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Abstract

A continuous water supply is a vital resource for domestic use and
environmental  sustainability,  necessitating effective = water
management. Frequent water quality disruptions caused by river
contamination have harmed aquatic life and led to shutdowns of water
treatment plants, affecting consumers. The implementation of
continuous online monitoring can facilitate early detection of
contamination. The research focuses on the performance assessment of
an integrated online water quality monitoring (IWQM) prototype
(named Kolora meter) assisted with Internet of Things (IoT)
technology. The IWQM prototype features seven water quality sensors,
namely pH, dissolved oxygen (DO), conductivity (EC), total dissolved
solids (TDS), temperature (T), turbidity (TUR), and volatile organic
compound (VOC) gas, to monitor surface water. Additionally, the IWQM
prototype was equipped with a mobile application, which was
developed on the Blynk IoT platform. This enables the user to monitor
wirelessly via smartphone or computer. This prototype was deployed
and tested at Putrajaya Lake (Point 1) and Wetland (Point 2) for one
month to determine its efficiency and reliability. The issues experienced
during the field deployment period were identified. The data measured
by the IWQM prototype was compared and validated using the data
collected from a Horiba Multiparameter. The T sensor showed
consistent readings with high accuracy (~0 to ~7%) while pH and DO
showed inconsistent readings and accuracy. Unfortunately, the TDS,
TUR, and EC could not be measured during the field deployment test
due to sensor and hardware failures. The issues and mitigation
strategies of the IWQM prototype have been discussed and highlighted
for future improvement in the development of online water quality
monitoring devices.

This is an open access article under the CC BY-NC-SA 4.0 license.
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1. Introduction

Water contamination in rivers led to unscheduled water disruptions, which negatively affected the daily
routines of people and industrial activities. One of the primary causes of water disruptions is the illegal dumping
of waste into rivers by industries, which affects the water treatment facilities' inability to cope with the
treatment of high amounts of contaminants, especially at water intakes [1]. Contamination of raw water by
pathogens and heavy metals can lead to waterborne diseases, which have adverse effects on human health and
the food chain [2]. In addition, non-point source contamination has emerged as a major global issue and remains
a challenging problem to manage in water sources [3]. Hence, the quality of water intakes must be continuously
monitored to detect harmful contaminants, control water contamination, prevent negative environmental
effects, ensure sufficient urban water cycle management, and prevent the sudden closure of water treatment
plants [4], [5].

The conventional method for water quality monitoring involves manually collecting water samples at the
site and sending them to the laboratory for analysis [6], [7]. The common monitoring frequencies for the
conventional method are usually on a weekly, monthly, and seasonal basis, which are relatively low [7] and
ineffective for detecting pollution because they involve formulating standards for water trend sequences from
particular areas. Additionally, the interval between sampling and laboratory analysis, which can be prolonged
from hours to days, may lead to chemical changes in the water sample's content [8]. On the other hand,
advanced laboratory techniques to assess water quality, such as inductively coupled plasma and gas
chromatography, are costly and time-consuming, inefficient, expensive and unable to meet the requirements of
water quality monitoring in the present day [9], [10]. These methods were time-consuming, inefficient,
expensive and unable to meet the requirements of water quality monitoring in the present day [11], [12].
Therefore, online monitoring provides a real-time approach that enables faster reaction times when
contamination occurs, higher data frequency, and greater adaptability. This method could also be applied in
remote locations [13].

The aim of Internet of Things (IoT) implementation is to collect important data in real-time with minimal
human involvement. It can be adapted to various kinds of applications, including water systems, military
operations, smart homes, agriculture, infrastructure, space, transportation, and the healthcare sector [14]. The
application of IoT to examine the quality of water and wastewater is essential for sustainable water resource
management [2]. The integration of automated systems, such as the IoT and smart systems, can be used as a
platform for continuous monitoring and water quality control [15]. The ability to detect water contamination in
real-time offers immediate responses through early warning features [16]. The real-time data can help
authorities to access the latest water quality information, detect potential pollution sources, and conduct
emergency mitigation of water bodies. In this study, a fully functional integrated water quality monitoring
(IWQM) prototype with seven sensors (temperature, turbidity, pH, dissolved oxygen, total dissolved solids,
conductivity and volatile organic compounds) was developed to monitor surface water quality using IoT
technology. The IWQM prototype was deployed and tested at Putrajaya Lake and Wetland. The reliability of the
IWQM prototype was assessed. The challenges during deployment were identified and discussed in this study.

2. Methodology

2.1 Integrated Water Quality Monitoring (IWQM) Prototype Development

Fig. 1 shows the block diagram of the IWQM prototype system (also known as the Kolora meter) design, which
consists of two microcontrollers: the Arduino Mega 2560 (main board) and the NodeMCU ESP8266
(communication board). Seven sensors were connected to the Arduino board of the prototype: pH, T, TUR, DO,
TDS, EC, and VOC. A 10W (18V) solar panel was used to charge a Tianwei lead-acid 12V, 5Ah battery, which was
controlled and regulated by the DFR0580 Solar Power Manager. The solar power manager provided 5V
regulated power to the Arduino board. A 5V relay switch, controlled by the Arduino board, was used to supply
power from the solar power manager to the sensor modules. The NodeMCU board was utilised to upload data to
the Blynk IoT Platform through an internet connection. The prototype was tested in the laboratory to ensure its
functional ability prior to deployment. The physical appearance of the IWQM prototype is shown in Fig. 2.

2.2 Online Software Development Using Blynk IoT Application.

The Blynk IoT platform was utilised to develop a graphical interface for the IWQM prototype's online monitoring
system. The data stored in Blynk could be accessed through the Blynk App and the Blynk Dashboard. The Blynk
App and Blynk Dashboard can display the uploaded data via mobile phone and web application, respectively.
The stored data could be retrieved from the Blynk Cloud by generating a report in the Blynk Dashboard. The
stored data was downloaded in CSV file format for further analysis.
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Fig. 3 The location of the IWQM prototype field deployment test at (a) Point 1, Putrajaya Lake (2°53'59"N,
101°41'10"E); and (b) Point 2, Putrajaya Wetland (2°58'11"N, 101°41'35"E)
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2.3 Field Deployment at Putrajaya Lake and Wetland

The IWQM prototype field deployment and testing were carried out at Putrajaya Lake (Point 1, downstream)
and Putrajaya Wetland (Point 2, upstream) from March 13 to May 18, 2023. The coordinates of Points 1 and 2
were at 2°53'59"N, 101°41'10"E (Fig. 3(a)) and 2°58'11"N, 101°41'35"E (Fig. 3(b)), respectively. During the
IWQM prototype field deployment test, the commercial U-52G Horiba Multiparameter was used to measure
water quality at the same location and time for validation purposes. Sampling and measurement were conducted
twice a day, at 10:00 a.m. and 4:00 p.m., along with weather observations recorded during the field deployment
test. The maintenance of the IWQM prototype was performed every two days during Week 1 until 4 to ensure
measurement accuracy and sensor lifespan [17]. In Week 5, no maintenance was carried out to assess the
reliability and measurement accuracy of the IWQM prototype under non-maintenance conditions.

3. Results and Discussions

3.1 IWQM Prototype Data Collection at Points 1 and 2

Table 1 presents the water quality data measured using the IWQM prototype at Points 1 and 2. The IWQM
prototype was deployed for 2 weeks at each monitoring point. Proper maintenance of the IWQM prototype was
conducted every 2 days, involving the cleaning of sensors and hardware, as well as checks to prevent
contaminants such as sediments or suspended solids from affecting sensor readings. However, deployment in
Week 5 was carried out without any maintenance, which resulted in the battery weakening and being unable to
restore sufficient power from the installed solar panel unit by evening. The most common weather conditions at
both places were described as clear, followed by partly cloudy and cloudy circumstances. Due to severe
thunderstorms during rain and heavy rain, it is not feasible to conduct in-situ monitoring due to safety concerns.

Table 1 The duration of deployment of the IWQM prototype in Points 1 and 2

Duration Deployment description
Week 1 (13th - 19th March 2023) Point 1 (with maintenance)
Week 2 (22nd - 28th March 2023) Point 1 (with maintenance)
Week 3 (5th - 12th April 2023) Point 2 (with maintenance)
Week 4 (4th - 9th May 2023) Point 2 (with maintenance)
Week 5 (12th - 18th May 2023) Point 1 (without maintenance)

Fig. 4 shows the data collected from the Horiba Multiparameter and IWQM prototype at Points 1 and 2.
Some data was missing because the IWQM prototype was under maintenance, and the battery was dead due to
the bad weather. The IWQM prototype TUR, EC, and TDS sensors were unable to provide any readings
throughout the deployment period due to hardware problems and sensor malfunctions. The IWQM prototype T
sensor (Fig. 4(a)) showed the most consistent readings, with a percentage difference of 0 to ~7%, although some
errors were higher on May 4 and 5, 2023, at ~10% and 14%, respectively. Approximately 12% error was
measured on March 13, 2023, due to sensor fluctuations, which impacted the T values [18].

The IWQM prototype pH sensor (Fig. 4(b)) recorded an average percentage error of ~8% to 18% in Weeks 1
and 2. The IWQM prototype pH sensor in Week 3 was observed to have a constant percentage error of ~58% to
72% compared to the Horiba multiparameter readings. However, in Week 4, the percentage error exceeded
100% as the sensor measured pH 14. The issue was due to the loss of cable connection between the IWQM pH
sensor module and the sensor probe, resulting the inaccurate measurement. The IWQM prototype pH sensor
recorded errors in the final week (Week 5) of deployment, ranging from ~27% to 53%. This indicates that the
pH sensor's efficiency deteriorated over time. This may be due to electrode fouling caused by contaminants,
especially when maintenance is not performed [19]. Furthermore, frequent calibration is required to maintain
accurate measurements.

The IWQM prototype DO sensor (Fig. 4(c)) exhibited a high percentage error, ranging from ~1% to 52%,
and an error of up to 63% on May 18, 2023, at Point 1. At Point 2, the error ranged from ~38% to ~62%, with a
higher error of ~74% on May 5, 2023. DO sensor is a critical tool for monitoring water quality, but they can be
prone to various errors that affect their accuracy and reliability. The significant error of the IWQM DO sensor
may be due to biofouling, caused by organisms, algae, and bacteria accumulating on the sensor, which obstructs
its function and causes erroneous readings [20]. Moreover, particles and organic matter in the water can settle
on the contact sensors, leading to inaccurate measurements [21].
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Fig. 4 The comparison between the Horiba Multiparameter and IWQM prototype data for (a)T parameter; (b) pH
parameter; and (c) DO parameter during deployment tests at points 1 and 2

w el
= wn
> =]

t
n
=

— —
= wn
=] =]

Volatile Organic Compound (V)
o -
in >
S g

0.00
FFFTLLF IS FE PSSP F PP

A N4 N
P o o o o B Y o> > o>
SEEETIL LT EE LS FFEE

Deployment period
===TWQM prototype

Fig. 5 The IWQM prototype VOC gas sensor measurement during the field deployment test

Fig. 5 illustrates the measurement of the VOC sensor of the IWQM prototype, indicating no VOC gas
detection, as the voltage measurements were lower than 3.03V (the voltage limit set for petrol detection). In
another study on breath analysers for blood glucose measurement, the sensor exhibited low conductivity in
clean air and higher conductivity in the presence of acetone [22]. The voltage of the gas sensors used by
Lu et al. [23] ranged between 0 and 5V; a higher voltage value indicated greater sensitivity of the sensor towards
the substance.

3.2 Online Software Development

Fig. 6 shows the development of the IWQM prototype web application, which was based on Blynk Console. The
water quality data was monitored remotely via Blynk website. On the other hand, there is the IWQM prototype
mobile application, which utilizes the Blynk app. The Main View tab of the IWQM prototype app displayed
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readings from each sensor. The user guide, which includes instructions and guidelines for using the IWQM
prototype, is also shown in Fig. 7(a). While the Graphical View tab (Fig. 7(b)) contained two graphs, one
displayed pH, TUR, and T data, while the other displayed EC, DO, and TDS of the collected data from the IWQM

prototype during deployment.

Fig. 7 IWQM prototype mobile application - (a) Main view; and (b) Graphical view of the collected data
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3.3 Prototype Issues and Mitigation Strategies

Several issues with the IWQM prototype were identified during the field deployment test. The problem
identified stems from a combination of hardware, software, and the nature of the surrounding environment
itself. In terms of accuracy, the sensors produced accurate results in a laboratory setting.

3.3.1 Hardware Issues

The IWQM prototype experienced several hardware issues, including incorrect cable connection, sensor
malfunction, degraded battery, relay switch failure to trip, and an internet connection problem. The IWQM
prototype was deployed at Point 1 in the morning of May 12, 2023, but was found switched off in the evening.
The issue was caused by an incorrect cable connection between the solar panel and the charging module, as
illustrated in Fig. 8, which prevented the prototype from charging properly. The sensor problems included loose
connections, water intrusion, and no recorded values from EC, TUR and TDS sensors. The pH sensor showed
high readings in Week 4 due to a loose connection, which was fixed in Week 5. The TUR sensor failed because
water entered the probe, as shown in Fig. 9. However, it was later sealed with a silicon sealant, as the probe
material was made of low-surface-energy HDPE plastic, which is difficult to bond with glues and sealants. The
same experience was reported by previous researchers [10], [24]. This issue was resolved by applying a
structural adhesive to attach the HDPE probe to acrylonitrile-butadiene-styrene (ABS) 3D-printed material,
thereby completely sealed the sensor from water ingress [24].

Legend

s Connector

=¥ Ground Wire

=P Live Wire
Fig. 8 The wrong wire connection from the solar panel to the Fig. 9 The water enters the TUR prototype
charging module sensor

1

N

Fig. 10 The shadow of the structure caused insufficient sunlight for solar charging in the evening at Point 1.
The red circle shows the location of the IWQM prototype during the deployment period.

The EC, TUR, and TDS sensors did not provide any measurement data during the deployment test because of
low sensor sensitivity and water intrusion issues. DO and pH sensors exhibit a slight deviation from the actual
values, likely due to prolonged exposure during deployment. Since the sensors were deployed in natural water
bodies over a long period, the accuracy of the sensors is significantly affected by interruptions due to human
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activities, changes in temperature, salinity, and water flow resulting from weather fluctuations, which impact the
readings of the potentiometric sensors [25]-[27]. This issue may be resolved by using an appropriate sensor
housing and applying high-performance electronic components [28]. Chen & Han [29] also noted that although
the sensors were calibrated before use, they can still face malfunction issues, resulting in erroneous readings.
The IWQM prototype was operated with a sealed lead-acid battery, the system can be operated for up to 18
hours at Point 2 during Week 3, but only 10 hours at Point 1 due to the shadow in the evening as shown in Fig.
10. By Week 4, battery capacity declined further, lasting only 3.5 hours, and worsened in Week 5, operating only
in direct sunlight. The inadequate voltage input to the sensor could lead to errors during measurement [30].
Furthermore, unstable output voltage converter caused by the low battery can lead to higher voltage
fluctuations, potentially damaging sensitive parts [31]. The battery should be able to retain more than 85% of its
residual capacity for five days without receiving solar power at its maximum current consumption level [32].

3.3.2 Software Issues

The IWQM prototype has to undergo its self-checking initialisation before it can measure water quality data. The
IWQM prototype would self-restart if it could not pass the self-initialisation protocol. Errors occurred when the
prototype encountered a low battery condition, causing it to loop at the initialisation screen despite passing the
self-check. The user would need to do troubleshooting on the IWQM prototype to ensure it can operate again.
For smooth device operation, Manzoni et al. [33] developed a self-initialisation process that checks critical
components and settings when the device is turned on. The IWQM prototype was observed to be able to connect
to a Wi-Fi hotspot throughout the day, but it failed to reconnect the next day when the battery ran out overnight.
A manual restart via the switch box was required for reconnection. The IWQM prototype could reconnect to Wi-
Fi when it had sufficient power. To mitigate these issues, ensuring sufficient battery capacity is crucial, and
implementing a periodic auto-restart could help maintain smooth operation. Efforts to save power by turning off
unused features, such as the LED light and Wi-Fi antenna, are also recommended [33].

3.3.3 Nature of Surrounding Environment

The difficulties that must be overcome to ensure the prototype can function properly include severe weather
and terrestrial animals at the monitoring site. The most common weather conditions at both places were
described as clear, followed by partly cloudy and cloudy circumstances. Due to the presence of severe
thunderstorms during rain and heavy rainfall, it is not feasible to conduct in-situ monitoring due to safety
concerns. As the IWQM prototype was deployed on the water surface, its sensors and hull were covered with a
layer of biofouling. Biofouling refers to the unintended growth of algae on the surface of sensors immersed in
water [34]. Biofouling can affect the accuracy and longevity of sensors [24], [28], [35]. The data inaccuracy could
be due to the fact that some sensors require periodically maintenance, as outlined in the manufacturer's
guidelines, or the replacement of consumable parts [36]. On the other hand, aquatic animals such as snails and
insects were observed climbing on the IWQM prototype hull during the monitoring. Fig. 11 shows apple snail
(Pomacea canaliculate) eggs laid beneath the solar panel. A frogspawn was also found attached to the anchoring
rope of the IWQM prototype, even though it was left for a few days. Hence, the cleaning of the IWQM prototype
every two days would be necessary to ensure the system is able to measure the water quality correctly, as
shown in Fig. 12. Every sensor would need to be cleaned of biofouling, as there would be significant deviation in
the readings of the sensors except for the prototype T sensor, as the thermistor is the least affected [29]. In real-
world applications, servicing work should be carried out at least once a month to ensure the monitoring system
remains functional and operational [21].

Fig. 11 The presence of Pomacea Canaliculata eggs beneath Fig. 12 The periodic cleaning of the IWQM
the solar panel of the IWQM prototype. prototype’s body and sensors
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4. Conclusions

Based on this study, a functional IWQM prototype using IoT technology has successfully designed and
developed. The IWQM prototype included a self-initialisation checking algorithm to provide the user with
information on whether the system was well-operated or malfunctioned and utilised the Blynk IoT Application
(Blynk Apps and Web Dashboard). The IWQM prototype was well deployed in Points 1 and 2 from March to May
2023. The IWQM prototype experienced sensor reading issues, hardware errors, and adverse weather
conditions, but successfully completed data collection. Issues were addressed and discussed for future
improvements. Low-cost sensors exhibited significant deviations, particularly when operating in dynamic
environments. The range of percentage errors for sensors at Point 1 were T (~0 to ~7%), pH (~8 to 53%), and
DO (~1 to ~52%); and at Point 2, T (~2 to ~5%), pH (~58 to ~72%), and DO (~38 to ~62%). No readings were
detected by EC, TDS, and TUR sensors due to technical issues, and no VOC pollution was found at both
monitoring points. Therefore, regular maintenance and cleaning are recommended for the smooth operation of
the IWQM prototype.
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