different
studies have shown that digesters can support limited amounts of oxygen and can
even lead to better reactor performance and methane generation, and contribute to
H2S removal [78,79]. It is proposed to use the Atlas Scientific EZO-DO module for
DO measurement, as it offers accurate readings in mg/L and percent saturation, with-
out having to perform chemical titration tests to check that the readings are correct
[80].

Conductivity sensor. It is proposed to use the Atlas Scientific EZO EC, a circuit to
measure conductivity the integrated circuit, in addition to the conductivity of water
which also measures salinity as well as the amount of total dissolved solids in ppm.
It will indicate all dissolved minerals, salts, chlorides, metals, organic compounds,
and other contaminants found in the water.

Temperature sensor. The internal temperature of the biodigester chambers is a deter-
mining factor for the development of the anaerobic process, as previously indicated,
as well as the water temperature in wetlands and facultative lagoons. It is proposed
to use the Atlas Scientific EZO™ RTD (Resistance Temperature Detector) module.
This integrated circuit records high-precision measurements using a generic temper-
ature probe. The EZO-RTD circuit can work with any class of 2-, 3- or 4-wire platinum
RTD probe and has a sensing range of =126 to +1254 °C.

Gas sensor. It is proposed to use the Grove-Multichannel Gas Sensor, an environ-
mental detection sensor with a built-in MiCS-6814 that can detect different types of
gases (carbon monoxide, nitrogen dioxide, hydrogen, ammonia, methane, ethanol,
propane, or isobutane) These gases can be measured simultaneously due to its three
channels. This sensor can work with Arduino directly with I2C interface [81].



Water 2022, 14, 2917 7 of 22

BME280 Sensor ML8511 Sensor TSL2561 Sensor
Temperature, relative UV-A, UV-B radiation Light intensity and VIS-IR
humidity, atmospheric spectrum
pressure and altitude

F BHE200 @

VAN i TSL2561@®

Lux Sensor
@
<
=
=
@
2

0308030

NCVIN T GND— 500 (8~ -
Digital interface: Analog output Digital interface:
ISP, 12C 12C

Figure 5. Atmospheric sensors.
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Figure 6. Process parameters sensors.

2.3.2. Control System and Circuits

Arduino is an open source electronic platform that allows the construction of scien-
tific instruments, using open source hardware and software, thereby reducing the cost of
research. It has been used efficiently to monitor and control experimental equipment in
automation processes by the scientific community [82-87].

It should be noted that livestock farms may be located with difficult access to the
electricity grid or local area connections (Ethernet, Wi-Fj, etc.). Therefore, an efficient and
economical way needs to be devised to maintain communication with the established sys-
tem.

With this in mind, the Arduino Nano 33 (IoT) microcontroller was used for this study
(Figure 7). The main processor on the board is a low power 48 MHz Arm Cortex-M0 +
SAMD21 processor with 256 kb of flash memory and 32 kb of SRAM memory. This mi-
crocontroller offers Wi-Fi and Bluetooth connectivity through a u-blox module, the NINA-
W102, a low-power chipset with an internal 2.4 GHz antenna. In addition, secure commu-
nication is guaranteed through an ECC608 cryptographic microchip. This device is chosen
for its low cost and the suitability of having an integrated Wi-Fi module for communica-
tion with the server, which simplifies the installation. This microcontroller allows com-
munication through the I12C protocol via pins A4 (SDA) and A5 (SCL). In addition, it can



Water 2022, 14, 2917

8 of 22

be connected in UART protocol (Rx and Tx pins) and in SPI protocol (pins 10 (CS), 11
(MOSI), 12 (MISO), and 13 (SCK)).

Figure 7. Arduino nano 33 (IoT).

To obtain data, a communication between the sensors and the Arduino Nano 33 IoT
microcontroller is used. The ML8511 sensor was connected to the analog output A7 of the
Arduino. Figure 8 shows the assembly of the circuit with atmospherics sensors and the
microcontroller.

Figure 8. Circuit assembly.

2.3.3. Communication System

Once the system is in operation with the sensors taking readings of the different pa-
rameters to be studied, this information has to be accessible. The communication module
used offers the possibility of sending the data to a web platform where it can be analysed
in real time (Figure 9).

The power of cloud computing and the increased connectivity of devices (with low-
cost elements) are an emerging trend in which many embedded devices are connected to
the IoT Internet [88-91]. Table 1 shows a list of the most commonly used platforms at
present.
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Table 1. Main IoT software.

Platform Description

Open source software written in Ruby that allows users to
ThingSpeak [92] communicate with Internet-enabled devices. Has integrated
MATLAB applications for data analysis and visualization.
Managed cloud service that lets you easily and securely
Google IoT Core [93]  connect, manage, and transfer data from millions of devices
around the world.
A fully managed and cloud-hosted service suitable for device
IBM Watson IoT Platform registration, connectivity, control, rapid visualization, and
[94] data storage. It uses communications based on open
standards such as MQTT and HTTPS.

The SaaS (Software as a Service) platform integrates and
automates infrastructure monitoring, application
performance, and log management to provide real-time,
unified management.

Fully managed service that collects, processes, stores, and
analyzes data from IoT devices at scale. Customers can also

AWS IoT Analytics [96]  use their own custom analytics. Processing, data storage,

running queries, and running custom analytics are charged

for separately.

A fully integrated suite of IoT software. It offers device
provisioning, sensor data visualization, remote control with
mobile and web applications, firmware updates, secure
cloud, data analysis, user and access management, and alerts.
Open source IoT platform for data collection, processing,
Thingsboard [98] visualization, and device management. It allows device

connectivity through MQTT, CoAP, and HTTP protocols.

Datadog [95]

Blynk IoT Platform [97]

For this study, we decided to use ThingSpeak (Table 1), an open source data platform
for the IoT, which enables the aggregation, visualization, and analysis of online data flows
in the cloud. It makes it easy to access, retrieve, and record data by providing one appli-
cation programming interface (API) per project, for both devices and websites. It also pro-
vides users with free storage of time series data in up to four channels, where each channel
can include a maximum of eight data fields. Access is also available to online technical
support, private channel sharing, and MQTT (Message Queuing Telemetry Transport)
subscriptions, with this being a Machine to Machine (M2M) communication protocol,

widely used for the IoT.
NETWORK
SERVER
M. N
CONNECTED SMART
DEVICES DATA VIEW, ANALYSIS

AND ACTION

Figure 9. Network server operating diagram.



Water 2022, 14, 2917

10 of 22

We used the free license that allows up to 4 channels with 8 fields each and 3 million
messages per year (~8200 messages/day). In addition, it allows the user to automatically
act on data and communicate through third-party services such as Twilio® or Twitter. The
channel will have a unique identification address used to communicate with it. In addi-
tion, two “API keys” are created:

- Write API key. Used to write data to the channel.
- Read API key. Used to give permission to third parties to view the feed and graphics
of the private channel.

Figure 10 shows the channel created, with the different atmospheric variables for
which the data will be collected.

Once the channel has been created and the corresponding fields assigned, the code
to connect the microcontroller to the cloud is created. To do so, it is necessary to use three
specific libraries, “ThingSpeak.h”, “WiFiNINA.h”, and “SPLh” in addition to those used
for the configuration of each sensor [99-105].

The ThingSpeak.h library is responsible for linking to the cloud, “WIFININA.h"” al-
lows the NINA module to connect to a Wi-Fi network, and the “SPLh” library allows the
SAMD21 microcontroller to communicate with the NINA module through the SPI com-
munication protocol. The program created to take the measurements and send the data to
the network server is represented in Figure 11. TheBME280, TSL2561, and ML8511 sensors
are programmed in Arduino IDE. An alarm is also programmed from the ThingSpeak
platform itself that provides notification via Twitter when data has stopped being re-
ceived.

Different analyses of the results were carried out using a mathematical calculation
tool, MATLAB, reading the data directly from the ThingSpeak cloud thanks to the read
and write APIKEYS. Normality tests of the humidity and temperature fields were carried
out to check if the data samples taken presented a normal distribution The mean and
standard deviation of the data samples were also obtained, as well as the maximum and
minimum values and the date they were obtained. In addition, frequency histograms were
made to observe the most repeated values of the samples studied.

Name: Atmospheric measurements
Channel ID: 1501363
Access: Public
Read API Key: 2NX3PF6BTYSRIVEE
Fields:

1: Humidity (%)

2: Temperature (°C)

3: Visible

4: IR

5: Atmospheric pressure (Pa)

7: UV (nm)

8: [Mluminance (lux)

Figure 10. Channel created to store the readings collected by the sensors.
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Figure 11. Program flowchart.

Channel update
status check
HTTP code =200?

NO Problem updating
channel. HTTP error code

Channel update successful

3. Results

Once the program is compiled in the Arduino IDE, it is uploaded to the board and
the data is sent to the cloud. This data can be accessed from the display screen of Thing-
Speak, where different settings can be chosen (number of results, time scale, average, me-
dian, title, number of results, etc.) in a personalized way for each of the fields. Figure 12
shows the different options available to configurate each field, and in Figure 13, we can
see the data sent by the different sensors. Sensors sent data back for the time period from
20 September 2021 to 28 January 2022.

Field 1 Chart Options

Title: Timescale: v
X-Axis: Average: v
Y-Axis: Median: v
Color: #382FF5 Sum: v
Background: #fffff Rounding:

Type: line b Data Min:

Dynamic?: true b Data Max:

Days: Y-Axis Min:

Results: 60 Y-Axis Max:

Save

Figure 12. Field 1 Chart Options.
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Figure 13. Feed of different parameters.

In total, 285,521 data entries of humidity, temperature, IR and UV radiation, atmos-
pheric pressure, and illuminance were registered with 44,948 discarded as channel test
entries. The ThingSpeak server limits the number of points returned to a maximum of
8000. We had to adjust our ranges or make multiple calls to analyze more than 8000 data
points. We decided to analyze the hourly values of the temperature, humidity, and UV
radiation fields, and for this, we uploaded the selected data to a new channel. In this way,
we will work with 1435 data for each field. Figures 14-16 show the results obtained re-
garding temperature, humidity, and UV radiation.

A test was carried out to warn the user in case the system stops receiving data for a
certain time. This could mean that the system may have lost power or some error has
occurred that needs to be corrected. The system was disconnected from the electrical
network for a short period of time to check the alarm created to provide a notification that
no data is being stored. In our case, we chose Twitter as the communication channel. Fig-
ure 17 shows the alarm received.
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Figure 14. Temperature results.
Table 2 shows the results obtained on the mean, the deviation, and the minimum and
maximum values.
Table 2. Results obtained for Temperature, humidity, and UV radiation.
Mean Standard Deviation Maximum Data of Value Minimum Data of Value
Temperature (°C) 22.38 2.15 52.13 % 22-January-11:58:13 19.17 22-January 09:58:11
Humidity (%) 62.32 10.86 85.38 21-December-20:01:07 12.43 * 22-January-11:58:13
UV Radiation (nm)  302.13 10.98 420 16-December-12:00:20 266 ** 08-January-13:00:07

* These results were obtained by providing heat from an external source to the temperature and
humidity sensor. ** This result was obtained by keeping the radiation sensor inside.
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Figure 15. Humidity results.

These alerts can be especially useful in the AD process, where relatively sudden
changes in pH, for example, are likely to alter the performance of the process. In this way,
by means of control elements, action can be taken almost immediately without the need
to be physically present at that moment.

This tool offers a wide range of possibilities when viewing and processing the col-
lected data in a simple and fast way, allowing the creation of a large information bank in
the cloud. The results obtained show us relevant information about the parameters stud-
ied that can help improve the AD and NTSW processes, since they allow data to be ob-
tained in real time and hence offer the possibility of acting on the system almost immedi-
ately. Currently, as has been commented throughout the study, this is one of the problems
presented by these types of wastewater treatment systems, so research in this field is cru-
cial. The application of this type of system in small and medium-sized livestock farms can
be used as a climate change mitigation tool, improving control of the NTSW process.
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It is also important to point out that renewable energies could be used to give auton-

omy to the system. Any system can become autonomous by incorporating a battery based
on its consumption and a device capable of taking advantage of renewable energies to
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recharge said battery, such as a photovoltaic installation. The data can then be taken from
places located in rural settings where there is difficult access to power lines.

The combination of Arduino technology with the IoT is a real option for the supervi-
sion, control, and acquisition of data not only for natural purification systems, but indeed,
any system, given the programming simplicity and the low price of the components. It is
thus possible to create with relative ease an online data network of several wastewater
treatment plants since, thanks to cloud servers, the information can be universally acces-
sible. Such information can be consulted from a computer or mobile phone, allowing the
simultaneous management of a large amount of information, which would not be possible
otherwise. The cost of the Arduino Nano 33 (IoT) microcontroller, the BME280 sensor, the
TSL2561 sensor, the ML8511 sensor, and the various connections is approximately USD
50 [106-109].

4. Discussion

Similar results have been obtained by other authors: In study [110], research was de-
veloped to design and implement an IoT (Internet of Things) system to optimize biogas
digesters by providing accurate information in real time using sensor technologies in
Rwanda (Africa). The system comprised two temperature sensors connected to the Ar-
duino Esp8266 module. The microcontroller collects the data from the sensors and sends
it over Wi-Fi to the data center. This system aims to integrate several biogas digesters on
a single platform, thus helping to redesign its structure and improve its mechanical and
economic efficiency. In study [111], an automated system was developed capable of the
online monitoring of some AD process indicators in the liquid phase (pH, temperature)
and gas phase (pressure, methane yield, biogas volume) using the Arduino platform and
some low-cost electronic components. The authors concluded that the construction of the
device was feasible for the proposed work, highlighting its economic viability.

In study [87], a waste-to-energy system was created, using the AD of mixed manure
from poultry and pigs to produce biogas for cooking, power generation, and organic fer-
tilizers for domestic and agricultural uses. A monitoring unit comprising an Arduino Uno
microcontroller that is connected to a pressure sensor, a pH sensor, and a temperature
sensor to measure the process parameters was incorporated into the system. The results
obtained validate the direct relationship between the organic load index and biogas pro-
duction and shows the interaction between temperature and pressure, temperature and
pH, and pH and pressure. The work was able to lay the foundations for studies of biogas
production through sensors and continuous monitoring of parameters.

In study [112], a low-cost portable device was built to measure the methane content
of biogas samples. The core component of the device was an MQ-4 methane sensor. This
sensor, along with humidity, temperature, and pressure sensors, were interfaced with an
Arduino Uno microcontroller. Measurements made by the sensor were compared to anal-
yses made using a gas chromatograph, showing an average absolute error of just 0.69 +
0.55%. This device was assembled for a price of USD 37.

In study [113], based on ultraviolet spectrophotometry, the authors proposed an
online remote measurement method to measure groundwater quality parameters: COD,
TOC, NO3-N, and turbidity. For this, a control system based on a STM32 microcomputer,
a communication module via RS232 serial port, and a GPRS transmission module were
used. Absolute measurement errors of COD, TOC, and NOs-N were less than 5.0%, while
those for turbidity were less than 5.4%, meeting the requirements for online measurement
of groundwater quality in China.

In study [114], the methane content of biogas from an online digester was measured
by modifying an offline measurement device, previously built by the authors, using a hy-
drocarbon sensor (MQ-4) and a pressure/temperature/humidity sensor (BME-280) inte-
grated with an Arduino Uno. This modified online sensor was programmed to automati-
cally measure methane composition by self-regulating biogas sample introduction and
evacuation of the device. Measurements made by this device agreed within a mean
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absolute difference of 0.81 + 0.58% with measurements conducted by using a gas chro-
matograph. The total cost of this system was less than USD 140.

In study [115], the development of a simple and low-cost water quality measurement
device was developed for real-time monitoring of water temperature and turbidity using
IoT technology and the Arduino UNO open source platform. The authors used the Kolora
mobile application to monitor the data obtained. The study highlighted the potential for
the real-time early detection of water contamination. It should also be noted that these
types of tools are becoming increasingly necessary given the restrictions in movements
that have been imposed as the result of the COVID-19 pandemic. The study carried out
demonstrates the potential of this type of low-cost tool to measure and monitor the vari-
ation of the most important AD and NTSW parameters, in this way, contributing to im-
proving the performance of the water treatment process and biogas quality.

5. Conclusions

The feasibility of a novel, simple, low-cost and highly versatile monitoring and meas-
urement system with these characteristics described in this study has been shown for
NTSW parameterization applied to small and medium-sized livestock farms. It is con-
cluded that the AD and NTSW operation process could be improved thanks to this tech-
nology, using the information obtained to improve efficiency.

Through this study, it has been possible to demonstrate the high versatility of low-
cost microcontrollers such as Arduino combined with IoT. It is shown that with low-cost
devices, it is possible to take readings of multiple variables in real time. Data were taken
and analyses of different atmospheric parameters such as temperature, humidity, and UV
radiation were carried out, obtaining relevant information for the control of the NTSW
process. This has the advantage of not needing traditional measurement equipment that
is associated with high costs and that also requires highly qualified personnel for its use.
These characteristics facilitate the integration of this type of technology in rural environ-
ments, with small and medium-sized livestock farms and where highly qualified person-
nel are not available, allowing better management of the slurry generated. The application
of this novel system as a climate change mitigation tool in these livestock farms can im-
prove the control of the AD and NTSW process applied to manure, favoring the reduction
of its high contaminant load. It should also be noted that flexible and easily accessible free
software has been used to develop the code and send the data to the cloud. Although paid
software was used to carry out the subsequent analyses, another numerical analysis tool
could have been used, such as Scilab, which is free and open source. The system provides
a solid foundation for future expansion work in the same category.

Author Contributions: Conceptualization, M.L.R.-P., C.A.M.-P. and A.R.-M.; methodology, M.L.R.-
P, CAM.-P., S.B.-E. and A.R.-M.; software, M.L.R.-P. and A.R.-M.; validation, M.L.R.-P. and A.R.-
M.; formal analysis, M.L.R.-P., C.A.M.-P. and A.R.-M.; investigation, M.L.R.-P., CA.M.-P., S.B.-E.
and A.R.-M.; resources, C.A.M.-P. and A.R.-M.; data curation, M.L.R.-P., CCA.M.-P. and A.R.-M.;
writing —original draft preparation, M.L.R.-P., C.A.M.-P. and A.R.-M.; writing —review and editing,
M.L.R.-P., CAM.-P. and A.R.-M.; visualization, M.L.R.-P., C.A.M.-P., S.B.-E. and A.R.-M.; supervi-
sion, C.A.M.-P. and A.R.-M.; project administration, C.A.M.-P. and A.R.-M.; funding acquisition,
C.AM.-P. and A.R.-M. All authors have read and agreed to the published version of the manuscript.

Funding: This research has been co-funded by the INTERREG V-A Cooperation Spain-Portugal
MAC (Madeira-Azores-Canarias) MITIMAC program through project MAC2/1.1a/263.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Water 2022, 14, 2917 18 of 22

References

1. OECD/FAO. Agricultural Outlook 2018-2027; Food and Agriculture Organization of the United Nations: Rome, Italy; Paris,
France, 2018; Volume 181; ISBN 9789264297210.

2. Watabe, M.; Rao, ].R.; Stewart, T.A.; Xu, J.; Millar, B.C.; Xiao, L.; Lowery, C.J.; Dooley, ].5.G.; Moore, ].E. Prevalence of bacterial
faecal pathogens in separated and unseparated stored pig slurry. Lett. Appl. Microbiol. 2003, 36, 208-212.
https://doi.org/10.1046/j.1472-765X.2003.01293 .x.

3. Marszalek, M.; Kowalski, Z.; Makara, A. Physicochemical and Microbiological Characteristics of Pig Slurry. Tech. Trans. 2014,
2014, 81-91. https://doi.org/10.4467/2353737XCT.14.278.3366.

4.  Marszalek, M.; Kowalski, Z.; Makara, A. Emission of Greenhouse Gases and Odorants from Pig Slurry —Effect on the
Environment and Methods of its Reduction. Ecol. Chem. Eng. S 2018, 25, 383-394. https://doi.org/10.1515/eces-2018-0026.

5. Lopez, C.; Mendieta, C.A.; Lopez, A.; Pérez, S.0. Proceso para el tratamiento de residuos ganaderos en la isla de gran canaria.
In Proceedings of the I Simposio Iberoamericano de I Simposio Iberoamericano de Ingenieria de Residuos,Castellén, Spain. 23-
24 July 2008; pp. 23-24.

6. Loyon, L. Overview of manure treatment in France. Waste Manag. 2017, 61, 516-520.
https://doi.org/10.1016/j.wasman.2016.11.040.

7. Grossi, G.; Goglio, P.; Vitali, A.; Williams, A.G. Livestock and climate change: Impact of livestock on climate and mitigation
strategies. Anim. Front. 2019, 9, 69-76. https://doi.org/10.1093/af/vfy(034.

8.  Santoro, C.; Gonzalez-Fernandez, C.; Znad, H.; Awual, M.R.; Martini, S. The Utilization of Algae and Seaweed Biomass for
Bioremediation of Heavy Metal-Contaminated Wastewater. Molecules 2022, 27, 1275.
https://doi.org/10.3390/MOLECULES27041275.

9.  Marszalek, M.; Kowalski, Z.; Makara, A. The Possibility of Contamination of Water-Soil Environment as a Result of the Use of
Pig Slurry. Ecol. Chem. Eng. S 2019, 26, 313-330. https://doi.org/10.1515/eces-2019-0022.

10. Kubra, K.T.; Salman, M.S.; Hasan, M.N.; Islam, A.; Teo, S.H.; Hasan, M.M.; Sheikh, M.C.; Awual, M.R. Sustainable detection
and capturing of cerium(IIl) using ligand embedded solid-state conjugate adsorbent. ]. Mol. Lig. 2021, 338, 116667.
https://doi.org/10.1016/]. MOLLIQ.2021.116667.

11.  Jih-Gaw, L.; Chang, C.N.; Chang, S.C. Enhancement of anaerobic digestion of waste activated sludge by alkaline solubilization.
Bioresour. Technol. 1997, 62, 85-90. https://doi.org/10.1016/S0960-8524(97)00121-1.

12.  Mantovi, P.; Bonazzi, G.; Maestri, E.; Marmiroli, N. Accumulation of copper and zinc from liquid manure in agricultural soils
and crop plants. Plant Soil 2003, 250, 249-257. https://doi.org/10.1023/A:1022848131043.

13. Cieéko, Z.; Zomowski, A.; Mierzejewska, A. Impact of Foliar Nitrogen and Magnesium Fertilization on Concentration of
Chlorophyll in Potato Leaves. Ecol. Chem. Engineering. A 2012, 19, 525-535. https://doi.org/10.2428/ecea.2012.19(06)053.

14. Kornegay, E.T.; Harper, A.F. Environmental Nutrition: Nutrient Management Strategies to Reduce Nutrient Excretion of Swine.
Prof. Anim. Sci. 1997, 13, 99-111. https://doi.org/10.15232/51080-7446(15)31861-1.

15. Giner Santonja, G.; Georgitzikis, K.; Scalet, B.M.; Montobbio, P.; Roudier, S.; Sancho, L.D. Best Available Techniques Reference
Document for the Intensive Rearing of Poultry or Pigs; Publications Office of the European Union: Luxembourg, 2003.

16. Awual, M.R. New type mesoporous conjugate material for selective optical copper(Il) ions monitoring & removal from polluted
waters. Chem. Eng. ]. 2017, 307, 85-94. https://doi.org/10.1016/].CE].2016.07.110.

17. Awual, M.R. Novel nanocomposite materials for efficient and selective mercury ions capturing from wastewater. Chem. Eng. |.
2017, 307, 456-465. https://doi.org/10.1016/].CEJ.2016.08.108.

18.  Awual, M.R. Efficient phosphate removal from water for controlling eutrophication using novel composite adsorbent. |. Clean.
Prod. 2019, 228, 1311-1319. https://doi.org/10.1016/]. JCLEPRO.2019.04.325.

19.  Awual, M.R. Innovative composite material for efficient and highly selective Pb(II) ion capturing from wastewater. J. Mol. Liq.
2019, 284, 502-510. https://doi.org/10.1016/].MOLLIQ.2019.03.157.

20. ISTAC. Numero de Explotaciones Segun Especies. Municipios e Islas de Canarias por Afios. Desde 2014. Available online:
https://www3.gobiernodecanarias.org/istac/statistical-
visualizer/visualizer/data.html?resourceType=dataset&agencyld=ISTAC&resourceld=E01008B_000002&version=1.1#visualiza
tion/table (accessed on 29 Junuary 2022).

21. Mendieta-Pino, C.A.; Ramos-Martin, A.; Perez-Baez, S.O.; Brito-Espino, S. Management of slurry in Gran Canaria Island with
full-scale natural treatment systems for wastewater (NTSW). One year experience in livestock farms. J. Environ. Manag. 2019,
232, 666-678. https://doi.org/10.1016/j.jenvman.2018.11.073.

22. Espacios naturales—Cabildo de Gran Canaria. Available online: https://cabildo.grancanaria.com/espacios-naturales (accessed
on 8 Jun 2021).

23. Owusu-Twum, M.Y.; Sharara, M.A. Sludge management in anaerobic swine lagoons: A review. |. Environ. Manag. 2020, 271,
110949. https://doi.org/10.1016/]. JENVMAN.2020.110949.

24. Varma, V.S; Parajuli, R; Scott, E.; Canter, T.; Lim, T.T.; Popp, J.; Thoma, G. Dairy and swine manure management—Challenges
and perspectives for  sustainable treatment technology. Sci. Total Environ. 2021, 778, 146319.
https://doi.org/10.1016/].SCITOTENV.2021.146319.

25. Mendieta-Pino, C.A.; Garcia-Ramirez, T.; Ramos-Martin, A.; Perez-Baez, 5.0. Experience of Application of Natural Treatment
Systems for Wastewater ( NTSW ) in Livestock Farms in Canary Islands. Water 2022, 14, 2279.

26. Mendieta-Pino, C.A.; Pérez-Baez, S.O.; Ramos-Martin, A.; Ledn-Zerpa, F.; Brito-Espino, S. Natural treatment system for



Water 2022, 14, 2917 19 of 22

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

wastewater (NTSW) in a livestock farm, with five years of pilot plant management and monitoring. Chemosphere 2021, 285,
131529. https://doi.org/10.1016/]. CHEMOSPHERE.2021.131529.

Ward, AJ.; Hobbs, P.J.; Holliman, P.J.; Jones, D.L. Optimisation of the anaerobic digestion of agricultural resources. Bioresour.
Technol. 2008, 99, 7928-7940. https://doi.org/10.1016/]. BIORTECH.2008.02.044.

Madsen, M.; Holm-Nielsen, ].B.; Esbensen, K.H. Monitoring of anaerobic digestion processes: A review perspective. Renew.
Sustain. Energy Rev. 2011, 15, 3141-3155.

Angelidaki, I; Ellegaard, L. Codigestion of manure and organic wastes in centralized biogas plants: Status and future trends.
Appl. Biochem. Biotechnol. —Part A Enzym. Eng. Biotechnol. 2003, 109, 95-105. https://doi.org/10.1385/ABAB:109:1-3:95.
Ministerio de Agricultura Alimentacion y Medio Ambiente. Evaluacién de Técnicas de Gestion de Deyecciones en Ganaderia;
Ministerio de Agricultura Alimentaciéon y Medio Ambiente: Madrid, Spain, 2015.

Maraba, D.; Bulur, E. Design and construction of an automated OSL reader with open source software and hardware. Radiat.
Meas. 2017, 106, 632—-637. https://doi.org/10.1016/ RADMEAS.2017.04.011.

Budzianowski, W.M. A review of potential innovations for production, conditioning and utilization of biogas with multiple-
criteria assessment. Renew. Sustain. Energy Rev. 2016, 54, 1148-1171. https://doi.org/10.1016/].RSER.2015.10.054.

Vanrolleghem, P.A.; Lee, D.S. On-line monitoring equipment for wastewater treatment processes: State of the art. Water Sci.
Technol. 2003, 47, 1-34. https://doi.org/10.2166/wst.2003.0074.

Khanal, S.K;; Giri, B.; Nitayavardhana, S.; Gadhamshetty, V. Anaerobic Bioreactors/Digesters: Design and Development. Curr.
Dev. Biotechnol. Bioeng. Biol. Treat. Ind. Effl. 2017, 261-279. https://doi.org/10.1016/B978-0-444-63665-2.00010-2.

Spanjers, H.; van Lier, ].B. Instrumentation in Anaerobic Treatment—Research and Practice; IWA Publishing: London, UK, 2006;
Volume 53.

Pind, P.F.; Angelidaki, I.; Ahring, B.K.; Stamatelatou, K.; Lyberatos, G. Monitoring and control of anaerobic reactors. Adv.
Biochem. Eng. Biotechnol. 2003, 82, 135-182. https://doi.org/10.1007/3-540-45838-7_4.

Awual, M.R. Ring size dependent crown ether based mesoporous adsorbent for high cesium adsorption from wastewater. Chem.
Eng. ]. 2016, 303, 539-546. https://doi.org/10.1016/].CE].2016.06.040.

Awual, M.R. Solid phase sensitive palladium(II) ions detection and recovery using ligand based efficient conjugate
nanomaterials. Chem. Eng. J. 2016, 300, 264-272. https://doi.org/10.1016/].CE].2016.04.071.

Awual, M.R. Assessing of lead(III) capturing from contaminated wastewater using ligand doped conjugate adsorbent. Chem.
Eng. ]. 2016, 289, 65-73. https://doi.org/10.1016/].CE]J.2015.12.078.

Awual, M.R. A novel facial composite adsorbent for enhanced copper(II) detection and removal from wastewater. Chem. Eng.
J. 2015, 266, 368-375. https://doi.org/10.1016/].CE].2014.12.094.

Awual, M.R. Investigation of potential conjugate adsorbent for efficient ultra-trace gold(III) detection and recovery. J. Ind. Eng.
Chem. 2014, 20, 3493-3501. https://doi.org/10.1016/].JIEC.2013.12.040.

Varnero Moreno, M.T. Manual de Biogas; Proyecto, C., Ed.; Organizacion de las Naciones Unidas para la Agricultura y la
Alimentacién (FAO): Santiago de Chile, Chile, 2011; ISBN 978-95-306892-0.

Varnero, M.T.; Arellano, J.; Benavidez, C.; Santibafez, F.; Vanegas, N.; Carrasco, A.; Sepulveda, N. Aprovechamiento Racional de
Desechos Organicos; Ministerios de Agricultura—Fondo de Investigacion Agropecuaria: 1990.

Hilbert, J. Manual Para la Producién de Biogds; Instituto de Ingenieria Rural, INTA Castelar, Moroén, Argentina, , 2010.

Wahid, H.; Ahmad, S.; Nor, M.A.M.; Rashid, M.A. Fundamentos para el Disefio de Biodigestores Mddulo para la asignatura de
Construcciones Agricolas. |. Ekon. Malays. 2017, 51, 39-54. https://doi.org/10.1017/CB09781107415324.004.

Lomborg, C.J.; Thomsen, M.H.; Jensen, E.S.; Esbensen, K.H. Power plant intake quantification of wheat straw composition for
2nd generation bioethanol optimization — A Near Infrared Spectroscopy (NIRS) feasibility study. Bioresour. Technol. 2010, 101,
1199-1205. https://doi.org/10.1016/j.biortech.2009.09.027.

Shi, X.S.; Dong, J.J.; Yu, J.H.; Yin, H,; Hu, SM.; Huang, S.X.; Yuan, X.Z. Effect of Hydraulic Retention Time on Anaerobic
Digestion of Wheat Straw in the Semicontinuous Continuous Stirred-Tank Reactors. BioMed Res. Int. 2017, 2017, 2457805.
https://doi.org/10.1155/2017/2457805.

Lorenzo Acosta, Y.; Obaya Abreu, M.C. La digestion anaerobia. Aspectos tedricos. Parte I. ICIDCA. Sobre Deriv. Cafia Aziicar
2005, XXXIX, 35-48.

Campos, E.; Bonmati, A.; Teira, M.; Flotats, X. Aprovechamiento energético de lodos residuales y purines. Produccién de biogas.
Jornades Técniques Sobre Energia. Jornades teécniques sobre energia. Barcelona, Spain. November 2001. Available online:
https://www.academia.edu/18280460/APROVECHAMIENTO_ENERG%C3%89TICO_DE_LODOS_RESIDUALES_Y_PURINE
S_PRODUCCI%C3%93N_DE_BIOG%C3%81S

Ni, J.; Ji, J.; Li, Y.Y.; Kubota, K. Microbial characteristics in anaerobic membrane bioreactor treating domestic sewage: Effects of
HRT and process performance. J. Environ. Sci. 2022, 111, 392-399. https://doi.org/10.1016/].JES.2021.04.022.

El-Fadel, M.; Massoud, M. Methane emissions from wastewater management. Environ. Pollut. 2001, 114, 177-185.
https://doi.org/10.1016/50269-7491(00)00222-0.

Lu, Y.; Zhang, Q.; Wang, X.; Zhou, X.; Zhu, ]. Effect of pH on volatile fatty acid production from anaerobic digestion of potato
peel waste. Bioresour. Technol. 2020, 316, 123851. https://doi.org/10.1016/]. BIORTECH.2020.123851.

Eryildiz, B.; Lukitawesa; Taherzadeh, M.]. Effect of pH, substrate loading, oxygen, and methanogens inhibitors on volatile fatty
acid (VFA) production from citrus waste by anaerobic digestion. Bioresour. Technol. 2020, 302, 122800.
https://doi.org/10.1016/J.BIORTECH.2020.122800.



Water 2022, 14, 2917 20 of 22

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Reyes Aguilera, E.A. Generacion de biogas mediante el proceso de digestion anaerobia, a partir del aprovechamiento de
sustratos organicos. Rev. Cien. FAREM-Esteli 2018, 60-81. https://doi.org/10.5377/farem.v0i24.5552.

Di Capua, F.; Spasiano, D.; Giordano, A.; Adani, F.; Fratino, U.; Pirozzi, F.; Esposito, G. High-solid anaerobic digestion of sewage
sludge: Challenges and opportunities. Appl. Energy 2020, 278, 115608. https://doi.org/10.1016/]. APENERGY.2020.115608.
Pandia, S.; Tanata, S.; Rachel, M.; Octiva, C.; Sialagan, N. Effect of fermentation time of mixture of solid and liquid wastes from
tapioca industry to percentage reduction of TSS (Total Suspended Solids). IOP Conf. Ser. Mater. Sci. Eng. 2018, 309, 012086.
https://doi.org/10.1088/1757-899X/309/1/012086.

Kadlec, R.H. Chemical, physical and biological cycles in treatment wetlands. Water Sci. Technol. 1999, 40, 37-44.
https://doi.org/10.1016/50273-1223(99)00417-5.

Huryna, H.; Brom, ].; Pokorny, J. The importance of wetlands in the energy balance of an agricultural landscape. Wetl. Ecol.
Manag. 2014, 22, 363-381. https://doi.org/10.1007/511273-013-9334-2/FIGURES/S.

Shaffer, G.P.; Kandalepas, D. Wetland plant morphology. In The Wetland Book I: Structure and Function, Management and Methods;
Springer: Dordrecht, The Netherlands, 2018, 375-382. https://doi.org/10.1007/978-90-481-9659-3.

Khandaker, S.; Hossain, M.T.; Saha, P.K.; Rayhan, U.; Islam, A.; Choudhury, T.R.; Awual, M.R. Functionalized layered double
hydroxides composite bio-adsorbent for efficient copper(Il) ion encapsulation from wastewater. |. Environ. Manag. 2021, 300,
113782. https://doi.org/10.1016/] JENVMAN.2021.113782.

Oliver Rajadel, N. Estudio de los Humedales Artificiales de Flujo Superficial del Tancat de la Pipa como Instrumentos para la
Restauracién Ambiental del lago de I’ Albufera de Valencia. Ph.D. Thesis, Universidad Politécnica de Valencia, Valencia, Spain,
2017.

Verbyla, M.E.; von Sperling, M.; Maiga, Y. Waste Stabilization Ponds. Water Sanit. 21st Century: Health Microbiol. Asp. Excreta
Wastewater Manag. (].R. Mihelcic and M.E. Verbyla (eds), Part 4: Management Of Risk from Excreta and Wastewater - Section: Sanitation
System Technologies, Pathogen Reduction in Sewered System Technologies), Michigan State University, E. Lansing, MI, UNESCO 2019.
https://doi.org/10.14321/WATERPATHOGENS.65.

Passeport, E.; Vidon, P.; Forshay, K.J.; Harris, L.; Kaushal, S.S.; Kellogg, D.Q.; Lazar, J.; Mayer, P.; Stander, E.K. Ecological
engineering practices for the reduction of excess nitrogen in human-influenced landscapes: A guide for watershed managers.
Environ. Manag. 2013, 51, 392-413. https://doi.org/10.1007/500267-012-9970-Y.

Dahl, N.W.; Woodfield, P.L.; Simpson, B.A.F.; Stratton, H.M.; Lemckert, C.J. Effect of turbulence, dispersion, and stratification
on Escherichia coli disinfection in a subtropical maturation pond. ] Environ. Manag. 2021, 288, 112470.
https://doi.org/10.1016/].JENVMAN.2021.112470.

Ho, L.T.,; Alvarado, A.; Larriva, J.; Pompeu, C.; Goethals, P. An integrated mechanistic modeling of a facultative pond:
Parameter estimation and uncertainty analysis. Water Res. 2019, 151, 170-182. https://doi.org/10.1016/].WATRES.2018.12.018.
Sunarsih, S.; Sasongko, D.P.; Sutrisno, S.; Putri, G.A.; Hadiyanto, H. Analysis of wastewater facultative pond using advection-
diffusion model based on explicit finite difference method. Environ. Eng. Res. 2021, 26, 190496.
https://doi.org/10.4491/EER.2019.496.

Herazo, L.C.S.; Alvarado-Lassman, A.; Nakase-Rodriguez, C.; Nani, G. Influence of Light Intensity on Growth and Flowering
Influence of Light Intensity on Growth and Flowering Ornamental Plants in Constructed. Renew. Energy Biomass Sustain. 2019,
1, 39-52.

Nguyen, D.; Gadhamshetty, V.; Nitayavardhana, S.; Khanal, S.K. Automatic process control in anaerobic digestion technology:
A critical review. Bioresour. Technol. 2015, 193, 513-522. https://doi.org/10.1016/]. BIORTECH.2015.06.080.

Lamb, J.J.; Bernard, O.; Sarker, S.; Lien, K.M.; Hjelme, D.R. Perspectives of optical colourimetric sensors for anaerobic digestion.
Renew. Sustain. Energy Rev. 2019, 111, 87-96. https://doi.org/10.1016/].RSER.2019.04.083.

Gaida, D.; Wolf, C.; Bongards, M. Feed control of anaerobic digestion processes for renewable energy production: A review.
Renew. Sustain. Energy Rev. 2017, 68, 869-875. https://doi.org/10.1016/]. RSER.2016.06.096.

Liitzheft, H.C.H.; Boe, K.; Fang, C.; Angelidaki, I. Comparison of VFA titration procedures used for monitoring the biogas
process. Water Res. 2014, 54, 262-272. https://doi.org/10.1016/]. WATRES.2014.02.001.

Zhao, N.; Li, X;; Jin, X.; Angelidaki, I.; Zhang, Y. Integrated electrochemical-biological process as an alternative mean for
ammonia monitoring during anaerobic digestion of organic wastes. Chemosphere 2018, 195, 735-741.
https://doi.org/10.1016/]. CHEMOSPHERE.2017.12.139.

Alcayaga, S.; Glaria, J.; Guerrero, L. Regulaciones de temperatura y potencial de hidrégeno en un biodigestor anaerobio de
lecho de lodo granular expandido. Universidad Técnica Federico Santa Maria, Valparaiso, Chile. Marzo. 1999 11 p
https://www.researchgate.net/publication/267693488_Regulaciones_de_temperatura_y_potencial_de_hidrogeno_en_un_biodi
gestor_anaerobio_de_lecho_de_lodo_granular_expandido

Ward, A.J,; Bruni, E.; Lykkegaard, M.K; Feilberg, A.; Adamsen, A.P.S; Jensen, A.P.; Poulsen, A.K. Real time monitoring of a
biogas digester with gas chromatography, near-infrared spectroscopy, and membrane-inlet mass spectrometry. Bioresour.
Technol. 2011, 102, 4098-4103. https://doi.org/10.1016/]. BIORTECH.2010.12.052.

Wiese, J.; Haeck, M. Instrumentation, control and automation for full-scale manure-based biogas systems. Water Sci. Technol.
2006, 54, 1-8. https://doi.org/10.2166/WST.2006.869.

EZO™ pH Circuit | Atlas Scientific. Available online: https://atlas-scientific.com/embedded-solutions/ezo-ph-circuit/ html
(accessed on 10 June 2022). , .

Vongvichiankul, C.; Deebao, J.; Khongnakorn, W. Relationship between pH, Oxidation Reduction Potential (ORP) and Biogas



Water 2022, 14, 2917 21 of 22

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.
95.

96.
97.

98.
99.

100.

101.

102.

103.

104.

105.

Production in Mesophilic Screw Anaerobic Digester. Energy Procedia 2017, 138, 25-26.
https://doi.org/10.1016/j.egypro.2017.10.113.

Nguyen, D.; Khanal, S.K. A little breath of fresh air into an anaerobic system: How microaeration facilitates anaerobic digestion
process. Biotechnol. Adv. 2018, 36, 1971-1983. https://doi.org/10.1016/].BIOTECHADV.2018.08.007.

Chen, Q.; Wu, W.; Qi, D; Ding, Y.; Zhao, Z. Review on microaeration-based anaerobic digestion: State of the art, challenges,
and prospectives. Sci. Total Environ. 2020, 710, 136388. https://doi.org/10.1016/].SCITOTENV.2019.136388.

EZO™ Dissolved Oxygen Circuit | Atlas Scientific. Available online: https://atlas-scientific.com/embedded-solutions/ezo-
dissolved-oxygen-circuit/ (accessed on 10 June 2022).

Grove—Multichannel Gas Sensor v2—Seeed Studio. Available online: https://www.seeedstudio.com/grove-multichannel-gas-sensor-v2-p-
4569.html (accessed on 12 July 2022).

Brito-Espino, S.; Leon, F.; Vaswani-Reboso, J.; Ramos-Martin, A.; Mendieta-Pino, C. Proposal of a Laboratory-Scale Anaerobic
Biodigester for Introducing the Monitoring and Sensing Techniques, as a Potential Learning Tool in the Fields of Carbon Foot-
Print Reduction and Climate Change Mitigation. Water 2021, 13, 2409. https://doi.org/10.3390/W13172409.

Rao, A.S.; Marshall, S.; Gubbi, J.; Palaniswami, M.; Sinnott, R.; Pettigrovet, V. Design of low-cost autonomous water quality
monitoring system. In Proceedings of the International Conference on Advances in Computing, Communications and
Informatics, ICACCI, Mysore, India, 22-25 August 2013; pp. 14-19. https://doi.org/10.1109/ICACCI.2013.6637139.

Oree, V.; Maudhoo, V.A. A microcontroller-based household anaerobic food digester. In Proceedings of the IEEE International
Conference on Smart Instrumentation, Measurement and Applications, ICSIMA, Kuala Lumpur, Malaysia, 24-25 November
2015. https://doi.org/10.1109/ICSIMA.2015.7559018.

Ahmed, W.A,; Aggour, M.; Naciri, M. Biogas Control: Methane Production Monitoring Using Arduino. Int. ]. Biol. Life Agric.
Sci. 2017, 11, 130-133.

Moparthi, N.R.; Mukesh, C.; Vidya Sagar, P. Water Quality Monitoring System Using IOT. In Proceedings of the Fourth
International Conference on Advances in Electrical, Electronics, Information, Communication and Bio-Informatics (AEEICB),
Chennai, India, 27-28 February 2018; pp. 1-5.

Daniyan, I.A.; Daniyan, O.L.; Abiona, O.H.; Mpofu, K. Development and Optimization of a Smart System for the Production of
Biogas using Poultry and Pig Dung. Procedia Manuf. 2019, 35, 1190-1195. https://doi.org/10.1016/].PROMFG.2019.06.076.
Dhongade, V.; Shaligram, A.D. Cloud service based monitoring system for hybrid renewable energy sources using internet of
things platform. AIP Conf. Proc. 2018, 1989, 020012. https://doi.org/10.1063/1.5047688.

Lopez-Vargas, A.; Fuentes, M.; Vivar, M. IoT Application for Real-Time Monitoring of Solar Home Systems Based on Arduino™
with 3G Connectivity. IEEE Sens. |. 2019, 19, 679-691. https://doi.org/10.1109/JSEN.2018.2876635.

Martinez, R.; Vela, N.; Aatik, A. el; Murray, E.; Roche, P.; Navarro, J.M. On the Use of an IoT Integrated System for Water
Quality Monitoring and Management in Wastewater Treatment Plants. Water 2020, 12, 1096. https://doi.org/10.3390/W12041096.
Saravanan, K.; Anusuya, E.; Kumar, R.; Son, L.H. Real-time water quality monitoring using Internet of Things in SCADA.
Environ. Monit. Assess. 2018, 190, 1-16. https://doi.org/10.1007/S10661-018-6914-X.

How to Buy —Academic License—ThingSpeak IoT. Available online:
https://thingspeak.com/prices/thingspeak_academic?license_name=Academic&country_code=ES&number_of_devices=10&int
ervals=2&interval_type=Minutes (accessed on 23 September 2021).

Pricing |Cloud IoT Core |Google Cloud. Available online: https://cloud.google.com/iot/pricing (accessed on 23 September
2021).

IBM —Espafia. Available online: https://www.ibm.com/es-es (accessed on 23 September 2021).

Infrastructure & Application Monitoring as a Service|Datadog. Available online: https://www.datadoghq.com/product/
(accessed on 24 September 2021).

Informacién General Sobre AWS IoT Analytics—Amazon Web Services. Available online: https://aws.amazon.com/es/iot-
analytics/ (accessed on 24 September 2021).

Blynk IoT Platform: For Businesses and Developers. Available online: https://blynk.io/ (accessed on 24 September 2021).
ThingsBoard —Open-Source IoT Platform. Available online: https://thingsboard.io/ (accessed on 24 September 2021).

Adafruit BME280 Library —Arduino Reference. Available online: https://www.arduino.cc/reference/en/libraries/adafruit-
bme280-library/ (accessed on 15 August 2022).

Adafruit_TSL2561/Adafruit_ TSL2561_Uh at Master  Adafruit/Adafruit_TSL2561 GitHub. Available  online:
https://github.com/adafruit/Adafruit_TSL2561/blob/master/Adafruit_TSL2561_U.h (accessed on 15 August 2022).

Adafruit Unified Sensor—Arduino Reference. Available online: https://www.arduino.cc/reference/en/libraries/adafruit-
unified-sensor/ (accessed on 15 August 2022).

DHT Sensor Library —Arduino Reference. Available online: https://www.arduino.cc/reference/en/libraries/dht-sensor-library/
(accessed on 15 August 2022).

ThingSpeak — Arduino Reference. Available online: https://www.arduino.cc/reference/en/libraries/thingspeak/ (accessed on 15
August 2022).

SPI—Arduino Reference. Available online: https://www.arduino.cc/reference/en/language/functions/communication/spi/
(accessed on 15 August 2022).

WiFiNINA —Arduino Reference. Available online: https://www.arduino.cc/reference/en/libraries/wifinina/ (accessed on 15
August 2022).



Water 2022, 14, 2917 22 of 22

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Moédulo Sensor ML8511 UV. Available online: https://solectroshop.com/es/sensores-de-luz-y-de-color/922-modulo-sensor-
ml8511-uv.html?gclid=CjOKCQjwgO2XBhCaARISANrW2X3wsDEODbEkmYVGehNq0485hPEOESgIvtZA-
yQIHAC4FUFpum-FaTQaAnI7EALw_wcB (accessed on 16August 2022).

Adafruit TSL2561 Digital Luminosity/Lux/Light Sensor Breakout: ID 439: $5.95: Adafruit Industries, Unique & fun DIY
Electronics and Kits. Available online: https://www.adafruit.com/product/439 (accessed on 16 August 2022).

Adafruit BME280 12C or SPI Temperature Humidity Pressure Sensor [STEMMA QT]: ID 2652 : $14.95: Adafruit Industries,
Unique & fun DIY Electronics and Kits. Available online: https://www.adafruit.com/product/2652 (accessed on 16 August 2022).
Arduino Nano 33 IoT —ABX00027 Arduino ABX00027 | BricoGeek.com. Available online: https://tienda.bricogeek.com/arduino-
original/1371-arduino-nano-33-iot.html (accessed on 16 August 2022).

Dieudonne, D.; Shima, H. Effectiveness of applying IoT to improve biogas digesters in Rwanda. In Proceedings of 4th IEEE
International Conference on Applied System Innovation ICASI, Chiba, Japan, 13-17 April 2018; pp. 441-444.
https://doi.org/10.1109/ICASI.2018.8394279.

Cruz, L. A,; de Melo, L.; Leite, A.N.; Melquiades Satiro, ].V.; Santos Andrade, L.R.; Torres, N.H.; Cabrera Padilla, R.Y.; Bharagava,
R.N.; Tavares, R.F.; Romanholo Ferreira, L.F. A new approach using an open-source low cost system for monitoring and
controlling  biogas  production  from  dairy = wastewater. .  Clean.  Prod. 2019, 241, 118284.
https://doi.org/10.1016/j.jclepro.2019.118284.

Yang, S.; Liu, Y.; Wu, N.; Zhang, Y.; Svoronos, S.; Pullammanappallil, P. Low-cost, Arduino-based, portable device for
measurement of methane composition in biogas. Renew. Energy 2019, 138, 224-229.
https://doi.org/10.1016/].RENENE.2019.01.083.

Wu, X,; Tong, R.; Wang, Y.; Mei, C.; Li, Q. Study on an Online Detection Method for Ground Water Quality and Instrument
Design. Sensors 2019, 19, 2153. https://doi.org/10.3390/519092153.

Yang, S.; Svoronos, S.; Pullammanappallil, P. Inexpensive, Arduino-based device for on-line, automatic, real-time measurement
of methane composition and biogas flowrate from anaerobic digesters. Authorea Preprint. September 28, 2020, 1, 1-11.
https://doi.org/10.22541/AU.160133622.25187555.

Hakimi, LM.; Jamil, Z. Development of Water Quality Monitoring Device Using Arduino UNO. IOP Conf. Ser. Mater. Sci. Eng.
2021, 1144, 012064. https://doi.org/10.1088/1757-899X/1144/1/012064.



