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1.0	 INTRODUCTION
Over the past few decades, water quality has significantly 
deteriorated due to rapid industrialisation and population 
growth. With increasing urbanisation and development, it 
is crucial to safeguard the environment from these growing 
threats. The need to address water pollution, a major factor 
in the decline of water quality, has become more urgent. 
Wastewater, particularly when discharged without proper 
treatment, can contaminate natural environments and sewer 
systems due to rising organic and inorganic pollutants. 
Effective industrial wastewater treatment is a critical step in 
environmental protection.   

In fish peeling sheds and slaughterhouses, large amounts of 
water are used during processing, resulting in wastewater with 
high concentrations of suspended solids, nitrogen, phosphorus, 
oil, grease, and biochemical oxygen demand (BOD). Biological 
treatment methods, such as aerobic and anaerobic systems, 
are considered the most efficient for handling such waste. 
Anaerobic treatment, in particular, offers several advantages 
over aerobic methods, including lower land requirements, 
reduced construction and operating costs, minimal sludge 
production, the ability to adapt to changes in temperature, pH, 

and influent concentration, and rapid biomass recovery after 
shutdowns.

Among various anaerobic treatment technologies, Upflow 
Anaerobic Sludge Blanket (UASB) reactors are widely favoured 
because of their ability to treat a broad range of polluted effluents. 
Research has shown that UASB reactors can achieve high 
removal efficiencies for COD, BOD5, total solids, total dissolved 
solids, total suspended solids, ammonium, phosphate, and 
nitrate—up to 97.31%, 96.91%, 57.61%, 47.91%, 96.3%, 
73.11%, 83.61%, and 93.01%, respectively, with a hydraulic 
retention time (HRT) of 24 hours. However, the effluent from 
UASB reactors may still not meet permissible discharge limits 
and can be unsafe for direct disposal. To improve the quality of 
the effluent, phytoremediation can be effectively utilised as a 
sustainable post-treatment method. Phytoremediation involves 
the use of living plants to control contaminants in soils, surface 
water, and groundwater. This low-effort, sunlight-driven process 
has been shown to significantly reduce contaminants, with a 
86.74% reduction in BOD, 92.88% reduction in COD, 74.55% 
reduction in TSS, and 71.44% reduction in TDS at a hydraulic 
retention time of three days. This study aims to combine the 
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Abstract
This project focuses on implementing an efficient, sustainable technology to 
treat wastewater from seafood processing industries near Kappithodu, a small 
stream in Alappuzha Municipality, Kerala. The 14-kilometer stream drains 
into Pookaithayar, a tributary of the River Pamba, and is heavily polluted due 
to effluent discharges from prawn and fish peeling centres, hospitals, hotel 
waste, and sewage from households and educational institutions. The goal of 
the study was to identify the sources of pollution in Kappithodu and explore 
sustainable technologies to treat the effluents, particularly from seafood 
processing industries. Wastewater generated from seafood processing 
operations—such as those involving fish, shrimp, clams, and tuna is known 
for its high biodegradability. As per the EPA Seafood Processing Effluent 
Guidelines (440/1-74/041), the COD values in such effluents generally 
approximate the ultimate BOD, indicating that most of the organic matter 
present is easily degradable. This is typically reflected in a BOD/COD ratio 
well above 0.6, which further confirms the suitability of biological treatment 
methods. Considering the elevated levels of BOD and COD in the effluent, 
a hybrid treatment approach has been adopted. The system combines an 
Upflow Anaerobic Sludge Blanket (UASB) reactor for anaerobic degradation 
of organic matter, followed by phytoremediation using a constructed wetland. 
This sequential setup enhances overall treatment efficiency by coupling 
anaerobic digestion with natural polishing mechanisms provided by wetland 
vegetation and associated microbial activity. A laboratory setup, including a 
hybrid reactor, was established for this study. The combination of the UASB 
unit and a phytoremediation system using Vetiver zizanoides was found to 
be highly effective. The treatment achieved remarkable results, with BOD 
removal efficiency at 97.5%, COD at 98%, nitrate at 97.5%, and phosphate 
at 88.9%. This hybrid technology for wastewater treatment proves to be a 
promising, sustainable, and cost-effective solution, especially for handling 
high-strength wastewater, making it ideal for decentralised plants that benefit 
small-scale industries while protecting water bodies.
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benefits of both UASB and constructed wetlands to treat highly 
polluted wastewater from fish processing facilities. The primary 
objective is to evaluate the performance of a hybrid reactor by 
setting up a small-scale laboratory plant to treat effluents from 
fish peeling sheds and meat collection centres, and to assess 
its efficiency. Also there are mechanisms of phytoremediation 
which the plant perform, one of it is  Rhizofiltration is a type 
of phytoremediation where plant roots absorb, adsorb, and 
accumulate contaminants (especially heavy metals and 
nutrients) from polluted water. It is particularly useful for 
treating industrial and agricultural wastewater, stormwater, or 
even effluents with low concentrations of metals or organics.

The proposed system combines advanced technological 
treatment using a UASB (Upflow Anaerobic Sludge Blanket) 
reactor with a nature-based solution—phytoremediation via 
constructed wetlands. This marks a shift away from purely 
mechanical treatment methods toward a more integrated and 
sustainable approach. It is especially suitable for coastal and 
rural seafood processing industries, where land is available 
and access to centralised treatment infrastructure is often 
limited. The biogas produced during anaerobic digestion in the 
UASB can be utilised to power boilers or generate electricity, 
contributing to circular economy practices. UASB reactors 
are also well-equipped to handle fluctuations in organic load, 
while the phytoremediation stage provides a natural, passive 
buffering capacity, enhancing the overall resilience and stability 
of the treatment system.

Together, the UASB and phytoremediation components 
form a cost-effective, decentralised, and environmentally 
sustainable treatment solution, offering significant 
advantages from ecological, operational, and 
economic standpoints. The novelty of this hybrid 
model lies in its ability to bridge engineered 
anaerobic processes with green treatment 
technologies, making it a replicable and robust 
option for industrial wastewater management in 
tropical climates. Although this integrated system 
has demonstrated success elsewhere (L.C. Martin 
et al., 2009), it has not yet been implemented in 
Kerala, despite the state's prominent seafood 
processing sector. The study detailed below 
emphasises the importance and relevance of 
introducing this treatment model in the region.

2.0	 METHODOLOGY 

2.1	  Study Area  
Kappithodu is a small stream that flows for 14 kilometres 
through the Alappuzha Municipality area, Kerala,India 
covering the Punnapra (South & North) and Ambalappuzha 
North panchayats. It passes through the paddy fields of 
the Kuttanad region before draining into Pookaithayar, a 
tributary of the River Pamba. Historically, this stream was 
used for navigation and transporting agricultural products 
to Alappuzha town. However, the canal is now in a severely 
polluted state (Figure 1) due to the discharge of effluents 
from nearby prawn and fish peeling centres, dairies, 
hospitals, hotel waste, and sewage from households 

and educational institutions. Water quality studies have 
shown significant pollution, and environmental degradation 
remains an ongoing issue.

2.2	  Sampling  
A field study was conducted in 2019 near Kappithodu to identify 
the point sources of pollution. The areas of Valanjavazhi, S 
N Kavala, Vandanam, and Kanjipadam were found to be the 
most polluted. The OSM (Open Street Map) Tracker was used 
to gather the geographic coordinates of the major pollution 
sources along Kappithodu, and Google Earth was utilised to 
map these pollution sources in the stream. The data collected 
from the Open Street Map (OSM) Tracker was exported and 
plotted in Google Earth is below in Figure 2.

To assess the actual wastewater discharge from the 
peeling shed units near Kappithodu, wastewater quantity was 
measured from selected peeling shed units. These sources 
were referred to as sources 1, 2, 3, 4, and 5 in the text. The 
wastewater quality parameters of the effluent from these 
sources are provided in Table 1 which is attached with results 
and discussions.

2.3	  Water Quality Analysis  
The wastewater quality parameters like pH, BOD and COD can 
be analysed in the effluent from Sea food processing industries.

2.3.1  pH Analysis  
It was carried out to determine the acidity or alkalinity of a 
sample, most commonly using the electrometric method with 
a pH meter. This method is based on the measurement of 

Figure 1: Condition of Kappithodu which extends
to Arabian Sea (Year 2019)

Figure 2: Major sources of pollution using OSM tracker
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electromotive force developed between a glass electrode 
sensitive to hydrogen ions and a reference electrode, which 
is directly related to the pH of the solution. The pH meter 
was first calibrated using standard buffer solutions of known 
pH, usually 4.0, 7.0, and 9.2. The electrode was then rinsed 
with distilled water and immersed in the sample, and the pH 
value was recorded once the reading stabilises. This method 
provides accurate and reliable results and is widely used in 
environmental, water, and wastewater analysis as per APHA 
and IS: 3025 standards.

2.3.2  Bio-Chemical Oxygen Demand  
Winkler’s method is a classical iodometric titration technique 
used to determine the dissolved oxygen (DO) content of water, 
which is essential for assessing water quality and for calculations 
such as biochemical oxygen demand (BOD). In this method, 
dissolved oxygen in the sample oxidises manganous sulfate 
added under alkaline conditions to form a brown precipitate 
of manganic hydroxide. Upon acidification with sulfuric acid, 
the manganic compound oxidises potassium iodide to liberate 
free iodine in proportion to the amount of dissolved oxygen 
present. The liberated iodine is then titrated with a standard 
sodium thiosulfate solution using starch as an indicator until 
the blue colour disappears. The amount of sodium thiosulfate 
consumed is directly proportional to the dissolved oxygen 
concentration, which is expressed in mg/L. Winkler’s method 
is highly accurate and is widely used in laboratory analysis of 
natural waters, wastewater, and environmental monitoring as 
per standard methods.

2.3.3  Chemical Oxygen Demand  
Chemical Oxygen Demand (COD) analysis using ferroin 
indicator is performed to determine the amount of oxygen 
required to chemically oxidise organic matter present in a water 
or wastewater sample. In this method, the sample was refluxed 
with a known excess amount of standard potassium dichromate 
solution in the presence of concentrated sulfuric acid, which 
provides the acidic medium, along with silver sulphate as a 
catalyst to oxidise organic compounds and mercuric sulphate 
to eliminate chloride interference. After refluxing for a fixed 
period, usually two hours, the excess unreacted dichromate 
was titrated against standard ferrous ammonium sulphate 
(FAS) solution using ferroin indicator. The end point was 
indicated by a sharp colour change from blue-green to reddish 
brown. The difference between the dichromate added and the 
amount reduced by FAS corresponds to the oxygen equivalent 
of the organic matter, and the COD value was calculated and 
expressed in mg/L, serving as a key parameter for assessing 
the pollution load of water and wastewater.

COD and BOD are high in shrimp industry effluent 
because: Shrimp contains organic-rich tissues (proteins, 
fats) Processing produces residues like shells, blood, and 
muscle debris. Cleaning and washing release large quantities 
of biodegradable matter (EPA Seafood Processing Effluent 
Guidelines 440/1-74/041).The volume of wastewater produced 
was determined by monitoring water consumption in the 
industry from January 7 to 14, 2019. Since the peeling shed 
unit operated on an intermittent basis, variations in wastewater 

flow on a daily, weekly, and monthly basis were recorded. It 
was assumed that the wastewater generated accounts for 75-
80% of the water consumed (Source: Metcalf & Eddy, 2002). 
The average wastewater production was calculated to be 1.52 
MLD. Since the collected wastewater exhibited high BOD and 
COD values [Table 1].

Among the different anaerobic wastewater treatment 
innovations, Upflow Anaerobic Sludge Blanket (UASB) reactors 
have made impressive progress and these reactors have been 
connected to treat a wide scope of effluents, for example, sugar, 
mash and paper, dairy, chemical, potato starch, bean adjusting, 
soda pops, fish preparing, noodle handling, yeast generation, 
slaughterhouse, and coffee producing ventures. The effluent 
obtained from UASB do not have water quality parameter 
under the permissible limit, hence a post treatment was 
required for the effluent from UASB. Upflow Anaerobic Sludge 
Blanket (UASB) reactor is a wastewater treatment system that 
uses microorganisms to break down organic pollutants. It's a 
type of anaerobic digester that produces biogas. Wastewater 
enters the reactor from the bottom. It flows upward through 
a layer of granular sludge. Anaerobic microorganisms break 
down the organic pollutants in the wastewater. The process 
produces biogas. This method highly cost effective, energy 
efficient and handles high organic loads. Anaerobic treatment 
processes cannot achieve surface water discharge quality 
without post-water treatment. The UASB Reactor maintains a 
high concentration of biomass through the formation of highly 
settle able microbial sludge aggregates. The wastewater 
flows upwards through a layer of very active sludge to cause 
anaerobic digestion of organics of the wastewater. At the top 
of the reactor, three phase separation between gas-solid-liquid 
takes place. Any biomass leaving the reaction zone is directly 
recirculated from the settling zone. The process is suitable for 
both soluble wastewaters as well as wastewaters containing 
particulate matter.

Hence, a sustainable hybrid treatment system combining 
an anaerobic process (UASB) followed by phytoremediation 
(constructed wetland) was implemented L.C.Martin et al. 
(2009), K.P. Gosami et al. (2020). Phytoremediation is the 
immediate utilisation of living green plants for in situ, or set 
up, evacuation, debasement, or control of contaminants 
in soils, oozes, residue, surface water and groundwater. 
Phytoremediation is a minimal effort, sunlight based vitality 
driven clean up strategy. Most favourable at destinations with 
shallow, low degrees of sullying. Helpful for treating a wide 
assortment of natural contaminants. Viable with, or sometimes, 
instead of mechanical clean up strategies. Phyto signifies plant 

Table 1: Characteristics of constructed wetland

Characteristics Constructed Wetland
Flow pattern Surface vertical flow

Bed dimension 0.30mx0.25 m
Bed depth 0.50m

Surface area 0.081m2
Loading rate 8L/d

Type of loading Intermittent
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is a conventional term for the gathering of advances that utilise 
plants for remediating soils, sludge and water sullied with 
organic and inorganic contaminants. Phytoremediation can be 
characterised as the productive utilisation of plants to expel, 
detoxify or immobilise ecological contaminants in a development 
network (soil, water or sediments) through the natural biological, 
chemical or physical exercises and processes of the plant. 
Laboratory-scale reactors were set up accordingly. The UASB 
reactor was fabricated using a 3mm thick acrylic sheet and 
measured 0.47m x 0.15m x 0.15m, with a 60-degree hoppered 
bottom. An Organic Loading Rate (OLR) of 0.76 gCOD/m³/day 
was applied K.P. Gosami et al. (2020).The wastewater enters 
the tank from the bottom, and flows upward through the sludge 
bed, which gets formed during the process itself. The sludge 
bed develops micro-organisms capable of flourishing in an 
oxygen deficient environment. The sludge bed (blanket) traps 
the suspended organics of the upmoving wastewater. The 
suspended solids trapped in the sludge bed are degraded by 
the anaerobic and anaerobically working facultative bacteria, 
producing methane and carbon dioxide (i.e. biogas, which is a 
mixture of 65-70% methane, and 30-35% carbon dioxide). The 
biogas produced during the anaerobic decomposition helps in 
providing gentle mixing and stirring of the biomass, thereby 
increasing the efficiency of decomposition, reducing the BOD 
and suspended solids of the wastewater. The UASB, evidently 
operates as a suspended growth system, with no packing 
material in the reactor. The effluent from the UASB reactor was 
then directed to a constructed wetland (0.30m x 0.25m x 0.5m) 
(Source: Metcalf & Eddy, 2002). The design of the wetland 
followed the standards set by the Environmental Protection 
Agency (EPA) in 2000 and 2008. The characteristics of the 
constructed wetland were provided in Table 2. A post treatment 
option, constructed wetland system was adopted for the 
treatment of effluent from UASB, for the reduction of parameters 
to the discharge standards.

3.0	 EXPERIMENTAL SET UP
(DESIGN OF CONSTRUCTED WETLAND) 

The design procedure for the constructed wetland (CW) unit 
was adopted in accordance with the guidelines prescribed 
by the United States Environmental Protection Agency (EPA, 
2000; 2008). The computing procedure for the design of a 
vertical subsurface flow constructed wetland was carried out 
as follows. Initially, the type of media, vegetation, and depth 
of the wetland bed to be used were selected. The porosity 
and effective hydraulic conductivity of the chosen media were 
assumed. The influent biochemical oxygen demand (BOD) 

concentration and average daily wastewater flow rate were 
determined, and the desired effluent BOD concentration was 
assumed. Based on these parameters, the required bed 
surface area was calculated, followed by the determination of 
bed length and width for an assumed length-to-width ratio. The 
design was carried out based on first-order plug flow kinetics. 
The area required for pollutant loading was determined using 
the Kickuth equation, expressed as

As = Q (ln C0 − ln Ce) / (kt d n), where kt = k20 × 1.06^(T − 20). 
Here, Q represents the average daily sewage flow (L/d), d 
denotes the depth of the water column (m), n is the porosity 
of the substrate medium, C0 is the influent BOD concentration, 
and Ce is the effluent BOD concentration. For the present 
study, the average daily flow rate was taken as 8 L/d, the bed 
depth as 0.5 m, and the porosity as 0.39. The influent BOD 
concentration was assumed as 219 mg/L, considering a 70% 
BOD reduction achieved by the upstream UASB reactor, 
and the desired effluent BOD concentration was fixed at 30 
mg/L. Based on these values, the required surface area was 
calculated as 0.080 m². A bed width of 0.25 m was assumed, 
and the corresponding bed length was obtained as 0.30 m. 
The hydraulic residence time (HRT) of the wetland was then 
calculated using the expression t = nLWd / Q, where L and W 
are the length and width of the bed, respectively. Substituting 
the design values, the HRT was obtained as 1.9 days, which 
was approximated to 2 days. The area loading rate (ALR) 
was calculated using the relationship ALR = Q C0 / As, where 
Q is the average daily sewage flow rate (m³/d), C0 is the 
influent BOD concentration (mg/L), and As is the surface area 
of the wetland (m²). The area loading rate was determined as 
38 g/m²·d, which satisfies the EPA-recommended criterion 
of being greater than 6 g/m²·d. The effluent BOD concentration 
was further verified using the first-order kinetic expression 
Cₑ / C0 = e^(−ktt). Based on this relationship, the effluent BOD 
concentration was calculated as 19.78 mg/L, which is less 
than the permissible limit of 20 mg/L. Hence, the designed 
constructed wetland unit was found to be hydraulically and 
organically adequate as per EPA standards.

The substrate material used was M sand and aggregates 
of 12mm. The plant species selected for the study was Vetiver 
zirzanoides considering excellent growth rate and their ability to 
remove pollutant from wastewater Farari Masinire et al. (2021).
The schematic diagram and the experimental models are 
shown in Figure 3 and Figure 4 respectively. For the laboratory 
scale constructed wetland a ball type valve was provided at 
the outlet and treated  effluent was collected. The efficiency of 
UASB & constructed wetland were monitored from the treated 
effluent collected from the reactors. 

The wastewater from a sea food processing unit was 
collected and its water quality parameters like pH, BOD5, COD, 
Nitrate &amp; Phosphate were analysed. (APHA 2005). Also 
to determine the efficiency of the UASB &amp; constructed 
wetland, treated effluent of the system was collected and 
the water quality analysis was carried out frequently. For 
the laboratory scale constructed wetland a ball type valve 
was provided at the outlet and treated effluent was collected 
from that. The wastewater was initially stored in an overhead 
settling tank for 2 hours and wastewater was directed to the 

Table 2: Wastewater quality parameters of the effluent 
collected from sea food processing industries

Sampling Points pH BOD (mg/l) COD (mg/l)

Source1 7.1 4.5 212

Source2 7.2 52 126

Source3 7.1 7.2 158

Source4 7.8 6.8 222

Source5 7.2 786 1220
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UASB reactor from the bottom, it was allowed to flow through 
granular sludge and kept for 10 hours and later directed to 
Phytoremediation unit having a Hydraulic retention time of 2 days.

The following standard analytical methods were used to 
identify the wastewater quality: - Dissolved oxygen demand was 
measured by Winkler’s iodometric method. Chemical Oxygen 
Demand (COD) was estimated using the standard titration 
method. Phosphate and nitrate levels were determined using 
phosphate and nitrate analysers, respectively. Biochemical 
oxygen demand (BOD) was determined using the Winkler’s five-
day method, chemical oxygen demand (COD) was analysed by 
the open reflux titrimetric method, phosphate was estimated by 
the colorimetric method using a phosphate analyser, and nitrate 
was determined using the UV spectrophotometric/analyser 
method. For BOD analysis, reagents such as manganous 
sulphate solution, alkaline iodide–azide reagent, concentrated 
sulphuric acid, standard sodium thiosulphate solution (0.025 
N), starch indicator, distilled water, and nutrient buffer solutions 
including phosphate buffer, magnesium sulphate, calcium 
chloride, and ferric chloride were used, and equipment such as 
300 mL BOD bottles, an incubator maintained at 20 °C, conical 
flasks, burette, pipette, measuring cylinder, titration stand, and 
thermometer were employed. COD analysis utilised potassium 
dichromate solution, concentrated sulphuric acid, silver 
sulphate as catalyst, mercuric sulphate as a chloride masking 
agent, standard ferrous ammonium sulphate solution, ferroin 
indicator, and distilled water, with a COD reflux apparatus, 
heating mantle or hot plate, reflux condenser, conical flasks, 
burette, pipette, and measuring cylinder. Phosphate analysis 
was carried out using ammonium molybdate solution, 
potassium antimonyl tartrate, ascorbic acid, sulphuric acid, 

phosphate standard solution, and distilled water, employing 
a phosphate analyser or spectrophotometer, sample cells or 
cuvettes, volumetric flasks, pipettes, and measuring cylinders. 
Nitrate analysis was performed using nitrate standard solution, 
analyser-specified buffer solution, and distilled water, with the 
aid of a nitrate analyser or UV–Visible spectrophotometer, 
sample cells or cuvettes, volumetric flasks, pipettes, and 
measuring cylinders.

The reagents used for BOD analysis include manganous 
sulphate, alkaline iodide-azide reagent, sulphuric acid, 
sodium thiosulphate, and starch indicator. COD analysis 
employed potassium dichromate, sulphuric acid, silver 
sulphate, mercuric sulphate, and ferrous ammonium sulphate. 
Phosphate was analysed using ammonium molybdate and 
ascorbic acid reagents, while nitrate was determined using 
nitrate standard solutions. Equipment used included BOD 
bottles, incubator, reflux apparatus, burettes, pipettes, and 
phosphate and nitrate analysers.

Reagents of analytical grade supplied by standard 
manufacturers namely Merck Life Science Private Limited, Plot 
No. EL-3, TTC Industrial Area, MIDC, Mahape, Navi Mumbai 
– 400710, India, and Sisco Research Laboratories Pvt. Ltd. 
(SRL), 68/69, MIDC, Dhatav Industrial Area, Roha, Raigad 
– 402116, Maharashtra, India were used for the analysis of 
BOD, COD, phosphate, and nitrate. Equipment including BOD 
bottles and glassware from Borosil and Tarsons, BOD incubator 
and heating devices from Labline Instruments Pvt. Ltd., 
Ahmedabad, Gujarat, India COD digester and reflux apparatus 
from Spectralab Instruments Pvt. Ltd., Mumbai, Maharashtra, 
India and phosphate and nitrate analysers/spectrophotometers 
from  Systronics India Pvt. Ltd., Ahmedabad, Gujarat, India 
were employed for the experimental work.

4.0	 RESULTS AND DISCUSSIONS 

4.1	  Water Quality Analysis  

4.1.1  Trend of BOD & COD after Treatment in UASB  
The wastewater from Source5 was collected and characterized 
for water quality parameters like pH, BOD5, COD, Nitrate, 
Phosphate (APHA, 2005). Sedimentation tank with HRT 1 
hour was used to remove the settleable solids initially, followed 
by treatment through UASB & Constructed wetland. Treated 
effluent from UASB was analysed for BOD, COD & Phosphates 
shown in Figure 5 & 6. The water quality parameters were 
checked daily.

Figure 3: Schematic diagram of experimental setup

Figure 4: Laboratory scale set up

Figure 5: Variation of characteristics of effluent from UASB
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Due to the presence of high organic content in the 
wastewater, high values of BOD and COD are present. The 
effluent from sedimentation tank having a high COD (1890 
mg/l) was reduced to 480 mg/l after passing through UASB. 
This is due to the action of anaerobic degradation occurring in 
UASB. Similarly, BOD of 1252 mg/l reduced to 32 mg/l.

4.1.2  Trend of Nitrate and Phosphate after Treatment 
in UASB  

After treatment in the UASB reactor, there was a significant 
reduction in the concentrations of BOD, COD, nitrate, and 
phosphate. Phosphate reduction was also observed in the 
UASB, which could be attributed to the presence of trace 
elements that enhance phosphate removal. Tchobanoglous 
et al. (Wastewater Engineering), Rao et al. (Bioresource 
Technology, 2008). Initially, the wastewater contained 35.1 mg/l 
of ammoniacal nitrogen. However, in the UASB reactor, there is 
minimal conversion of ammoniacal nitrogen to organic nitrogen 
and further to nitrite and nitrate due to the absence of oxygen. 
The treated wastewater from the UASB was then fed into the 
phytoremediation unit, and the effluent was collected for further 
analysis of BOD, COD, nitrate, and phosphate levels.

4.1.3  Trend of BOD & COD after Treatment in 
Phytoremediation Unit  

There was reduction in BOD from 250mg/l to 32mg/l (Figure 
7). The reduction in the Biological Oxygen Demand may be 
due to the degradation of complex organic matter into simpler 
matter by phytodegradation action 
of Vetiver zizanoides. There 
is the possibility of storing the 
pollutant in the aerial part of the 
plant by process known as phyto 
stabilisation. The BOD was reduced 
to32mg/l which is not within the 
permissible limit, hence recirculation 
of effluent was done which further 
reduced the BOD value to 28mg/l 
which is acceptable. The Chemical 
Oxygen Demand was found to be 
reduced to significant level due to 
the degradation of organic matter 
by the plant shown in Figure 7. 
The plant has a property known as 
rhizofiltration with which plant root 
filter the wastewater by taking up 
the contaminants through roots.

4.1.4  Trend of Phosphate and Nitrate after Treatment
in Phytoremediation Unit  

Initially there was an increase in nitrate concentration 
to15.6mg/l due to the aerobic condition existing, this nitrate 
concentration was reduced to 1.4mg/l due to the considerable 
uptake by the plant shown in Figure 8. A reduction in COD, 
BOD, and Nitrate & Phosphate was observed. There was an 
increase in nitrate concentration due to the aerobic conditions 
prevailing. This nitrate concentration was reduced due to 
the uptake by the plant. The aerobic environment favoured 
the microbial oxidation of ammonium to nitrate (nitrification), 
and the resulting nitrate was partially removed via plant 
assimilation. The values of different parameters in the influent 
and effluent of sedimentation tank, UASB reactor and CW are 
shown in Table 3.

Figure 6: Variation of characteristics of effluent from UASB

Figure 7: Variation of characteristics of effluent from 
Phytoremediation unit

Figure 8: Variation of characteristics of effluent from 
constructed wetland

Table 3: Characteristics of treated effluents

Parameters Process
Concentration of Various Parameters from Different Processes

Sedimentation UASB CW Overall
efficiency (%)

Effluent
standards (mg/l)

BOD
(mg/l)

Initial 1320 1280 250

97.5 30Final 1280 250 28

%removal 3 90.1 87.2

COD
(mg/l)

Initial 1840 1750 135

98 250Final 1750 135 36

%removal 4.8 74.5 95.1

Phosphate
(mg/l)

Initial 46 43 18

88.9 4Final 43 12 5.1

%removal 6.5 72 71.6

Nitrate
(mg/l)

Initial 58 55.5 9.6

97.5 45Final 55.5 15.6 1.4

%removal 4.5 71.8 85.4
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There was also a reduction in COD, Nitrate and phosphate. 
Due to the necessity of a post treatment system after UASB 
phytoremediation unit helped in reducing the load by an 
appreciable percentage. A performance study of a sewage 
treatment system consisting of a settler followed by an UASB 
was reactor carried out by Seghezzo et al., (2002). In the study 
COD concentration averaged 224.2 and 152.6 mg/L, for raw 
and settled sewage, respectively. The effluent concentration 
was 68.5 mg COD/L. Total and suspended COD removal 
efficiencies were approximately 70 and 80%, respectively.

Fortunately, for this study there was an overall reduction 
of BOD by 97.5%, COD by 98%, Nitrate reduction by 97.5% 
and phosphate reduction by 88.9%. It is evident that how the 
wastewater turns to good quality water by referring the Figure 
9, 10 and 11. Table 4 shows change in various parameters 
during the decomposition process. A quantitative measure in 
various water quality parameters can be easily recognised 
from Table 4.In this study BOD/COD removals (≈97.5–98%) 
are very high — higher than the study conducted by Abdullah 
Sanghir et al; (2022) biological treatment example (~89.5%) 
and somewhat higher than the phytoremediation case (BOD 
~86.7%, COD ~92.9%). That indicates that the treatment 
system/process achieved exceptional organic load removal 
compared with typical reported biological and phytoremediation. 
The Nutrient (nitrate, phosphate) removal (97.5%) is very 
strong and suggests either effective denitrification or uptake 
processes in your system. Phosphate at 88.9% is also high 
but slightly lower than the very best TP removals reported for 
specialised processes (some SBR/chemical/tertiary schemes 
report >95% TP). This is consistent with the general literature: 
nutrient removal efficiency is more variable and more process-
specific than BOD/COD. Results so obtained for UASB and 
constructed wetland were found to be compatible with previous 
studies (Azad et al; (2018), Abdullah Sanghir et al; (2022) and 
Neharika (2015).

5.0	 CONCLUSION 
The laboratory-scale hybrid treatment system combining a 
UASB reactor with phytoremediation showed high efficiency 
in treating high-strength wastewater, achieving removal 
efficiencies of 97.5% for BOD, 98% for COD, 97.3% for nitrate, 
and 87.5% for phosphate. Organic matter removal occurred 
mainly in the UASB reactor through anaerobic microbial activity, 
while the constructed wetland acted as a polishing unit to meet 
discharge standards. The system is more economical than 
conventional aerobic processes, with 70–80% lower operation 

and maintenance costs due to low energy requirements, biogas 
recovery, and minimal maintenance in phytoremediation. 
While suitable for rural and semi-urban areas, the system has 
limitations such as dependence on wetland performance for 
nutrient removal, climatic sensitivity, and limited removal of 
emerging contaminants.

The laboratory-scale hybrid treatment system integrating 
an Upflow Anaerobic Sludge Blanket (UASB) reactor with 
phytoremediation demonstrated high efficiency in treating 
high-strength wastewater. Significant reductions in organic and 
nutrient loads were achieved, with overall removal efficiencies 
of 97.5% for BOD, 98% for COD, 97.3% for nitrate, and 87.5% 
for phosphate. Organic matter removal in the UASB reactor 
was primarily attributed to anaerobic microbial activity, while 
the constructed wetland served as an effective polishing 
unit, bringing effluent concentrations within permissible 
limits. Economically, the integrated system is more cost-
effective than conventional aerobic treatment processes. The 
UASB reactor requires low to moderate capital investment 
and minimal energy input, with the added benefit of biogas 
recovery. Phytoremediation systems involve minimal capital 
and operational costs, with maintenance limited to periodic 
plant harvesting. Overall, operation and maintenance costs 
are estimated to be 70 – 80% lower than those of aerobic 
systems such as Activated Sludge Processes and Sequencing 
Batch Reactors. 
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1.0	 INTRODUCTION
The demand for sustainable and reliable energy systems 
has accelerated the global adoption of renewable energy 
technologies over the past decade (International Energy 
Agency, 2020). Among the various renewable options, hybrid 
wind-solar systems have emerged as a highly efficient solution, 
offering the potential to balance the intermittent nature of both 
wind and solar power. The integration of these two sources 
creates a more stable and reliable energy output, leveraging 
the complementary nature of wind and solar resources, which 
are typically available at different times and seasons (Sinha & 
Chandel, 2015). The hybrid configuration not only optimises 
resource utilisation but also helps reduce reliance on fossil 
fuels, aligning with global energy transition goals (Lund et al., 
2016; International Renewable Energy Agency, 2021). As a 
result, hybrid wind-solar systems have been widely deployed 
for both on-grid and off-grid applications, including rural 
electrification, microgrids, and utility-scale power generation 
(Barua et al., 2021).   

However, the widespread deployment of hybrid systems has 
highlighted several operational challenges. These challenges 
include the complexity of integrating multiple energy sources, 
variability in power generation due to fluctuating environmental 
conditions, and the high maintenance requirements of hybrid 
systems (Hassan et al., 2023). Variability in wind speed and 
solar irradiance can lead to unpredictable energy production, 
making it difficult to maintain a consistent power supply (Conte 

et al., 2022). Moreover, hybrid systems are often subject to 
harsh environmental conditions that accelerate component 
degradation, increasing the likelihood of unexpected failures 
and unplanned downtime (Alqahtani et al., 2024). Traditional 
maintenance strategies, such as reactive or scheduled 
maintenance, are not equipped to address these issues 
effectively due to their limited ability to predict failures in 
advance (Taherdoost, 2024). These shortcomings often lead to 
increased operational risks and suboptimal energy production, 
as highlighted in recent studies (Ghandehariun et al., 2023).

There is a growing urgency to develop advanced 
maintenance strategies for hybrid wind-solar systems due to 
the increasing scale of their deployment and their critical role 
in ensuring energy stability. As supported by prior literature, 
the potential economic and environmental benefits of hybrid 
systems can be significantly undermined by inefficient 
maintenance practices and unplanned downtimes (Bennag 
et al., 2024). Additionally, hybrid systems are often located 
in remote or offshore areas, making maintenance activities 
logistically challenging and costly (Hassan et al., 2023). The 
need for real-time monitoring and predictive maintenance 
capabilities is therefore paramount to enhancing the reliability 
and performance of these systems (Sharma et al., 2022). 
Several studies suggest that the integration of artificial 
intelligence (AI) into the maintenance of hybrid systems offers 
a promising solution by enabling advanced data analysis, early 
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IN HYBRID WIND-SOLAR SYSTEMS USING AI-DRIVEN 
PREDICTIVE MAINTENANCE MODELS
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Abstract
Hybrid wind-solar systems have become a key solution for sustainable 
energy generation; however, their inherent complexity and fluctuating 
environmental conditions pose significant challenges in terms of operational 
reliability and maintenance optimisation. This study proposes an AI-driven 
predictive maintenance model integrated with a multi-objective optimisation 
framework to enhance the efficiency and economic viability of hybrid wind-
solar systems. The predictive maintenance model employs Deep Neural 
Networks (DNN) to predict equipment failures with high accuracy, enabling 
proactive maintenance scheduling and minimising unplanned downtimes. In 
parallel, a multi-objective optimisation algorithm using Genetic Algorithms 
(GA) and Particle Swarm Optimisation (PSO) is implemented to achieve 
optimal trade-offs between maximising energy production and minimising 
maintenance costs. The integrated approach achieved a 25% reduction 
in system downtime, a 30% decrease in maintenance costs, and a 15% 
increase in overall energy production compared to traditional strategies. 
The results indicate that the proposed framework significantly improves 
system reliability, optimises energy harvesting, and supports the economic 
sustainability of hybrid renewable energy projects. This study provides a 
comprehensive solution for addressing the complexities of hybrid systems, 
offering valuable insights for practitioners and policymakers seeking to 
implement advanced AI-driven maintenance and optimisation strategies in 
renewable energy systems.
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fault detection, and optimisation of maintenance schedules 
(Shin et al., 2021). This study builds upon that foundation by 
proposing an AI-based predictive maintenance model tailored 
for hybrid systems. AI-driven predictive maintenance can 
minimise maintenance costs, reduce system downtime, and 
extend the lifespan of critical components, thereby ensuring the 
economic and environmental sustainability of hybrid systems 
(Ghandehariun et al., 2023).

In response to these challenges, the primary objective 
of this research is to develop a robust AI-driven predictive 
maintenance model specifically designed for hybrid wind-solar 
systems. Unlike prior approaches, our model is designed to 
simultaneously address issues in energy harvesting optimisation 
and proactive maintenance through an integrated framework. 
The study focuses on three key objectives: firstly, to develop 
a predictive maintenance model using advanced machine 
learning algorithms, including Support Vector Machines, 
Decision Trees, and Deep Learning models. This model will be 
used to analyse large volumes of operational data, detect early 
signs of equipment failure, and predict maintenance needs 
under varying environmental conditions. Secondly, the research 
seeks to implement multi-objective optimisation techniques 
such as Genetic Algorithms and Particle Swarm Optimisation 
to balance energy harvesting efficiency and maintenance 
costs. This involves the development of optimisation 
algorithms that consider both technical and economic factors 
to maximise overall system performance. Finally, the study 
aims to evaluate the proposed model’s effectiveness using 
simulated and real-world datasets. The evaluation will focus 
on assessing the model’s ability to improve system reliability, 
reduce maintenance costs, and optimise energy harvesting 
efficiency. This contribution offers a novel approach that 
bridges gaps in existing literature and practice. The outcomes 
of this research will provide valuable insights into the integration 
of AI technologies in hybrid energy systems and establish a 
framework for enhancing the reliability and sustainability of 
these systems through predictive maintenance.

2.0	 MATERIALS AND METHODS 
The methodological approach developed in this study aims 
to design an AI-driven predictive maintenance model tailored 
for hybrid wind-solar systems. The methodology integrates 
advanced machine learning techniques and multi-objective 
optimisation algorithms to address the challenges associated 
with system reliability and maintenance costs. The methodology 
was applied in a hybrid wind-solar testbed, enabling data 
collection and model evaluation under varying environmental 
conditions. The key stages of the methodology include system 
configuration and data acquisition, machine learning model 
development, predictive maintenance model architecture, multi-
objective optimisation, and model evaluation and validation.

2.1	  System Configuration and Data Acquisition  
This study involved the physical construction and operation 
of a dedicated hybrid wind-solar testbed, which served as the 
primary data source for developing and validating the proposed 
AI-driven predictive maintenance model. The testbed was built 
specifically for this research and included a 5 kW photovoltaic 

(PV) array, a 3 kW horizontal-axis wind turbine, a 10 kWh 
battery energy storage system, and a hybrid inverter for energy 
management. The configuration was intentionally designed 
to replicate real-world hybrid system conditions in terms of 
environmental variability and operational behaviour.

To facilitate detailed monitoring, the testbed was 
instrumented with high-precision sensors that directly measured 
key operational parameters. These included wind speed, 
wind turbine power output, solar irradiance, PV power output, 
battery state of charge (SoC), and inverter efficiency. All sensor 
placement, calibration, and data acquisition protocols were 
designed in-house, and no performance measurements were 
sourced from prior studies. The system recorded real-time data 
at one-minute intervals using a custom Internet of Things (IoT)-
enabled data logger over an uninterrupted 12-month period. 
This extended duration was chosen specifically to capture the 
seasonal and weather-driven variability necessary for robust 
predictive modelling.

In addition to real-time operational data, the testbed also 
generated internal maintenance logs and failure reports 
throughout the 18 months. These records were automatically 
logged through the system controller and manually validated at 
regular intervals. They were integrated into the training dataset to 
enhance the predictive accuracy of failure detection algorithms. 
It is important to clarify that these historical maintenance and 
failure data were obtained solely from the constructed testbed and 
were not extracted from published studies.

While previous works (e.g., Alqahtani et al., 2024; Shin et 
al., 2021) are cited in this section, they are referenced only 
to contextualise the types of parameters commonly monitored 
in similar systems — not as data sources. All core datasets 
used for model training and validation in this study were 
independently measured and generated by our testbed. To 
ensure transparency and reproducibility, a sample of the 
operational and failure data used in this study will be included 
as supplementary material provided in Appendix 1A & B 
(Enweremadu, 2025, Sharma et al., 2022). This sample will 
reflect the structure, parameters, and format of the full dataset 
used to train the predictive maintenance models.

2.2	  Machine Learning Model Development  
To develop a robust predictive maintenance model for hybrid 
wind-solar systems, this study implemented and evaluated 
multiple machine learning algorithms. The models selected for 
comparison included Decision Trees, Random Forest, Support 
Vector Machines (SVM), Artificial Neural Networks (ANN), and 
Deep Neural Networks (DNN). These algorithms were chosen 
due to their proven effectiveness in classification and fault 
prediction tasks in energy systems, as noted in recent literature 
(Conte et al., 2022; Sharma et al., 2022).

The dataset was partitioned using a 70/30 split, with 
70% allocated for training and 30% for testing. To ensure the 
reliability and generalisability of model performance, a 10-fold 
cross-validation technique was applied during training. All 
models were implemented in Python using Scikit-learn and 
TensorFlow libraries, with hyperparameters tuned through grid 
search optimisation. For model training, input features included 
turbine rotational speed, PV module temperature, battery SoC, 
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inverter efficiency, and environmental variables such as wind 
speed and solar irradiance. Feature selection was guided by 
Principal Component Analysis (PCA) and correlation analysis, 
as described in Section 2.1, to reduce redundancy and improve 
computational efficiency.

Each model's performance was assessed using standard 
classification metrics: accuracy, precision, recall, F1-score, 
and the area under the Receiver Operating Characteristic 
(ROC) curve. These metrics were selected based on their 
established use in evaluating predictive models in the domain 
of energy system reliability and fault diagnosis (Sharma et 
al., 2022; Taherdoost, 2024). The Deep Neural Network was 
implemented with a feedforward architecture consisting 
of three hidden layers, each containing 128 neurons. ReLU 
activation functions were used in all hidden layers. To prevent 
overfitting, dropout regularisation was applied at a rate of 0.3, 
and the network was trained using the Adam optimiser with 
a learning rate of 0.001. The other machine learning models 
used their respective default or optimised parameters unless 
otherwise stated. A detailed comparative evaluation of the 
performance of these models is presented in Section 3.1 of the 
Results and Discussion.

2.3	  Predictive Maintenance Model Architecture  
The predictive maintenance model architecture consisted 
of three main components: (i) a data ingestion module, (ii) 
a feature processing and prediction module, and (iii) an 
optimisation and decision-making module (Shin et al., 2021; 
Taherdoost, 2024). The data ingestion module continuously 
collected and preprocessed real-time data from the hybrid 
system, ensuring data integrity and accuracy. This module 
handled data cleaning, anomaly detection, and initial feature 
extraction using real-time streaming analytics (Sharma et al., 
2022).

The feature processing and prediction module implemented 
the trained machine learning models to predict the probability 
of component failures and estimate the remaining useful 
life (RUL) of critical system components (Conte et al., 
2022). The outputs from this module were used to generate 
maintenance alerts, recommend maintenance schedules, 
and adjust operational settings to prevent impending failures. 
The optimisation and decision-making module applied multi-
objective optimisation algorithms to balance energy harvesting 
efficiency and maintenance costs, using predictive insights to 
guide decision-making (Bennag et al., 2024).

2.4	  Multi-Objective Optimisation for Energy 
Harvesting and Maintenance  

A multi-objective optimisation framework was developed to 
address the trade-offs between maximising energy production 
and minimising maintenance costs in the hybrid system. The 
optimisation problem was formulated as a set of objective 
functions as shown in equations 1 and 2.

(1)

(2)

where Etotal represents the total energy harvested, Ewindi 

and Esolari denote the energy contributions from wind and 
solar sources, respectively, and Cmaintenance represents the total 
maintenance cost (Sharma et al., 2022; Alqahtani et al., 2024). 
Crepair,j represents the cost of repair or replacement action for 
component, N is the total number of time steps considered 
and M is the number of maintenance events or components 
evaluated. Constraints such as equipment operating limits, 
battery SoC thresholds, and safety margins were incorporated to 
ensure safe and feasible operating conditions (Shin et al., 2021).

These objective functions were constrained by several 
operational and safety limits, including:
1.	 Minimum and maximum allowable state of charge (SoC) of 

the battery,
2.	 Operational thresholds for inverter efficiency,
3.	 Environmental constraints such as wind speed and solar 

irradiance bounds,
4.	 Component-specific failure probability thresholds predicted 

by the machine learning model.
To ensure feasible and safe system operation, several 
operational and physical constraints were incorporated into the 
optimisation problem:

1.	 Battery SoC Constraints:
SoCmin ≤ SoC(t) ≤ SoCmax                                                  (3)
Where  SoC(t) represents State of Charge of the battery 

at time t (%) showing the current energy level in the battery 
relative to its total capacity, SoCmin is Minimum allowable State 
of Charge (%) which protects the battery from over-discharge, 
which can reduce lifespan and SoCmax is the Maximum 
allowable State of Charge (%) which prevents overcharging, 
which can damage the battery.

2.	 Wind Turbine Operating Limits:
Vcut-in ≤ Vwind(t) ≤ Vcut-out                                                        (4)
Where Vwind(t) is Wind speed at time t (m/s),  Vcut-in is  Cut-

in wind speed (m/s) (the minimum wind speed at which the 
turbine begins to generate power) and  Vcut-out  is the Cut-out 
wind speed (m/s) (the wind speed beyond which the turbine 
shuts down to avoid mechanical damage).

3.	 PV Module Temperature Limit:
TPV(t) ≤ Tthreshold                                                                    (5)
Where TPV(t) is Temperature of the photovoltaic (PV) module 

at time t (°C) and Tthreshold is Maximum allowable temperature 
for the PV module (°C). Exceeding this threshold may reduce 
efficiency or damage the PV panel.

4.	 Inverter Efficiency Threshold:
ηinverter(t) ≥ ηmin                                                                     (6)
Where  ηinverter(t) is Efficiency of the inverter at time t (%) which 

represents how efficiently the inverter converts DC to AC power 
and ηmin is the Minimum acceptable efficiency (%). Ensures the 
inverter operates within a reliable and cost-effective range.

Each constraint was enforced at every time step. Any 
candidate solution violating these conditions was penalised 
through constraint-handling techniques embedded within the 
optimisation algorithms. These constraints played a critical role 
in guiding the optimisation process away from operationally 
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risky regions and helped ensure the longevity of system 
components. Two population-based heuristic algorithms were 
implemented to solve the formulated optimisation problem: 
Genetic Algorithms (GA) and Particle Swarm Optimisation 
(PSO). These algorithms were selected due to their capacity 
to explore high-dimensional, nonlinear, and multi-objective 
search spaces effectively.
1.	 Genetic Algorithms (GA) utilised binary encoding for 

decision variables, with tournament selection, single-point 
crossover, and uniform mutation operations. The fitness 
of each solution was determined based on its normalised 
performance across both objectives, subject to constraints 
(Sharma et al., 2022; Alqahtani et al., 2024).

2.	 Particle Swarm Optimisation (PSO) modeled each solution 
as a particle within a multidimensional space, with updates 
driven by both individual and global best positions. Particle 
velocity and position updates were governed by learning 
coefficients and inertia weights, dynamically tuned 
throughout the iterations.

Both algorithms operated over 100 generations with a 
population size of 100, and convergence was monitored via 
the stability of the Pareto front. The fitness landscape was 
dynamically influenced by the real-time degradation indicators 
derived from the collected testbed data, enabling the model to 
adapt to evolving component health profiles.

The optimisation output consisted of a Pareto front—a 
set of non-dominated solutions that offered various trade-offs 
between maximum energy yield and minimal maintenance cost. 
Decision-makers can select an appropriate operating point 
from the Pareto front based on economic, reliability, or energy 
efficiency priorities. This integration of predictive maintenance 
insights with constraint-aware optimisation allows the system to 
proactively avoid high-risk operational states while maintaining 
energy generation targets. A detailed analysis of the resulting 
Pareto optimal solutions and their practical implications is 
presented in Section 3.3.

2.5	  Model Evaluation and Validation  
The performance of the predictive maintenance model and 
the optimisation algorithm was evaluated using several key 
performance indicators, including Mean Absolute Error (MAE), 
Root Mean Square Error (RMSE), prediction accuracy, and 
maintenance cost reduction (Conte et al., 2022). Simulated 
scenarios were used to test the model under varying 
environmental conditions, component degradation rates, and 
failure frequencies (Shin et al., 2021).

Additional validation tests were conducted using real-world 
data from an operational hybrid wind-solar power plant to 
assess the model’s scalability and robustness. The results were 
compared with baseline performance metrics obtained from 
traditional time-based maintenance strategies. The AI-driven 
predictive maintenance model demonstrated a 25% reduction in 
unplanned downtimes, a 30% decrease in maintenance costs, 
and a 15% increase in overall energy harvesting efficiency 
(Ghandehariun et al., 2023; Hassan et al., 2023; Bennag et 
al., 2024). These findings highlight the potential of AI-based 
models to improve the operational efficiency and sustainability 
of hybrid renewable energy systems.

3.0	 RESULTS AND DISCUSSION 
This section presents a comprehensive analysis of the AI-
driven predictive maintenance model and the multi-objective 
optimisation framework, demonstrating their effectiveness 
in enhancing the operational efficiency of hybrid wind-solar 
systems. The results were validated through extensive 
simulations and real-world data, highlighting key improvements 
in energy harvesting, cost reduction, and system reliability. The 
findings are illustrated through detailed tables, figures, and 
equations to facilitate a thorough understanding of the impact 
of the proposed methodologies.

3.1	  Performance Evaluation of the Predictive 
Maintenance Model  

The performance of the AI-driven predictive maintenance 
model was evaluated using four supervised machine learning 
algorithms: Decision Trees, Random Forest, Support Vector 
Machines (SVM), and Deep Neural Networks (DNN). These 
models were selected for their demonstrated effectiveness in 
classification tasks related to energy systems fault detection 
and prognostics. Each model was trained and tested using the 
same pre-processed dataset described in Section 2.2, with 
a 70/30 train-test split and 10-fold cross-validation to ensure 
robustness. The models were evaluated using standard 
classification metrics, including accuracy, precision, recall, F1-
score, and ROC-AUC. The results are summarised in Table 1.

Among the evaluated models, the Deep Neural Network 
(DNN) achieved the highest overall performance, recording an 
accuracy of 96.2% and an F1-score of 0.94. These results were 
verified using both cross-validation and out-of-sample testing 
on operational data spanning diverse seasonal and loading 
conditions, thus confirming the model's robustness in varied 
real-world contexts. However, the decision to adopt the DNN as 
the primary model was not based solely on these performance 
metrics. A comprehensive comparative analysis was conducted, 
considering several additional factors such as computational 
complexity, interpretability, scalability, and robustness.

In terms of computational complexity, the DNN required 
significantly longer training times compared to tree-based 
models due to its deeper architecture and reliance on GPU 
acceleration. Nonetheless, once trained, the DNN delivered 
inference speeds that were comparable to other models, 
rendering it suitable for near-real-time predictive maintenance 
applications. Regarding interpretability, the Random Forest 
model offered a clear advantage through its use of feature 
importance analysis, which is particularly beneficial for 
field engineers and maintenance planners. However, the 
interpretability of the DNN was improved through the application 

Table 1: Performance Evaluation of
Predictive Maintenance Models

Model Accuracy 
(%) Precision Recall F1-

Score
ROC-
AUC

Decision Trees 88.3 0.85 0.82 0.83 0.88
Random Forest 92.5 0.91 0.9 0.91 0.93

SVM 90.7 0.89 0.88 0.88 0.91
DNN 96.2 0.95 0.93 0.94 0.97
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of model explanation techniques such as SHAP (SHapley 
Additive exPlanations) and layer-wise relevance propagation, 
which provided consistent and reproducible explanations of 
model decisions during fault prediction trials.

Scalability and generalisation were also key considerations. 
The DNN demonstrated a superior ability to generalise 
across varied operating conditions and environmental 
inputs, effectively identifying complex, nonlinear degradation 
patterns, an essential requirement for hybrid energy systems 
characterised by dynamic, multivariate behavior. This was 
particularly evident in test cases involving multiple simultaneous 
anomalies, where simpler models failed to converge reliably. 
Although the Random Forest model showed better resilience 
to noisy data and was easier to implement in resource-
constrained environments, its predictive accuracy diminished 
in the presence of subtle or nonlinear fault indicators, where 
the DNN maintained high reliability.

Given these considerations, the DNN was selected as the 
optimal model for integration into the predictive maintenance 
framework. Its strong performance, coupled with manageable 
computational demands and enhanced interpretability through 
modern AI explanation tools, positioned it as the most effective 
and scalable solution for real-world deployment in hybrid wind-
solar energy systems. The model’s ability to maintain high 
precision under highly variable input conditions underscores its 
reliability for deployment in dynamic renewable environments.

ROC as shown in Figure 1, which contains curves 
comparing the classification performance of Decision Trees, 
Random Forest, Support Vector Machines (SVM), and Deep 
Neural Networks (DNN) based on the test dataset. The DNN 
model achieved the highest Area Under the Curve (AUC = 
0.97), followed by Random Forest (AUC = 0.93), SVM (AUC = 
0.91), and Decision Trees (AUC = 0.88). These ROC metrics 
confirm the superior discriminative power of the DNN in 
identifying failure-prone conditions, which was further validated 
by back testing the predictions on operational logs.

3.2	  Impact of Predictive Maintenance on Energy 
Harvesting Efficiency and Maintenance Costs  

The implementation of the AI-driven predictive maintenance 
model led to substantial and measurable improvements in 
both energy harvesting efficiency and maintenance cost 
reduction. As shown in Figure 2, the comparison of energy 
production levels before and after the deployment of the 
predictive maintenance framework indicates a 12.5% increase 
in overall energy production. This result was validated by 
comparing SCADA-based energy output logs before and 
after implementation, normalised for seasonal variation and 
irradiance levels. This enhancement is primarily attributed 
to reduced unplanned downtimes and improved operational 
reliability of key system components, including the PV inverter, 
battery modules, and wind turbine drivetrain (Alqahtani et al., 
2024; Bennag et al., 2024).

The observed increase in energy yield is closely linked to the 
predictive model’s ability to identify early signs of component 
degradation and potential failure. By analysing real-time data 
streams, such as inverter efficiency, wind turbine rotational 
speed, and PV temperature, the model was able to forecast 

system anomalies and issue maintenance alerts before faults 
escalated into failures. All alerts were logged and cross-verified 
with actual fault events to confirm true positive predictions 
over six months. This allowed for timely intervention and 
maintenance scheduling during low-demand or low-generation 
periods, thereby avoiding high-impact interruptions and 
maintaining consistent energy output across both subsystems 
(Shin et al., 2021; Hassan et al., 2023). In particular, energy 
production was stabilised during periods of high environmental 
variability, such as sudden wind gusts or thermal cycling of PV 
modules. The system dynamically responded to these inputs 
by adjusting operational parameters or initiating pre-emptive 
component inspections, significantly reducing derating events 
and unplanned system shutdowns (Conte et al., 2022).

This proactive maintenance behaviour not only preserved 
system uptime but also extended component life, leading to 
improved energy throughput and a more resilient system 
architecture (Taherdoost, 2024). From an economic 
perspective, the predictive maintenance model also achieved 
a 27% reduction in total maintenance costs, as summarised in 
Table 2. This reduction resulted from a 30% drop in unscheduled 
maintenance and a 20% decrease in scheduled service 
expenses, reflecting the improved efficiency of maintenance 
planning.

These findings are consistent with those reported by 
Ghandehariun et al. (2023), who noted that early fault detection 
significantly lowers the frequency of emergency repairs 
and improves asset utilisation in hybrid renewable systems. 

Figure 1: Receiver Operating Characteristic (ROC) Curves
for All Evaluated Predictive Maintenance Models

Figure 2: Comparison of Energy Production Before and
After Predictive Maintenance Implementation
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Additionally, the predictive framework allowed maintenance 
resources to be allocated more effectively, especially in remote 
or resource-constrained environments, reducing travel and 
labour overhead. The extended system uptime, as shown by a 
25% reduction in annual downtime hours, further reinforces the 
operational advantages of predictive maintenance integration 
(Ibrahim et al., 2015; Bennag et al., 2024). Overall, the improved 
energy harvesting efficiency and reduced maintenance costs 
underscore the effectiveness of the AI-driven predictive 
maintenance model. These outcomes highlight the model’s 
ability to convert real-time monitoring and fault prediction into 
actionable insights, ultimately supporting both the technical 
performance and economic sustainability of hybrid wind-solar 
systems (Sharma et al., 2022; Alqahtani et al., 2024).

To ensure the validity and reproducibility of the data 
presented in Table 2, both empirical records and predictive 
model outputs were used to calculate the maintenance costs 
and system downtimes before and after the implementation 
of the AI-driven predictive maintenance model. The “Before 
Implementation” values were obtained from historical testbed 
logs over a 12-month baseline period. These logs recorded 
all maintenance activities, distinguishing between unplanned 
failures and routine inspections. The cost of each intervention 
was calculated by aggregating component replacement costs, 
technician labour, and service dispatch expenses, in line with 
practices reported in similar hybrid renewable system studies 
(Shin et al., 2021; Ghandehariun et al., 2023).

In contrast, the “After Implementation” figures were 
estimated using outputs from the predictive maintenance 
model developed in this study. The model’s failure prediction 
probabilities, derived from real-time operational data (as 
discussed in Section 2.2), were used to simulate maintenance 
scenarios over an equivalent 12-month period. Projected 
reductions in fault frequency and severity were applied to the 
historical failure distribution to estimate avoided emergency 
interventions. For example, early detection of inverter thermal 
anomalies or gearbox degradation allowed for scheduled 
replacements, thus eliminating the higher costs typically 
associated with reactive maintenance (Hassan et al., 2023; 
Alqahtani et al., 2024).

The model also contributed to reducing total system 
downtime by enabling advanced planning of maintenance 
during low-output periods. Downtime calculations in both 

scenarios included the cumulative duration of all equipment-
related service interruptions. In the predictive maintenance 
case, the majority of downtime stemmed from brief scheduled 
maintenance windows, as unplanned failures were significantly 
reduced (Bennag et al., 2024). These projections are consistent 
with prior research demonstrating the effectiveness of AI-
based maintenance in reducing cost and improving availability 
in renewable energy systems (Ghandehariun et al., 2023). A 
detailed account of the calculation methodology, including 
assumptions for cost per failure, intervention frequencies, and 
downtime scenarios, is provided in the Supplementary Material 
as shown in Appendix 2A- C (Bello et al., 2024, Hamdan et 
al., 2024). These calculations align with the predictive model’s 
outputs and reflect realistic operational parameters from the 
hybrid testbed.

3.3	  Multi-Objective Optimisation Outcomes  
The values presented in Table 3 for total energy production, 
maintenance cost, and system downtime were derived from 
comparative simulations conducted before and after applying the 
multi-objective optimisation (MOO) framework. The “Baseline 
Value” represents the system’s operational performance under 
traditional time-based maintenance strategies, modelled using 
historical testbed data and standard operational schedules 
over a 12-month cycle. These simulations assumed reactive 
responses to component failures and scheduled maintenance 
based on fixed intervals, without the benefit of real-time fault 
prediction or adaptive scheduling (Shin et al., 2021; Hassan et 
al., 2023).

In contrast, the “Optimised Value” reflects the output of 
the integrated MOO framework described in Section 2.4. 
The optimisation process executed using Genetic Algorithms 
and Particle Swarm Optimisation, produced a Pareto front 
of solutions balancing energy harvesting and maintenance 
costs. From this set, a representative trade-off solution was 
selected to illustrate the practical impact of applying predictive 
maintenance within the optimisation loop. In this scenario, 
the predictive model's early warnings reduced emergency 
interventions and improved maintenance scheduling efficiency, 
contributing to a 20% reduction in costs and 33% less system 
downtime.

The validity of these results was supported through 
repeated simulations with different initial conditions and system 
profiles. The outcomes remained consistent across parameter 
sweeps, demonstrating that the optimised results were not 
isolated artefacts of a specific simulation run. Energy, cost, and 
downtime metrics were calculated using aggregated outputs 
across 30 optimisation iterations per scenario, and statistical 
variance was kept within ±2.5% for each objective, ensuring 
confidence in the trends. Total energy production increased 
by 15% due to fewer operational interruptions and improved 
energy dispatch efficiency, especially during peak solar and 
wind conditions. These gains were made possible by predictive 
insights that allowed the optimiser to avoid degraded states 
and prioritise high-efficiency operational ranges.

This effect was most evident in scenarios with limited battery 
depth or inverter thermal constraints, where the optimisation 
strategy leveraged predictive alerts to shift operational load and 

Table 2: Maintenance Cost Analysis Before and
After Predictive Maintenance Implementation

Parameter Before 
Implementation

After 
Implementation

Percentage 
Change

Unscheduled 
Maintenance 

Cost ($)
25,000 17,500 -30%

Scheduled 
Maintenance 

Cost ($)
10,000 8,000 -20%

Total 
Maintenance 

Cost ($)
35,000 25,500 -27%

System 
Downtime 

(Hours/Year)
120 90 -25%
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defer risky operation windows. The quantitative improvements 
mirror findings in related studies that combine predictive 
analytics with multi-objective optimisation in renewable 
systems (Bennag et al., 2024; Sharma et al., 2022). To ensure 
transparency, a breakdown of the simulation parameters, 
optimisation settings, constraint handling mechanisms, and 
sample trade-off analysis is provided in the Supplementary 
Material Appendix 3A-D (Hamdan et al., 2024, Bello et al., 
2024). This includes example fitness functions and data inputs 
used to generate the results shown in Table 3.

Figure 3 presents the Pareto front generated from the multi-
objective optimisation process, showing the trade-off curve 
between total energy production and annual maintenance 
cost. Each point on the curve represents a non-dominated 
solution, meaning that any improvement in one objective (e.g., 
higher energy output) would result in a compromise in the other 
(e.g., increased cost). The simulation-based Pareto front was 
constructed from over 100 optimised configurations per model, 
and each point was validated by re-running the simulation to 
confirm feasibility and constraint satisfaction.

This Pareto distribution serves as a decision support tool, 
allowing operators to choose from a range of optimal trade-
offs depending on budget constraints or performance priorities 
(Sharma et al., 2022; Taherdoost, 2024). The curve illustrates 
a clear inverse relationship: as energy production increases 
beyond the baseline, maintenance costs initially decrease (due 
to efficient scheduling and reduced failures), but eventually 
begin to rise again as system components are pushed closer 
to their operational limits. The central region of the Pareto 
front — where energy output is around 55,000 – 57,000 kWh 

and maintenance costs are between $27,000 and $29,000 — 
represents the most balanced and practically viable solutions. 
This region reflects the benefit of predictive fault mitigation 
without excessive intervention frequency (Ghandehariun et al., 
2023; Alqahtani et al., 2024).

A key insight from this figure is the diminishing return 
beyond a certain energy threshold: attempts to further increase 
energy output past 58,000 kWh/year result in steep cost 
escalations. This aligns with system limitations such as battery 
cycling rates, inverter thermal tolerance, and wind turbine 
stress thresholds, all of which were embedded as constraints 
in the optimisation framework (Shin et al., 2021; Hassan et 
al., 2023). All constraints were modelled based on equipment 
specification sheets and historical failure profiles from real-
world deployments, ensuring that simulated outcomes reflected 
realistic system limits.

The shape of the Pareto front also supports the 
effectiveness of integrating predictive maintenance into multi-
objective decision-making. Compared to traditional strategies, 
the optimisation solutions display significantly improved cost-
efficiency at each energy level, confirming that the model 
leverages early failure detection to strategically defer or 
combine maintenance tasks.

The integration of predictive maintenance insights into 
the optimisation framework enabled more informed decision-
making, allowing the system to operate at peak efficiency 
while minimising operational costs (Conte et al., 2022; 
Sharma et al., 2022). The findings indicate that the AI-driven 
predictive maintenance model, combined with the multi-
objective optimisation algorithm, can significantly enhance the 
performance and sustainability of hybrid wind-solar systems 
(Bennag et al., 2024).

3.4	  Sensitivity Analysis and Robustness Evaluation  
The results of the sensitivity analysis conducted to assess 
the robustness of the predictive maintenance model and 
the optimisation framework under variable environmental 
conditions was presented in Figure 4. The analysis evaluated 
how fluctuations in key environmental parameters — specifically 
wind speed, solar irradiance, and ambient temperature —
affected the outcomes of total energy production and annual 
maintenance cost. Each variable was perturbed ±25% from its 
baseline, with all other inputs held constant, and 20 simulations 
per condition were run to determine output sensitivity ranges.

The results demonstrate that the model consistently 
maintained high predictive performance across a broad range 
of input variations, confirming its resilience to real-world 
operational uncertainty (Sharma et al., 2022; Alqahtani et al., 
2024). A key observation from the figure is that solar irradiance 
had the most direct and linear effect on total energy output, as 
expected, with higher irradiance levels yielding proportionately 
increased production. However, even under reduced irradiance 
scenarios, the model adapted effectively by shifting emphasis 
to wind generation and battery dispatch strategies, preserving 
system output within a stable range. This adaptability was 
achieved through the optimiser's re-weighting of objective 
priorities in real time based on sensor data, as coded into the 
dynamic fitness function.

Table 3: Multi-objective optimisation results

Objective Baseline
Value

Optimised
Value

Percentage 
Change

Total Energy 
Production
(kWh/year)

50,000 57,500 15%

Maintenance Cost 
($/year) 35,000 28,000 -20%

System Downtime 
(Hours/Year) 120 80 -33%

Figure 3: Pareto front for multi-objective optimisation
of energy harvesting and maintenance costs
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Wind speed variations produced a more nonlinear impact, 
particularly between 3 – 5 m/s, highlighting a sensitivity threshold 
below which turbine performance dropped significantly. Despite 
this, the model accurately compensated by pre-emptively 
adjusting operational priorities and maintenance timing, 
avoiding stress-induced failures (Shin et al., 2021). The model 
also showed robustness in its cost outputs across a range of 
temperature conditions. While elevated ambient temperatures 
increased the likelihood of inverter derating or PV module 
degradation, the predictive model was able to forecast these 
effects and initiate cooling adjustments or scheduled servicing 
ahead of failure points. This led to stable maintenance cost 
trajectories even under thermally stressful conditions. The 
robustness results were verified by comparing predicted costs 
to historical degradation-triggered cost escalations under 
similar conditions.

Overall, the sensitivity analysis validates that the predictive 
maintenance and optimisation algorithms are adaptively 
robust, capable of responding dynamically to changes 
in environmental inputs without compromising system 
performance. These findings underscore the practical viability 
of the model for deployment in geographically diverse and 
meteorologically variable regions. In combination with earlier 
results, Figure 4 provides compelling evidence of the system’s 
resilience to both gradual environmental drift and sudden 
operational disturbances.

Robustness evaluation was performed by testing the model’s 
performance in scenarios with varying levels of component 
degradation and failure rates. The model successfully adjusted 
to these changes, ensuring reliable predictions and efficient 
maintenance scheduling, thereby demonstrating its robustness 
and adaptability to real-world scenarios (Conte et al., 2022). 
These findings highlight the model’s potential for practical 
deployment in hybrid wind-solar systems, where environmental 
and operational conditions are often unpredictable and require 
adaptive maintenance strategies (Ghandehariun et al., 2023; 
Hassan et al., 2023).

4.0	 DISCUSSION OF FINDINGS 
The findings from the AI-driven predictive maintenance model 
and multi-objective optimisation framework indicate significant 
improvements in both operational efficiency and economic 
viability of hybrid wind-solar systems. The results reveal a 
marked increase in energy harvesting efficiency, reduction 

in maintenance costs, and enhanced system reliability. This 
section discusses the key outcomes in the context of existing 
literature, providing insights into the practical implications and 
limitations of the proposed methodologies. The analysis further 
explores the broader impact of integrating AI-based predictive 
maintenance and optimisation strategies in sustainable energy 
systems, offering a pathway for future research directions.

4.1	  Interpretation of Key Findings  
The performance evaluation of the predictive maintenance 
model highlights its strong predictive accuracy and operational 
reliability in identifying early-stage equipment failures. The DNN 
model, in particular, demonstrated superior performance with 
an accuracy of 96.2% and an F1-score of 0.94, outperforming 
other evaluated models such as Random Forest and SVM. 
These findings align with previous research (e.g., Sharma 
et al., 2022; Conte et al., 2022) that has established DNNs 
as especially effective in capturing nonlinear, multivariate 
fault patterns in renewable systems. However, unlike 
traditional models, DNNs require substantial training data and 
computational resources, which may pose challenges in low-
resource deployments, an important consideration not always 
emphasised in earlier studies.

The implementation of the AI-based maintenance 
framework led to a 25% reduction in system downtime and 
a 30% decrease in maintenance costs. These figures are 
consistent with reported savings from prior studies utilising 
ML-based maintenance in wind and PV systems (Taherdoost, 
2024; Hassan et al., 2023), affirming the cost-effectiveness 
of proactive fault mitigation. The results also demonstrate 
enhanced fault tolerance and lifecycle extension for critical 
components, attributed to the early detection and scheduling 
advantages of the predictive model (Ghandehariun et al., 
2023). Importantly, when integrated into the multi-objective 
optimisation (MOO) framework, the predictive model 
contributed to a 15% increase in energy production by aligning 
maintenance timing with energy output dynamics. This synergy 
between predictive maintenance and energy optimisation 
has been theorised in previous work (e.g., Alqahtani et al., 
2024; Sharma et al., 2022), but this study demonstrates it 
quantitatively within a testbed-driven simulation environment.

While the optimisation process produced a range of 
viable Pareto-optimal solutions, it is worth noting that the 
effectiveness of these solutions can vary depending on local 
environmental factors and operational constraints not fully 
modelled in this study. As also seen in the work of Shin et al. 
(2021), optimisation outcomes are sensitive to assumptions 
about system cost structure, failure rates, and component 
interactions — factors that warrant deeper examination in 
future field-scale validations. Nonetheless, our findings are 
consistent with the direction of existing literature and reinforce 
the growing applicability of optimisation-enhanced AI in hybrid 
energy systems (Bennag et al., 2024).

4.2	  Implications of AI-Driven Models in Sustainable 
Energy Systems  

The adoption of AI-driven predictive maintenance models within 
hybrid wind-solar systems holds considerable promise for 

Figure 4: Sensitivity analysis of energy production
and maintenance cost outcomes
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advancing sustainability, operational efficiency, and economic 
viability. By improving system reliability and reducing unplanned 
downtime, AI-based models enable greater integration of 
intermittent renewable sources into national grids, supporting 
broader energy transition goals (International Renewable 
Energy Agency, 2021). Our observed increase in energy output 
mirrors findings from earlier deployments of predictive analytics 
in standalone PV and wind systems (Alqahtani et al., 2024; 
Ibrahim et al., 2015), but extends these gains into a hybrid, 
multi-source configuration.

Comparatively, traditional rule-based or time-triggered 
maintenance strategies, as critiqued in previous research, lack 
adaptability and tend to result in either premature servicing or 
delayed failure response (Conte et al., 2022). In contrast, the AI 
framework developed here dynamically responds to real-time 
operational data, improving both responsiveness and long-
term system health. This capability becomes especially critical 
under climate-affected variability in temperature and irradiance, 
where rigid maintenance schedules fall short (Taherdoost, 
2024; Shin et al., 2021).

The integration of AI with IoT platforms and smart grid 
infrastructure has been proposed by many (e.g., Ghandehariun 
et al., 2023; Hassan et al., 2023), and our study supports this by 
demonstrating practical performance benefits. However, such 
integration requires reliable data connectivity and cybersecurity 
safeguards, which can be challenging in rural or offshore 
deployment environments — an implementation barrier that 
warrants attention in future deployment planning. Social 
and economic implications also merit discussion. Reduced 
maintenance burden, especially in isolated installations, 
can lessen the dependency on skilled local technicians and 
increase system self-sufficiency.

Furthermore, the model’s ability to prioritise high-output 
operational windows while minimising failure risk contributes 
directly to improving energy security and reducing fossil fuel 
reliance, reinforcing its alignment with the policy objectives 
outlined by the International Energy Agency (2020).

4.3	  Limitations of the Study and Challenges Faced  
While the AI-driven predictive maintenance and optimisation 
framework presented in this study achieved substantial 
performance improvements, several limitations must be 
acknowledged to contextualise its findings and inform future 
research. A primary constraint is the model’s dependence 
on historical and simulated data for training and validation. 
Although simulated datasets allowed for rigorous scenario 
testing, they may not fully capture real-world system variability, 
including abrupt environmental transitions, hardware-induced 
noise, or long-term component ageing patterns (Taherdoost, 
2024). This limitation is consistent with challenges reported 
in earlier predictive maintenance research (Ghandehariun 
et al., 2023; Sharma et al., 2022), where transferability of 
simulated models to operational deployments often introduced 
discrepancies in fault prediction accuracy.

A second critical limitation lies in the model’s sensitivity to 
data quality. The effectiveness of the predictive maintenance 
framework relies heavily on uninterrupted, high-resolution 
sensor data. Malfunctions in measurement devices, gaps in 

data transmission, and corrupted signals can lead to biased 
predictions or increased false positives, ultimately affecting 
maintenance planning and system costs (Conte et al., 2022; 
Hassan et al., 2023). Although standard filtering and imputation 
methods were applied, the absence of advanced anomaly 
detection or redundancy mechanisms exposes the model to 
operational risks. As observed in other AI applications in power 
systems, such as those highlighted by Shin et al. (2021), 
robustness to data imperfections remains a known bottleneck 
in real-world deployments.

Additionally, the integration of predictive analytics with 
multi-objective optimisation introduces algorithmic complexity 
and convergence challenges, particularly under rapidly 
changing environmental or load conditions. The performance 
of the optimisation algorithm depends on timely and accurate 
estimation of system-level variables like degradation rates, 
energy yield, and dynamic cost functions — all of which are 
subject to real-time variability and prediction uncertainty 
(Alqahtani et al., 2024). These interdependencies can impact 
both optimisation efficiency and decision quality. Although 
similar trade-offs have been explored in hybrid system planning 
literature (Bennag et al., 2024), few studies have addressed 
how such uncertainty should be formally incorporated into the 
optimisation formulation.

4.4	  Recommendations for Future Research  
To address the limitations identified in this study, future 
research should focus on integrating real-time data from large-
scale hybrid wind-solar installations to validate and refine 
the predictive maintenance and optimisation models. The 
inclusion of real-time data would enable the development of 
more robust models that can adapt to the complexities of real-
world conditions, enhancing their applicability and reliability 
(Sharma et al., 2022; Conte et al., 2022). Additionally, exploring 
hybrid machine learning models, such as ensemble learning 
or combining deep learning with reinforcement learning, could 
further improve the model’s performance and adaptability (Shin 
et al., 2021; Bennag et al., 2024).

The application of real-time optimisation techniques, such 
as deep reinforcement learning, should also be investigated 
to enable continuous optimisation of energy production and 
maintenance strategies (Hassan et al., 2023; Alqahtani et al., 
2024). These techniques can respond dynamically to changes 
in environmental conditions and system behaviour, ensuring 
optimal performance across a wide range of operating scenarios 
(Ghandehariun et al., 2023). Furthermore, the integration of AI-
driven models with smart grid platforms and IoT technologies 
can support the development of more resilient and autonomous 
energy systems capable of self-monitoring and self-optimisation 
(Shin et al., 2021; Taherdoost, 2024). Collaborations between 
academia, industry, and governmental organisations are 
essential for advancing research in this field and facilitating the 
large-scale deployment of AI-driven predictive maintenance 
models in hybrid renewable energy systems (International Energy 
Agency, 2020). Such collaborations can provide access to real-
world data, testing facilities, and technical expertise, supporting 
the continuous improvement of AI models and their adoption in the 
energy industry (International Renewable Energy Agency, 2021).
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5.0	 CONCLUSIONS 
This study developed and validated an AI-driven predictive 
maintenance model integrated with a multi-objective 
optimisation framework for hybrid wind-solar energy systems. 
The combined approach significantly improved energy production, 
reduced maintenance costs, and enhanced system reliability.

Specifically, the research introduced a novel integration 
of predictive analytics with optimisation algorithms to enable 
proactive maintenance scheduling based on real-time 
operational patterns. The Deep Neural Network (DNN) model 
demonstrated strong predictive capability, reducing unplanned 
downtimes by 25% and maintenance costs by 30%. These 
outcomes were achieved through accurate fault forecasting 
and early intervention. Simultaneously, the multi-objective 
optimisation implemented using Genetic Algorithms (GA) and 
Particle Swarm Optimisation (PSO) led to a 15% increase 
in annual energy production and a 20% cost reduction over 
traditional maintenance strategies.

The Pareto-based optimisation enabled flexible decision-
making by presenting trade-offs between operational priorities. 
This empowers system operators to tailor strategies based on 
specific economic or technical constraints. Beyond technical 
improvements, the approach offers substantial economic and 
environmental benefits. It is particularly effective for remote 
or offshore hybrid systems where access and maintenance 
logistics are challenging. By minimising intervention frequency 
and enhancing uptime, the model supports both the economic 
viability and sustainability of renewable energy operations. 
In addition, the proposed framework contributes to ongoing 
efforts toward autonomous system management and reduced 
human intervention in critical infrastructure.

Importantly, the results suggest that predictive maintenance 
not only improves fault response but can also serve as a 
strategic tool for maximising energy output under uncertain 
environmental conditions. It also facilitates the integration 
of these systems into smart grids, promoting resilience and 
adaptive energy management under dynamic conditions. 
Despite promising outcomes, the study's reliance on historical 
and simulated data presents a limitation. Real-time, large-scale 
operational datasets would enhance model robustness and 
generalisability. Moreover, while the current approach performs 
well in known degradation scenarios, its adaptability to rare or 
unexpected faults remains an area for improvement. Future 
research should focus on real-time data integration, hybrid AI 
approaches (e.g., ensemble or reinforcement learning), and 
adaptive optimisation capable of adjusting to evolving system 
behaviour. The application of digital twin frameworks and edge 
computing architectures could further enhance the system's 
responsiveness and scalability.

Overall, the proposed AI-based predictive maintenance 
and optimisation framework offers a robust, scalable solution 
for improving the performance and sustainability of hybrid 
renewable energy systems. By bridging data-driven intelligence 
with optimisation-based decision support, it contributes a 
significant advancement in operational strategies for clean 
energy technologies. Its deployment can advance the global 
shift toward more intelligent, reliable, and sustainable energy 
infrastructures. 
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APPENDICES

Appendix 1A. Sample operational data (Enweremadu, 2025, Sharma et al., 2022)

Timestamp Wind Speed (m/s) Solar Irradiance (W/m^2) PV Output (kW) Battery SoC (%)
01/01/2024 00:00 5.618102 118.526 3.059264 56.45269
01/01/2024 01:00 14.26071 972.9189 0.697469 30.23145
01/01/2024 02:00 10.97991 849.1984 1.460723 23.9031
01/01/2024 03:00 8.979877 291.1052 1.831809 76.93313
01/01/2024 04:00 2.34028 263.6425 2.28035 77.93792
01/01/2024 05:00 2.339918 265.0641 3.92588 68.50384
01/01/2024 06:00 0.871254 373.818 0.998369 38.27683
01/01/2024 07:00 12.99264 572.2808 2.571172 25.86033
01/01/2024 08:00 9.016725 488.7505 2.962073 61.05398
01/01/2024 09:00 10.62109 362.1062 0.232252 46.40915

Appendix 1B. Sample failure data (Ghandehariun et al., 2023, Alqahtani et al., 2024)

Failure Timestamp Failure Mode Repair Record
03/01/2024 03:00 Inverter Failure Replaced Inverter
05/01/2024 08:00 Battery Degradation Battery Replacement
07/01/2024 14:00 Wind Turbine Gearbox Failure Gearbox Servicing

Appendix 2A. Maintenance events before and after implementation (Bello et al., 2024, Hamdan et al., 2024)

Maintenance Date Failure Mode Downtime (hours) Cost per Repair ($) Repair Action
02/01/2024 Inverter Failure 6 5000 Replaced Inverter
05/01/2024 Battery Degradation 8 3000 Battery Replacement
08/01/2024 Wind Turbine Gearbox Failure 12 7000 Gearbox Servicing
12/01/2024 Inverter Failure 10 5000 Replaced Inverter
03/01/2024 Inverter Failure 2 4500 Replaced Inverter
06/01/2024 Battery Degradation 3 2500 Battery Replacement
09/01/2024 Wind Turbine Gearbox Failure 4 6000 Gearbox Servicing
13/01/2024 Inverter Failure 3 4500 Replaced Inverter

Appendix 2B. Downtime comparison (Before vs After) (Zeb & Lodhi, 2025, Kwakye et al., 2024)

Date Phase Downtime (hours)
02/01/2024 Before 6
05/01/2024 Before 8
08/01/2024 Before 12
12/01/2024 Before 10
03/01/2024 After 2
06/01/2024 After 3
09/01/2024 After 4
13/01/2024 After 3

Appendix 2C. Energy production comparison (Before vs After) (Bello et al., 2024, Zeb & Lodhi, 2025)

Timestamp Energy Before (kWh) Energy After (kWh)
01/01/2024 00:00 5122.038 6969.585
01/01/2024 01:00 5495.177 6775.133
01/01/2024 02:00 5034.389 6939.499
01/01/2024 03:00 5909.32 6894.827
01/01/2024 04:00 5258.78 6597.9
01/01/2024 05:00 5662.522 6921.874
01/01/2024 06:00 5311.711 6088.493
01/01/2024 07:00 5520.068 6195.983
01/01/2024 08:00 5546.71 6045.227
01/01/2024 09:00 5184.854 6325.33



IEM Journal – The Institution of Engineers, Malaysia (Vol. 87, No. 2, June 2026)22

OPTIMISATION OF SUSTAINABLE ENERGY HARVESTING IN HYBRID WIND-SOLAR SYSTEMS
USING AI-DRIVEN PREDICTIVE MAINTENANCE MODELS

PROFILES

HYGINUS CHIDIEBERE ONYEKACHI UNEGBU is a renowned academic and researcher with a strong background 
in engineering and project management. He holds a B.Eng. in Mechanical/Production Engineering, an MSc in Project 
Management, an MPhil in Engineering Management, and a PhD in Engineering Management from Ahmadu Bello 
University, Nigeria. With over 30 publications in reputable international journals,  he has significantly contributed to 
sustainability, construction industry practices, and project management. His research emphasises innovative strategies 
for improving project efficiency, sustainability, and resource optimisation. 
Email address: chidieberehyg@gmail.com

DANJUMA SALEH YAWAS is a Professor of Mechanical Engineering at Ahmadu Bello University and is a registered 
Engineer (COREN) with research, technical and project management experiences covering academia, oil and the 
automotive industry. Has 150 publications comprising more than 135 peer-reviewed journal articles and 25 conference 
proceedings. Major research areas include Materials (development/characterisation, Statistical/mathematical modelling 
& simulation), Corrosion studies, Mechanical properties, and Production Engineering.
Email address: dyawas@yahoo.com

RICHELLE C. VEDAD is a visionary in the field of civil engineering and education, committed to excellence, innovation, 
and service. Professionally, she worked as a Project Engineer for two years before joining the Civil Engineering 
Department at Camarines Norte State College (CNSC) in 2009, where she continues to inspire future engineers. Her 
research interests include multivariate grey forecasting model with convolution integral, showcasing a drive for advanced 
analytical techniques. Combining academic rigor, professional expertise, and a deep passion for teaching, she is 
dedicated to advancing the field of civil engineering and making meaningful contributions to both academia and industry. 
Email address: Richellevedad@gmail.com

Appendix 3A. Simulation parameters (Hamdan et al., 2024, Bello et al., 2024)

Parameter Value Unit Description
Wind Speed (m/s) 3 m/s Wind speed at which turbine operates optimally

Solar Irradiance (W/m²) 850 W/m² Average solar irradiance during peak daylight hours
Battery SoC Min (%) 20 % Minimum allowable battery state of charge to prevent over-discharge
Battery SoC Max (%) 80 % Maximum allowable battery state of charge to prevent overcharging

Inverter Efficiency Min (%) 85 % Minimum efficiency of the inverter to ensure reliable operation

Appendix 3B. GA and PSO configuration (Guzek et al., 2019, Meng et al., 2022)

Algorithm Population
Size

Mutation
Rate

Crossover
Rate

Number of 
Generations

Learning 
Coefficients

Inertia
Weight

Genetic Algorithm (GA) 100 0.01 0.9 200 None NaN
Particle Swarm Optimisation (PSO) 100 NaN NaN 200 C1=2, C2=2 0.9

Appendix 3C. Optimisation constraints (Onwusinkwue et al., 2024, Sharma et al., 2021)

Constraint Description Threshold
Battery SoC Min Battery state of charge must be greater than or equal to the minimum threshold to prevent over-discharge. 20%
Battery SoC Max Battery state of charge must be less than or equal to the maximum threshold to prevent overcharging. 80%

Inverter Efficiency Min Inverter efficiency must be greater than or equal to the minimum threshold for reliable operation. 85%
Wind Speed Min Wind speed must be greater than or equal to 3 m/s for the turbine to generate power. 3 m/s
Wind Speed Max Wind speed must be less than or equal to 25 m/s to avoid mechanical damage to the turbine. 25 m/s

Appendix 3D. Sample trade-off analysis (Taherdoost, 2024, Shin et al., 2021)

Energy Production (kWh/year) Maintenance Cost ($/year) Solution Description
50,000 35,000 Baseline (Traditional Maintenance)
52,500 34,000 First Pareto Solution (Optimal trade-off 1)
55,000 32,000 Second Pareto Solution (Optimal trade-off 2)
57,500 31,000 Third Pareto Solution (Optimal trade-off 3)
60,000 30,000 Fourth Pareto Solution (Optimal trade-off 4)
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1.0	 INTRODUCTION
In recent years, air pollution has emerged as one of the most 
critical global challenges, demanding urgent attention from 
regulatory bodies such as the Department of Environment 
(DOE). Air pollution exerts severe adverse effects on 
human health, the environment, and economic stability. 
Prolonged exposure to polluted air has been linked to serious 
health conditions, including respiratory distress, asthma, 
cardiovascular diseases, and stroke. Furthermore, rapid 
technological and industrial development has intensified 
pollutant emissions, significantly degrading air quality and 
overall human well-being. According to data reported by the 
World Health Organisation (WHO), approximately 99% of the 
global population is exposed to air pollutant levels exceeding 
recommended limits, resulting in an estimated 4.2 million 
premature deaths annually, with 91% occurring in low- and 
middle-income countries (Chen et al., 2022).   

From an environmental perspective, air pollution contributes 
to the formation of acid rain containing elevated concentrations 
of nitric and sulfuric acids, which adversely affect ecosystems 
by damaging vegetation and causing acidification of soil and 

water bodies, thereby threatening aquatic life (Akimoto & Sato, 
2022). Economically, the impacts of air pollution are often 
underestimated, despite its direct consequences on workforce 
productivity, increased absenteeism, premature mortality, and 
reduced agricultural output, all of which collectively impose 
substantial financial burdens on national economies (World 
Bank & IHME, 2016).

In response to deteriorating air quality, the adoption of 
air cleaners, commonly referred to as air purifiers (APs), has 
increased across residential, commercial, educational, and 
healthcare settings. Commercially available APs vary widely 
in size, design, and cost, depending on their specifications and 
performance capabilities. However, many existing air purifiers 
present maintenance challenges, particularly in relation to 
the removal and cleaning of High-Efficiency Particulate Air 
(HEPA) filters used to capture airborne contaminants such as 
dust, pollen, mould, bacteria, and viruses. Previous studies 
indicate that Portable Air Cleaners (PACs) offer a cost-effective 
alternative for improving indoor air filtration, especially in spaces 
where centralised systems are impractical (Liu et al., 2021).
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Conventional air cleaning systems typically employ a 
multi-stage filtration process, beginning with a coarse pre-
filter, followed by a Rota-filter that captures fine dust particles 
through high-speed rotation, and concluding with a HEPA-
type filter capable of removing up to 70% of particles sized 0.3 
μm and 95% of particles sized 1.0 μm (Vijayan et al., 2015). 
Nevertheless, accumulated particulate matter on clogged 
HEPA filters can restrict airflow and degrade overall system 
performance. To address this issue, the proposed air cleaner 
prototype is designed with a user-friendly, detachable filter 
mechanism that allows for convenient filter removal, cleaning, 
and maintenance.

Recent advancements in Internet of Things (IoT) 
technologies have further transformed environmental 
monitoring systems by enabling autonomous, real-time 
data acquisition and control through connected devices. IoT 
frameworks allow physical systems to interact seamlessly 
with cloud-based applications via Machine-to-Machine (M2M) 
communication, facilitating intelligent decision-making without 
continuous human intervention (Mouha, 2021). When applied 
to air cleaning systems, IoT enables dynamic adaptation 
to changing environmental conditions, thereby improving 
operational efficiency and responsiveness.

Motivated by these challenges and technological 
opportunities, this study presents the design and development of 
a low-cost, IoT-based smart air cleaner for HVAC applications, 
intended to enhance indoor air quality in enclosed environments 
such as bedrooms, offices, and classrooms. The proposed 
system aims to integrate an affordable filtration mechanism 
with HVAC compatibility, provide real-time monitoring of critical 
air quality parameters including PM2.5, CO2, and volatile 
organic compounds (VOCs) using a multifunctional air quality 
sensing unit, and enable remote access and automated control 
through a mobile interface via the Blynk platform. Similar 
IoT-enabled indoor air quality monitoring systems have been 
explored in recent studies, including the work by Saini et al. 
(Saini et al., 2020), highlighting the growing relevance of smart 
air purification solutions. Through the integration of sensing, 
automation, and connectivity, the proposed system seeks to 
deliver an efficient, accessible, and user-centric approach to 
improving indoor air quality and occupant comfort.

2.0	 BACKGROUND STUDY  

2.1	 Literature Review  
Indoor air quality (IAQ) has emerged as a critical public health 
and engineering concern due to rapid urbanisation, increased 
indoor occupancy, and heightened awareness of airborne 
disease transmission. Pollutants such as particulate matter 
(PM2.5 and PM10), volatile organic compounds (VOCs), 
carbon dioxide gas (CO2), and bioaerosols have been strongly 
associated with respiratory, cardiovascular, and infectious 
diseases. In response, portable and smart air purification 
systems have gained prominence as flexible, cost-effective, 
and rapidly deployable solutions compared with centralised 
HVAC retrofitting.

This section presents a systematic review of prior research 
on air purification technologies, air quality indexing, sensor-

driven control mechanisms, energy-efficient operation, and 
IoT-based intelligent monitoring frameworks. Emphasis is 
placed on experimental methodologies, system architecture, 
performance metrics, and reported outcomes, thereby 
establishing a strong theoretical and empirical foundation for 
the present research.

2.2	 Air Quality Index (AQI) as Control and
Evaluation Metric  

The Air Quality Index (AQI) has been widely adopted as 
a standardised metric for translating complex pollutant 
concentrations into interpretable health-based categories. 
Datta et al. (2023) operationalised AQI as a real-time control 
variable, wherein sensor measurements update system indices 
every second, enabling rapid decision-making for purifier 
activation.

Their classification scheme, ranging from best (0–40) to 
hazardous (>200) aligns with established environmental health 
thresholds and demonstrates the practical role of AQI beyond 
passive monitoring. Importantly, the authors integrated AQI 
thresholds directly into system logic, such that purifier operation 
dynamically adapts to pollution severity. This functional 
coupling between AQI and actuator response represents a shift 
from descriptive to prescriptive air quality management.

Similarly, Kumar and Doss (2023) expanded AQI utility by 
embedding it within an IoT ecosystem, where locally computed 
AQI values are transmitted to cloud infrastructure for forecasting 
and visualisation. This approach positions AQI as both a real-
time indicator and a predictive planning variable, reinforcing its 
relevance in smart city air management strategies.

2.3	 Filtration Technologies and Physical System Design

2.3.1 Hepa-Based Multi-Stage Filtration  
High-Efficiency Particulate Air (HEPA) filtration remains 
the cornerstone of modern air purification systems. Shukla 
et al. (2022) demonstrated that a multi-stage configuration 
combining pre-filters, activated carbon filters, and HEPA media 
achieved 99.99% removal efficiency for PM2.5, validating the 
effectiveness of layered filtration architectures.

Lowther et al. (2020) provided further quantitative evidence 
through controlled chamber experiments, revealing that 
CADR scales positively with purifier size and fan speed, albeit 
at the expense of higher power consumption. Their findings 
underscore a critical design trade-off between purification 
performance and energy efficiency, particularly relevant for 
long-duration indoor deployment.

Dubey et al. (Dubey et al., 2021), conducting real-world 
indoor evaluations, reported PM reductions ranging from 12% 
to 53%, with higher CADR models outperforming smaller units 
under polluted conditions. These results highlight the context-
dependency of purifier performance and emphasise the 
importance of matching purifier capacity to room volume and 
pollution load.

2.3.2 Portable Purifiers in Large and Shared Spaces  
The effectiveness of portable air purifiers in mitigating airborne 
transmission risks has been rigorously examined in public 
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settings. Zhai et al. (2021) evaluated floor-standing and table 
top purifiers in restaurant environments, demonstrating that 
appropriately positioned units can significantly alter airflow 
patterns, drawing contaminated air toward filtration inlets.

Aldekheel et al. (2022) extended this investigation to 
university classrooms, showing that operating HEPA purifiers 
at high flow rates reduced particle residence time from 4–6 
hours to under 40 minutes, effectively accelerating aerosol 
decay. These findings provide compelling evidence that 
portable purifiers can serve as viable engineering controls for 
infection mitigation when HVAC modifications are impractical.

2.4	 Sensor-Driven Automation and Smart Control 
Mechanisms 

Recent advances emphasise the integration of environmental 
sensors and adaptive control logic to enhance purifier 
responsiveness and efficiency. Datta et al. (2023) implemented 
continuous gas and particulate sensing, enabling second-by-
second AQI updates and automatic system actuation.

Ukagwu et al. (2024) advanced this paradigm by 
incorporating microcontroller-based control systems that 
dynamically adjust fan speed based on real-time air quality 
measurements. Their design integrates particulate, gas, and 
humidity sensing with optional UV-C sterilisation, illustrating 
a comprehensive cyber-physical approach to indoor air 
management. Notably, Kocak and Bunyatova (2025) 
introduced occupancy-aware control, where motion sensors 
reduce energy consumption during periods of inactivity. Their 
system achieved approximately 30% energy savings without 
compromising filtration efficiency, highlighting the value of 
contextual awareness in smart purifier design.

2.5	 Sterilisation Technologies and Microbial Inactivation
Beyond particulate removal, microbial sterilisation has 
become increasingly critical in the post-COVID-19 context. 
UV-C irradiation, titanium dioxide (TiO2) photocatalysis, and 
hydrogen peroxide-assisted disinfection have been widely 
explored. Kocak and Bunyatova (2025) reported 99.99% 
microbial filtration efficiency, with an average log reduction of 
4.11 within 60 minutes, achieved through UV-C and TiO2-based 
sterilisation. These findings align with earlier observations 
by Shukla et al. (2022), who emphasised the synergistic role 
of filtration and sterilisation in comprehensive air purification 
systems.

However, while sterilisation technologies enhance 
pathogen control, their integration introduces additional 
considerations related to energy consumption, material 
degradation, and user safety, necessitating careful system-
level optimisation.

2.6	 IoT-Enabled Air Quality Monitoring and Predictive 
Analytics 

The convergence of air purification with IoT and artificial 
intelligence has enabled a transition from reactive to predictive 
air quality management. Kumar and Doss (2023) developed 
an IoT-based AQI monitoring framework (AIRO) that leverages 
CNN-BiLSTM models to forecast pollution trends, offering 
users actionable insights via mobile applications.

This approach demonstrates how distributed sensor 
networks can democratise access to environmental data while 
supporting municipal-scale deployment. When integrated with 
smart purifiers, such systems hold potential for anticipatory 
control, where purification intensity is adjusted in advance of 
predicted pollution events.

2.7	 Comparative Synthesis of Methodologies and 
Results 

Across the reviewed studies, several methodological patterns 
emerge:
1.	 Experimental rigor ranges from controlled chamber 

studies (Lowther et al., 2020) to real-world residential and 
public-space evaluations (Lu et al., 2024), (Aldekheel et 
al., 2022), (Dubey et al., 2021).

2.	 Performance metrics consistently emphasise PM2.5 
reduction, CADR, energy efficiency, and microbial 
inactivation rates.

3.	 System intelligence increasingly relies on sensor fusion, 
occupancy detection, and cloud-based analytics.

Collectively, these findings indicate that smart, adaptive, 
and energy-aware air purification systems outperform static 
designs, particularly in heterogeneous and dynamic indoor 
environments.

2.8	 Research Gaps and Motivation for the Present Study
Despite significant progress, several gaps remain evident in 
the literature:
•	 Limited integration of AQI-driven logic with occupancy-

aware energy optimisation in a unified framework.
•	 Insufficient longitudinal evaluation of smart purifiers 

under variable real-world pollution dynamics.
•	 Lack of standardised benchmarks linking AQI thresholds, 

purification response, and health-based outcomes.
•	 These limitations motivate the present research, which 

seeks to develop and evaluate a holistic smart air 
purification system that synergistically combines real-
time AQI sensing, adaptive control, energy efficiency, 
and IoT-enabled intelligence.

The following session contemporary research on air purification 
technologies, AQI-based control, smart sensing, sterilisation 
mechanisms, and IoT integration. The reviewed evidence 
confirms the effectiveness of HEPA-based purification while 
highlighting the transformative role of intelligent control 
and predictive analytics. These insights directly inform the 
conceptual design and methodological choices of the present 
study, which are detailed in the subsequent chapter.

1.	 Health Risks from Poor Air Quality 
The air cleaner addresses health and well-being concerns by 
employing a multi-stage filtration system capable of removing 
a wide range of airborne contaminants, including dust, pollen, 
carbon dioxide (CO2), and fine particulate matter such as PM2.5 
and PM10. It combines a True High Efficiency Particulate Air 
(HEPA) filter with an activated carbon layer, which effectively 
captures volatile organic compounds (VOCs) and unpleasant 
odours. To further enhance indoor air quality, the system 
integrates ultraviolet C (UV-C) light technology, which targets 
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and eliminates airborne pathogens and bacteria. Additionally, 
the system is equipped with IoT-enabled smart sensors that 
monitor air pollutants in real time, including PM2.5, PM10, CO2, 
and VOCs. Based on detected pollutant levels, the fan speed 
is automatically adjusted to maintain optimal air quality without 
requiring user intervention.

2.	 Dust, Pollen, and Indoor Allergens 
To combat common household allergens, the air cleaner 
includes a washable pre-filter designed to trap larger particles 
such as dust, pet dander, and debris. This feature helps to 
extend the operational lifespan of the main HEPA filter by 
reducing its load, thereby maintaining airflow efficiency and 
protecting the internal components. The filtration system meets 
True HEPA standards, ensuring the capture of 99.97 per cent 
of particles sized 0.3 microns or larger, which includes most 
common allergens, thereby improving respiratory comfort and 
reducing allergy triggers. 

3.	 Maintenance Challenges with Non-Cleanable HEPA 
Filters 

Recognising the inconvenience of traditional, non-replaceable 
HEPA filters, the air cleaner uses a user-friendly cartridge 
system that allows for quick and hassle-free replacement. Each 
HEPA cartridge is equipped with a colour-changing sensor that 
provides a visual cue when replacement is needed, either due 
to saturation or damage. To encourage timely maintenance and 
minimise environmental waste, a filter subscription service is 
offered, ensuring users consistently maintain peak air cleaner 
performance without the hassle of sourcing new filters.

2.9	 Problem Statement 
Poor indoor air quality caused by airborne pollutants such as 
dust, pollen, VOCs, CO2, PM2.5 and PM10 continues to pose 
significant health risks. Existing air purification systems often lack 
real-time monitoring, automatic pollutant-responsive operation, 
and multi-stage filtration capable of addressing both particulate 
and gaseous contaminants. Therefore, there is a need for a 
smart air quality parameter that automatically adjusts purification 
performance to maintain safe and healthy indoor environments.

Besides, indoor environments frequently accumulate 
allergens, which lead to worsening allergic symptoms, reduced 
air cleanliness and discomfort for users. Traditional air purifiers 
struggle to effectively trap both large and microscopic particles 
while maintaining airflow efficiency. As a result, there is a 
need for a smart, multi-stage air cleaning system capable of 
continuously detecting a filtration system that incorporates a 
pre-filter and True HEPA technology to ensure efficient removal 
of allergens and particulates while sustaining optimal airflow 
and prolonging filter lifespan. 

In addition, many existing air purifiers rely on non-cleanable 
or difficult-to-replace HEPA filters, which have become one 
of the challenges for users in maintaining optimal device 
performance. Without clear indicators for filter damage, 
users neglect timely filter replacement, resulting in reduced 
purification efficiency and increased environmental waste. This 
highlights the need for a user-friendly filter cartridge system 
and accessible maintenance solutions to ensure consistent, 
efficient, and sustainable air cleaning performance. 

3.0	 METHODOLOGY  

3.1	 Overview Project Flow  
Figure 1 presents the overall project workflow. The project began 
with a briefing by the coordinator to outline the development 
process. Students conducted preliminary research based on 
their proposed Final Year Project (FYP) titles to identify relevant 
studies and research gaps. A literature review was carried out 
concurrently to examine current technologies, designs, and 
related projects. The finalised project title was submitted to the 
supervisor via the Title Approval Form in Week 4; unapproved 
titles required further research and revision. In parallel with 
the literature review, a systematic survey of required materials 
and equipment was conducted from Week 2 to Week 11. A 
pricing survey using Shopee and Lazada was also performed 
to ensure the total cost remained within the university’s RM 400 
budget and to support effective budget control.

Designing and dimensioning of the prototype were done, 
which will guide a drawing in CREO. The designation of the 
prototype was done by conducting a survey and observing 
some of the designs available on the market, and the reasons 
behind their designs, sizes, and specifications. After that, 
dimensioning of the prototype was done by doing a rough 
sketching and dimensioning of the prototype for different kinds 
of views, such as a 3D-view, as shown in Figure 2, and a 2D-view, 
which is the internal view of the prototype, as shown in Figure 3.

The Final Year Project (FYP) Technical Work was 
completed in accordance with university requirements and 
included key components such as the project introduction, 

Figure 1: The overview project flow
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prototype sketches, materials and equipment specifications, 
identification of research gaps, research objectives, detailed 
methodology, expected outcomes, and referenced literature. 
The Technical Work was completed with continuous guidance 
from the supervisor, particularly in areas such as citation 
methods, critical review of research articles, and clarification 
of expected outcomes. The completed Technical Work was 
submitted for assessment in Week 9. Based on the finalised 
design sketches and prototype dimensions, computer-aided 
design (CAD) modelling was performed using Creo for each 
internal component of the prototype. The complete assembly 
model is shown in the corresponding figure. Iterative redesign, re-
sketching, and dimensional reanalysis were carried out throughout 
the modelling process to accommodate design modifications.

A project proposal report was prepared to provide an 
overview of the project, including the research gap, objectives, 
selected literature reviews, and a detailed list of required 
components and materials to ensure compliance with the 
allocated budget. The proposal also included a project flowchart 
to monitor both documentation progress and prototype 
development. Procurement of materials and equipment was 
conducted through the submission of the Material Purchase 
Form to the designated officer responsible for reimbursement. 
All purchase receipts were submitted upon receipt of the 
materials. Once all components were verified to be sufficient 
and in good condition, prototype assembly was initiated. The 
prototype enclosure and internal components were fabricated 
using 3D printing and assembled according to the finalised 
design specifications.

Software development was implemented using the Blynk 
platform to enable real-time monitoring of the Air Quality Index 
(AQI) and remote control of the Air Purifier (AP). System 
integration testing and performance evaluation were conducted 
to verify synchronisation between hardware and software, 
ensure functional reliability, and prevent component damage. 
Final refinements were performed to improve the prototype 
presentation. The project concluded with final documentation 
and presentation, supported by concise slides featuring clear 
diagrams, system flow, and technical explanations.

3.2	 Designation and Dimensioning  
The designation and dimensioning of the prototype began with 
a survey made by observing and identifying issues regarding 
the size and storage to place the AC. Based on the survey 

through observation of the AP available on the market, it is 
found that most of the shapes and designs available are huge 
and tall. The customers purchased their AP based on their 
choice and the requirement for the size of their house or office. 
Based on the research made by Iskandriawan et al. (2025), the 
airflow pattern surrounding an air purifier is greatly influenced 
by the product design of its constituent components, especially 
the blow air diffuser and the return air components. With that, 
the design of the AC is done precisely by comparing it with the 
AP available on the market.

Therefore, the invention of a small and portable AC is made 
to allow future users to store it even in a small storage area, 
and it can be brought everywhere with ease. In addition, a 
study has proven the effectiveness of a portable AC, where 

it is much quieter, less drafty, and more 
energy efficient (Ebrahimifakhar et al., 
2024).  Hence, the way of designing the 
prototype was initiated by sketching, 
which includes the dimensions for each 
part of the prototype in detail. This 
includes the dimensioning of each of 
the small parts found on the prototype, 
as well as the internal components of 
the prototype. Figures (4 – 7) are rough 
sketches of each part of the components 
in the prototype.

3.3	 Structure of the Prototype  
The discussion of the structure of the 

prototype was made to identify what kind of materials were 
needed for the prototype. Through the discussion, an idea of 
inventing the prototype by using 3D printing for the body, top 
lid, filter vent, filter clip stand, and filter clip to fulfill the criteria 
of a portable AC and be easier to move by the user. For the 
3D printing filaments, Polyethylene terephthalate Glycol 
(PETG) Pro type printing filaments are chosen. This is because 
during printing, as the temperature increases, the mechanical 
properties of PETG materials increase (Hsueh et al., 2021). 

Figure 2: The 3D view of the prototype Figure 3: The internal view of the prototype

Figure 4: Sketching of the top lid

Figure 5: Sketching of the filter vent
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Also, PETG Pro offers enhanced durability and impact 
strength, rendering it suitable for a wide array of applications 
(Marsavina et al., 2024). Table 1 shows the list of materials and 
components used for the 3D printing process

However, before the printing of each part of the prototype 
was made, the realistic design of the prototype model was 
made by using Creo Parametric 8.0.4.0. The use of Creo 
Parametric combines two approaches, which are parametric 
and direct modelling. Furthermore, it is convenient to work 
with small applications and supports the import of formats 
from computer-aided design (CAD) systems from other 
manufacturers (Nariman et al., 2025). The design was made 
thoroughly to ensure each part of the prototype meets the 
desired sketches that were prepared initially. As for the 
dimension, the dimension used in Creo Parametric 8.0.4.0 is 
millimetres (mm), although the sketches 
use centimetres (cm) to enlarge the 
drawings. Figures (8 – 12), shown below 
are the results of the drawings drawn in 
Creo Parametric 8.0.4.0.

3.4	 System Overview  
Figure 13 shows the flowchart of the 
system overview. Based on the research 
made, a study uses sensors to detect 
the condition of the surrounding air, a 
microcontroller, and fuzzy-logic control 
to adjust the DC fan speed in response 
to detected pollution levels (Chen et al., 
2022). Hence, the prototype made will use 

the same method, which is using sensors, a microcontroller, 
and fuzzy logic to control the DC fan speed (high speed, 
medium speed, or low speed) and the UVC LED light. Also, 
research on the usage of the Blynk platform for the user to 
monitor the condition of AQI is applied in this prototype to 
support the monitoring, alert the user, and send a predictive 
logic part of the system (Irdayanti & Robbani, 2022).

When the power is switched on manually or as scheduled 
by the user through the Blynk application, the value of the air 
quality index and humidity is identified and sent to the Blynk. 
The movement of surrounding conditions, whether caused 
by humans or animals, is also detected. When the AQI, 
temperature, and humidity of the surroundings are high, and 
the movement of a human is detected, the Air Cleaner (AC) will 

Figure 6: Sketching of the 
filter clip (top) and filter clip 

stand (bottom)

Figure 7: Sketching of
the dimensions of the filter 

clip stand

Table 1: The details of the list of materials and
components used and their functions

Materials and Components Functions
3D Printer To print out the body, top lid, 

filter vent, filter clip stand, 
filter clip, and openers of the 
prototype. 

Model: CreatBot 3600 Pro
Temperature used: 220°C / 80°C

3D Printing Filament To create the structure of the 
prototype so that it is strong and 
durable. Type: PETG Pro

Sandpaper To remove the excess layer 
found on the surface of the 
printed prototype and to smooth 
the surface.

Cutting Pliers To cut the excess filament 
found on the printed prototype. 

Figure 8: 3D view of
body in CREO

Figure 9: 3D View of
top lid in CREO

Figure 10: 3D View of filter vent in CREO

Figure 11: 3D View of
filter clip in CREO

Figure 12: 3D View of
filter clip stand in CREO

Figure 13: The flowchart of system overview
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put its fan into high-speed mode, and the UVC light is on. In 
contrast to that situation, if the AQI, temperature and humidity 
of the surroundings are low, but a human is detected, the AC will 
put its fan into a medium speed mode and the UVC light is off. 
For both conditions, if the air surroundings are clean enough, 
the AC will put its fan into a low-speed mode and the LED will 
turn off for 10 minutes, but if it is not, it will be processed again. 
The condition of the surroundings’ AQI, temperature, and 
humidity will be ready again and will be processed until they 
are clean enough.

Within these 10 minutes, if there are no changes detected 
by the sensors of the AC, it will be put into sleep mode, unless 
there is a change in terms of the AQI, temperature, and 
humidity, and a human is detected around the AC. The AC will 
be put into sleep mode until the user switches it off through 
Blynk. Also, the data of the AQI, temperature, and humidity of 
the surroundings will be sent to Blynk so that it can be accessed 
and monitored by the user through their smartphones.

3.5	 Circuit Connection  
Figure 14 shows the circuit connection inside the AC. The 
Arduino Board used is Arduino UNO R4 WiFi, which will control 
all the sensors, such as MQ135, MQ2, DHT11, PIR Sensor 
1, and PIR Sensor 2. It also controls the fan and UVC LED 
light through a 2 Channel Relay Module. Table 2 shows the 
configuration of the connection of the sensors and components 
used in this AC, as well as their functions.

3.6	 Arduino IDE Setup  
The idea of implementing the Arduino IDE as a hardware 
component of the prototype is to enhance a person's lifestyle. 
Based on the research made by Yusop et al. (2024), the 
development of software is important to produce a good quality 
product to be received by the end user and fulfil stakeholder 
needs. In addition to that, it was mentioned that the Arduino 
IDE uses a variant of C/C++ to write, compile, and upload 
embedded code sketches for microcontrollers, which makes it 
a flexible and widely adopted platform for IoT and hardware 
prototyping (Mumtaz et al., 2021).

For the prototype of AC, the C++ programming language is 
chosen for the prototype. With that, the Arduino IDE Software 
is used as it can check the commands of the code for errors 
and translate it into machine-readable instructions so that the 
microcontroller, which is Arduino UNO R4 WiFi, can understand 
(Yusop et al., 2024).

To begin with this, the coding commands are prepared 
and arranged accordingly so that each block is testable, 
and errors are easier to locate during debugging. In coding, 
there are several data types used in this programming, such 
as bool, loop, int, char, const, float, void, and string. Table 3 
below shows the functions of each of the data types used in 
this programming. These choices are guided by embedded 
systems literature showing trade-offs between integer, fixed 
point and floating-point arithmetic, and by coding conventions 

Table 2: The pin configuration and functional description of components and sensors

Pin Sensor or Components Used Functions

- Arduino UNO R4 WiFi
To control and process the inputs of the sensors such as PIR Sensor 1 and 2, MQ135, and MQ2,
by reading the AQI, temperature and humidity of the surroundings and send the data to Blynk so 
that the user can monitor it on their own and to control the speed of the Fan and the UVC LED

Light through a 2 Channel Relay Module based on the commands received through programming.

D2 PIR Sensor 1 To detect the motion of humans and animals and trigger the other sensors to activate.
It will be placed on the left side of the AC.

D3 PIR Sensor 2 To detect the motion of humans and animals and trigger the other sensors to activate.
It will be placed on the right side of the AC.

D4 DHT11 To capture and identify the temperature and humidity of the surroundings and send the data to 
Blynk through the Arduino Uno R4 WiFi board.

D5 Fan that is connected to a 2 
Channel Relay Module

It sucks air into the AC, which will pass through the filters, and it turns into low-speed mode,
high-speed mode, and sleep mode based on the command in the Arduino.

D6 UVC LED Light that is connected to 
the 2 Channel Relay Module

It kills germs that cannot be seen in the air sucked into the AC and makes it clean before
leaving and turns either OFF or ON based on the command in the Arduino.

A0 MQ135 To detect air quality and harmful gases available in the surroundings and
help to get the AQI and send it to Blynk through Arduino.

A1 MQ2 To detect flammable gases and smoke available in the surroundings and 
help to get the AQI and send it to Blynk through Arduino.

Figure 14: The circuit connection inside the air cleaner

Table 3: Data type used and their functions
Data Type Functions

bool For Binary Flags, such as motion detected

int For counters and compact numeric storage
where fractional precision is not required.

float Fractional values are necessary, such as
temperature, if high precision is not required

char For short textual or Status Codes
const For threshold constants to avoid accidental mutation
void For functions that do not return values
loop For continuous monitoring

string For small, controlled textual messages, with caution 
due to heap usage on constrained MCUs



IEM Journal – The Institution of Engineers, Malaysia (Vol. 87, No. 2, June 2026)30

DESIGN AND DEVELOPMENT OF A LOW-COST IOT-BASED SMART AIR CLEANER
FOR REAL-TIME INDOOR AIR QUALITY CONTROL

that reduce bugs and resource misuse on constrained hardware 
(D'Ausilio, 2012).

Also, the board manager and libraries are installed, and the 
Arduino Board is connected via USB cable. The right COM port 
is selected in the software so that it can connect easily, and 
it will be verified once the board detection is successful. The 
external libraries for Blynk, DHT, and MQ sensors are added 
so that they can read the data from the sensors on the Arduino 
UNO R4 WiFi board and transfer it to Blynk.

Before verifying, debugging, and uploading the data, WiFi 
and Blynk credentials are important to connect the Blynk to 
the sensors. This also includes the Blynk Auth Token, Blynk 
Template ID, and Blynk Template Name so that data can 
be transferred to Blynk. Figure 15 is the sample of the Blynk 
template ID, template name and auth token used to synchronise 
Blynk with the Arduino IDE.

In addition, a calculation to calculate the air quality index is 
employed in the coding to command the system to automatically 
calculate the AQI, which will be sent to Blynk. Figure 16 shows 
the method of inserting and applying the formula to calculate 
AQI in the coding system. The formula of the calculation used 
is shown below [27].

 [1]

Where,
Ip= Index of pollutants
IHI= AQI value corresponding to BPHI

ILO = AQI value corresponding to BPLO

BPHI = Breakpoint that is greater than or equal to Cp

BPLO = Breakpoint that is less than or equal to Cp

Cp  = Rounded concentration of pollutants

3.7	 BLYNK Setup  
Blynk is an application used to modify and widget in a system. 
It integrates with Arduino UNO R4 WiFi to receive a command 
for the control of the AC. Zain et al. demonstrate how the 
Blynk mobile application integrates with microcontroller-
based sensing to deliver real-time air quality data to the 
user’s smartphones (Dinčić et al., 2023). Besides, Pramana 
et al. demonstrated how the Blynk platform can be integrated 
with a microcontroller-based system to remotely monitor and 
control smart home devices, including sensors for temperature, 
humidity, and appliance actuation. The study highlights the use 
of widgets and real time data visualisation to enhance user 
interaction with IoT devices (Zain et al., 2024). In this situation, 
proper coding is needed to enable Blynk to execute commands 
and send signals between the mobile application and the 
Arduino hardware.

Also, some codes are needed to set up the widgets used 
in the Blynk, such as the widgets for the AQI, temperature, 
humidity, a switch to toggle the AC into ‘ON’ and ‘OFF’ modes, 
and the graph analysis of the AQI. The graph analysis of the 
AQI is used to visualise real-time AQI data trends and provide 
immediate insights of the indoor air quality for the user. Table 
4 shows the data used for the setup of the widgets in Blynk.

Blynk provides real-time notifications that inform users of 
the AC system status and environmental conditions. It notifies 
and alerts its users when the AC system is ON’, OFF, the 
temperature is high or low, and the AQI is too high, by sending 
notifications. Figure 17 shows the list of notifications received 
by the apps.

3.8	 3D Printing Finishing  
The final step for finishing the 3D printed prototype is important 
to ensure a smooth, neat, and proper surface finish. Based 
on the research made, it is essential to remove residuals and 
supports of the 3D printed prototype, clean and polish the 3D 
printed prototype, as it is the best practice in the workflow 
(Pramana et al., 2025). With that, the final steps, which is 
removing residual and supports of the 3D printed prototypes, 
cleaning and polishing, are done to improve the AC’s look and 
to smooth its surface.

Firstly, when the body of the prototype has been printed out 
by the 3D printing machine, the supports are removed slowly 
so that the structure of the prototype does not crack or damage 
by using cutter pliers. After that, the sanding process is done 
so that the surface of the body is smoothed by using sandpaper 
to improve its appearance. Kantharos et al. (2024) studied the 
essentials of cleaning, surface finishing, and support structure 
removal of 3D printed products to refine their qualities. Then, 
the sanded surface is cleaned by using water to remove the 
residue of the removed parts. These steps are repeated for 
other components of the prototype as well. Once cleaning 
and polishing are done, the components of the prototype are 

Figure 15: The sample of BLYNK template id, template name

Figure 16: The method of inserting and applying the AQI formula

Table 4: The proposed widget design and functional 
description for air cleaner

Function Widget Description
Air Quality Index

(AQI) Gauge Real-time display of AQI
value from MQ135 and MQ2

Temperature Label DHT11 temperature in oC
Humidity Label DHT11 humidity in %

System Power
(ON/OFF) Switch Turn the whole system

ON/OFF
Air Quality Index
Graph Analysis Custom Chart Graph trends for analysis

Figure 17: The event and notifications configurations
of the air cleaner system
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assembled using glue. Let the glue dry, and make sure the 
assembled components are strong enough.

3.9	 Filters Development 
The filter development process involved designing a multilayer 
filtration system to enhance particulate and gas absorption 
efficiency. The steps of developing a filter involve the selection 
of suitable filter media, cutting, joining, and assembling them.

As for the filter media, the first internal layer is an 
activated carbon filter. This is because the activated carbon 
filter has a high absorption capacity for gaseous pollutants 
and volatile organic compounds (VOC). Recent studies have 
demonstrated that activated carbon integrated into filter 
membranes significantly improves the removal of toxic gases 
and enhances overall air purification performance (Ryu et al., 
2023). Also, it can remove the odour of the surroundings. This 
activated carbon filter layer is measured and cut according to 
the required dimensions. As for the second internal layer, thick 
interlining fabric is used. It provides mechanical support for the 
thin interlining fabric outside of it so that it does not collapse. 
It could enhance the filtration of larger particulates and 
stabilise the arrangement of inner layers. S. Jung et al. (2020) 
conducted research that explains that coarser, thicker textile 
layers capture larger particles and support finer layers. As for 
the layer, which is outside of the 2 other layers, thin interlining 
fabric is used. It serves as a particulate filter, capturing small 
dust particles while maintaining airflow into the AC. It also 
has a low-thick surface that allows air to pass through it with 
minimal pressure drop. Based on the study made, thin fabrics 
can improve the efficiency of the particulate filtration, while 
keeping the pressure drop low, and preserving airflow through 
the system (Jung & Kim, 2020).

Before assembling these 
layers of filter, each filter 
was measured along the line 
drawn, based on the required 
dimension. Then, the thin 
and thick interlining fabrics 
were joined together by using 
a sewing machine. Studies 
on multilayer textile filters 
emphasise that combining 
different fabric densities 
significantly enhances 
particulate matter removal 
compared to single-layer 
filters (Ma et al., 2023).  After 

that, they were cut accordingly so that they looked tidy. Once 
it is done, the joined filters are folded in ‘zigzag’ form. This is 
because the ‘zigzag’ form can increase the total surface area of 
the filters so that more particles and air can be absorbed at the 
same time, although the internal area of the filter vent is small.

To stick the joined thin and thick interlining fabric on the 
filter vent, they were glued using a hot glue gun. This method 
of sticking on the filter vent is repeated for the activated carbon 
filter. Once it is done, the excess glue around the filters is 
cleaned. Figure 18 shows the combined filters that will be 
attached to the AC. 

4.0	 RESULTS AND DISCUSSION  

4.1	 Hardware Overview 
The hardware setup consists of several key components 
integrated to achieve air quality monitoring and purification 
functions. Figure 19 above is the outcome of the circuit for 
the AC prototype. The main control unit is the Arduino Uno 
R4 WiFi microcontroller, which coordinates all sensor readings 
and actuator responses. The MQ135 and MQ2 sensors are 
used to detect carbon dioxide, volatile organic compounds, and 
smoke levels in the surrounding air. A DHT11 sensor monitors 
temperature and humidity, ensuring environmental conditions 
are accurately recorded. The use of sections to divide the text 
of the paper is optional and left as a decision for the author. 
Where the author wishes to divide the paper into sections the 
formatting shown in Table 1 should be used.

Two PIR sensors 
are employed to 
detect human 
presence, allowing 
the system to activate 
only when motion 
is detected, thereby 
improving energy 
efficiency. The 
2-2-channel relay 
module serves as a 
switching interface, 
controlling the DC 
Fan and UV-C light 
based on signals from the microcontroller. Power is supplied 
via a regulated 12V DC adapter, ensuring stable operation of 
all components. Additionally, all components are mounted in a 
custom-designed 3D-printed enclosure, designed in Creo and 
sliced in Cura. The final assembly provides both protection and 
functionality, allowing for efficient airflow and accurate sensor 
readings. Figures 20 (a – f) are the product of the 3D printed 
prototypes of the AC.

4.2	 BLYNK Overview 
Blynk is an application used to monitor the condition of the AC. 
Figure 21(a) above is the overview of the Blynk for the AC, 
which includes the essential widgets to monitor the humidity, 
temperature and AQI and control the AC. As for the Blynk 
platform used by the prototype, it enables real-time monitoring 
and remote control of the hardware system. Sensor data from 
the MQ135, MQ2 and DHT11 modules are transmitted via the 
Arduino microcontroller to the Blynk mobile application. This 
allows users to view AQI, temperature, and humidity, as well as 
the graphs of the condition of the AQI based on time, on their 
smartphones. 	

In addition, a notification from Blynk regarding the 
surrounding conditions is sent automatically when the AQI 
drops below the threshold, demonstrating the system’s ability 
to respond dynamically to environmental changes. Here, the 
user can turn the prototype into ‘ON’ and ‘OFF’ modes. This can 
help the user to control their AC from a distance to ease their 
work and save their time since they can control it anywhere and 

Figure 18: The combined 
filters which consists of 
thin and thick interlining 
fabrics (most outer side) 

and activated carbon filter 
(internal side)

Figure 19: The circuit connection
of the prototype
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anytime. When the AC is turned ON and OFF, a notification 
will be sent to the user through the app, as shown in the figure 
below. Figures 21(b) and 21(c) are examples of the notification 
received by the user when their AC is turned ‘ON’ and ‘OFF’.

4.3	 Testing of the Air Cleaner  

4.3.1 Case 1  
The prototype is tested in a living room, 6.02 m x 2.95 m 
x 3.22 m, with ceiling fan speed 1, and the window is wide 
open. Testing is done to ensure the sensors used, such as 
MQ135, MQ2, PIR sensors, and DHT11, are functioning well 
and can provide accurate readings. Based on Figure 22 above, 
the readings obtained from Blynk, which is a platform used to 
detect the surrounding condition of the air as well as the AQI, it 
was found that the readings obtained are near to the accepted 
range. For instance, the temperature obtained from the DHT11 
sensor is 28 oC and the humidity is 81%.

To test the overall functionality of the prototype, the 
prototype is tested in a living room (6.02 m x 2.95 m x 3.22 m), 
and the speed of the ceiling fan is in ‘Speed 1’ for 1 hour and 
15 minutes. The AC is switched ON to let it fully balance for 
the first 15 minutes. After 15 minutes, a small increase of AQI, 
PM2.5 and PM10 is detected. This continued for another 30 
minutes to observe a gradual increment in the value of the AQI, 

PM2.5 and PM10. Graph 
shown in Figure 23 proves 
the small increment value of 
the AQI as time increases.

After 45 minutes, a sudden 
spike of the AQI reaches 99, 
which means the value starts 
to get balanced based on the 
US AQI Standard Guideline 
as shown in Figure 24. After 
1 hour, the AQI reached 101 
while its PM2.5 is 37 μg/m³ 
and PM10 is 20 μg/m³. In 
order to check the accuracy 
of the AQI value obtained 
and measured by the 
prototype, the AQI formula 
is used to compare it with 
theoretical value. Figure 24 
shown below is the US AQI 

(d) The filter vent

(a) The 3D-printed body (b) The bottom part of the body

(c) The top lid

(e) The filter stand (f) The filter clip
Figure 20: Individual mechanical parts developed

for the air cleaner prototype

(a) The overview of
the Blynk

(b) The notification received 
when the AC is turned on

Figure 21: IoT mobile application interface for system status monitoring

(c) The notification received 
when the AC is turned off

Figure 22: The testing of the accuracy of the sensors

Figure 23: Graph of the AQI increment as the time increases
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Standard Guideline for PM2.5 which is used to get the range of 
the accuracy of the AQI.

Based on the formula of the AQI (Zahedi et al., 2024),, the 
theoretical value of the AQI is obtained based on the step-by-
step formula:

IP (Theoretical Value) = [(150-101)/ (55.4-35.5)] (37-35.5)          [2]
                                             + 101 = 104.69 
Percentage Error = [(104.69 - 101) / 101] x 100% = 3.65% 

Where,
IHI = 150
ILO = 101
BPHI = 55.4 μg/m³
BPLO = 35.5 μg/m³
Cp = 37 μg/m³

After calculating the theoretical value of the AQI, the calculated 
value, 104.69, is compared with the measured value obtained 
by the prototype, 101. The percentage error, 3.65%, is found 
based on the calculation made above. This occurred due to the 
environmental issue where strong wind came from the open 
window and entered the MQ sensors’ chamber continuously 
and disrupted the readings. Based on the percentage error 
obtained, it is found that the value is much smaller than the 
research made by Afrial et al. (2025), where the percentage 
error is 5% and Santoso et al. (2025) where the percentage 
error is 23.59%.

4.3.2 Case 2  
As for case 2, the prototype is tested in a larger room, 12.09 
m x 6.2 m x 3.22 m, with no fan from 5:17 PM to 6:35 PM. 
Also, this case is done continuously, where initially, the door is 
closed, and then it is opened to obtain the readings throughout 
the testing process. For almost an hour. For the first 10 to 15 
minutes (5:17 PM to 5:32 PM), the system is switched ON to 
let it balance. After 15 minutes, the data of the AQI, PM2.5 and 
PM10 measured by the prototype are collected as shown in 

Table 5 below. In this case, when the doors are both closed 
and opened, to calculate the theoretical value of the AQI, the 
range value of the PM2.5 is chosen. Besides, starting from 
5:32 PM to 6:30 PM, it is found that the range value of PM2.5 
lies within the range of 55.4 to 35.5. Figures from 33 to 45 show 
the condition of the AQI graph, and the readings of AQI, PM2.5 
and PM10 in Blynk throughout the experiment time.

Initially, after the system is left to balance for 15 minutes, from 
5:32 PM to 6:03 PM, which is 31 minutes, it is found that the values 
of the AQI start to increase rapidly from 109 to 132 as the time 
increases. This influences the increase in PM2.5 values from 43 
μg/m³ to 51 μg/m³, while PM10 values range from 22 μg/m³ to 28 
μg/m³. Based on the results obtained, this shows that in a closed 
room, with no air flow entering or leaving, the air ventilation is very 

low, and the air particles and 
dust are trapped in the room, 
which leads to the rapid 
increase of the AQI, PM2.5, 
and PM10 values. Besides, 
the Percentage error of the 
AQI obtained is very large, 
which ranges from 9.61% 
to 5.43%. This is due to the 
imbalance condition of the 
closed room, which affects 
the value of the AQI.

However, at 6:03 PM, 
when the three doors are 
open as shown in Figure 
26, a sudden spike of the 
AQI is from 132 to 134 while 
the value of the PM2.5 and 
PM10 is maintained at 51 
μg/m³ and 28 μg/m³, each. 
As time increases, it is 
found that the value of the Figure 24: The US AQI standard guideline for PM2.5

Figure 25: The overview of the large size of the room

Figure 26: The overview of the large size
of the room when the three doors are open
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AQI maintains its value over time, and it increases slowly as 
the time increases. For instance, from 6:03 PM to 6:06 PM, 
the value of the AQI is 134, while from 6:06 PM to 6:12 PM, 
the AQI becomes 136, but the value of the PM2.5 and PM10 
for these 2 situations is maintained at 51 μg/m³ and 28 μg/m³, 
each, which is around 6 minutes. In this case, the uncertainty 
value of the AQI is 2.

From 6:12 PM to 6:16 PM, the AQI becomes 137, and 
from 6:16 PM to 6:25 PM is 139, while maintaining their PM2.5 
and PM10 values at 52 μg/m³ and 29 μg/m³, each. Also, the 
AQI spikes to 141 at 6:25 PM, and the PM2.5 and PM10 
values increase to 53 μg/m³ and 30 μg/m³, each. Here, the 
percentage error of the AQI obtained starts to decrease from 
3.38% to 2.19%.

At 6:30 PM, the AQI spikes again to 143 while maintaining 
its PM2.5 at 53 μg/m³ and PM10 at 30 μg/m³, while at 6:33 
PM, the AQI is 144, PM2.5 is 54 μg/m³ and the PM10 stays 
at 30 μg/m³. This second and last case shows a much smaller 
percentage error, which is 0.76% and 1.77% each. This means 
that it is near to the accuracy of the theoretical value of the AQI. 
The decreasing percentage error, closer to the accuracy shows 
that the prototype can get a much smaller percentage error 
compared to the research made by Afrial et al. (2025)., where 
the percentage error is 5% and Santoso et al. (2025), where 
the percentage error is 23.59%.

With that, when the doors are open, there is air flow entering 
and leaving the room, and the air ventilation is much better. 
Therefore, it is obvious that the AQI is unable to increase 
rapidly during this time, but it still increases slowly. Also, at the 
same time, the value of the PM2.5 and PM10 increases within 
the range of 51 μg/m³ to 54 μg/m³, and 28 μg/m³ to 30 μg/
m³, each. With that, this shows that the prototype is unable to 
fully help decrease the AQI of the surroundings as well as the 
PM2.5 and PM10 content in the air, but it can help to control it 
so that it does not cause the AQI to be worse.

Table 5 shows a compiled AQI, PM2.5, and PM10 in both 
situations, with doors closed and open from 5:17 PM to 6:35 
PM. Table 6 shows the results of the theoretical value of the 
AQI when calculated by using the AQI formula, together with 
the percentage error when comparing the theoretical value with 
the value obtained by the prototype.

4.4	 Assumptions and System Limitations  
The development and evaluation of the proposed IoT-based 
smart air cleaner were conducted under several technical 
and environmental assumptions. The system is intended 
for indoor residential environments with moderate pollution 
levels and limited air exchange. AQI computation is based 
on the US AQI standard for PM2.5, assuming particulate 
matter is the dominant pollutant in the tested conditions. The 

Table 5: The data obtained for AQI, PM2.5, and PM10 based on time in two different situations

Time AQI PM2.5 (ug/m³) PM10 (ug/m³) Refer to Appendix Situation
5:32 PM to 5:34 PM 109 43 22 A1

All doors 
are closed

5:34 PM to 5:47 PM 122 48 25 A2
5:47 PM to 5:52 PM 126 49 26 A3
5:52 PM to 5:57 PM 129 50 27 A4
5:57 PM to 6:03 PM 132 51 28 A5
6:03 PM to 6:06 PM 134 51 28 A6

3 doors are open

6:06 PM to 6:12 PM 136 51 28 A7
6:12 PM to 6:16 PM 137 52 29 A8
6:16 PM to 6:25 PM 139 52 29 A9
6:25 PM to 6:30 PM 141 53 30 A10
6:30 PM to 6:33 PM 143 53 30 A11
6:33 PM to 6:35 PM 144 54 30 A12

Table 6: The theoretical value of AQI and percentage error when comparing the theoretical value of AQI
with the value obtained by the prototype

Theoretical Value of AQI Percentage Error (%)
[(150-101)/ (55.4-35.5)] (43-35.5) + 101 = 119.47 [(119.47 – 109) / 109] x 100% = 9.61
[(150-101)/ (55.4-35.5)] (48-35.5) + 101 = 131.78 [(131.78 – 122) / 122] x 100% = 8.02
[(150-101)/ (55.4-35.5)] (49-35.5) + 101 = 134.24 [(134.24 – 126) / 126] x 100% = 6.54
[(150-101)/ (55.4-35.5)] (50-35.5) + 101 = 136.70 [(136.70 – 129) / 129] x 100% = 5.97
[(150-101)/ (55.4-35.5)] (51-35.5) + 101 = 139.17 [(139.17 – 132) / 132] x 100% = 5.43
[(150-101)/ (55.4-35.5)] (51-35.5) + 101 = 139.17 [(139.17 – 134) / 134] x 100% = 3.86
[(150-101)/ (55.4-35.5)] (51-35.5) + 101 = 139.17 [(139.17 – 136) / 136] x 100% = 2.33
[(150-101)/ (55.4-35.5)] (52-35.5) + 101 = 141.63 [(141.63 – 137) / 137] x 100% = 3.38
[(150-101)/ (55.4-35.5)] (52-35.5) + 101 = 141.63 [(141.63 – 139) / 139] x 100% = 1.89
[(150-101)/ (55.4-35.5)] (53-35.5) + 101 = 144.09 [(144.09 – 141) / 141] x 100% = 2.19
[(150-101)/ (55.4-35.5)] (53-35.5) + 101 = 144.09 [(144.09 – 143) / 143] x 100% = 0.76
[(150-101)/ (55.4-35.5)] (54-35.5) + 101 = 146.55 [(146.55 – 144) / 144] x 100% = 1.77
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MQ135 and MQ2 sensors are assumed to operate within their 
specified ranges and to be sufficiently calibrated during short-
term testing, while the DHT11 sensor is assumed to provide 
acceptable accuracy despite its known tolerance limits. The 
filtration layers are assumed to be clean and unsaturated 
during experiments. Stable power supply and uninterrupted 
WiFi connectivity are also assumed for proper system operation 
and real-time monitoring through the Blynk platform. Several 
limitations should be acknowledged. The MQ-series sensors 
are low-cost semiconductor sensors and do not perform direct 
particle counting like laser-based PM sensors, which may 
affect AQI precision. The Clean Air Delivery Rate (CADR), 
airflow distribution, and pressure drop across filters were not 
experimentally characterised.

The prototype is optimised for small to medium-
sized rooms, and performance in larger or heavily polluted 
environments may be reduced. Testing was conducted over 
limited durations; long-term sensor drift, filter lifespan, and 
durability were not evaluated. Although UV-C integration 
is included, microbial inactivation efficiency was not 
experimentally validated. In addition, detailed energy 
consumption analysis and system performance under network 
disruption were not assessed. Future work should incorporate 
higher-precision particulate sensors, long-term validation 
studies, airflow and CADR measurements, UV-C effectiveness 
testing, and energy optimisation analysis to improve system 
reliability and scalability.

5.0	 CONCLUSION  
The progress made so far in developing the AC prototype 
lays a strong foundation for achieving the project’s intended 
outcomes. This AC is being developed successfully with low-
cost materials and equipment. It also consists of a low-cost 
multistage filtration system, which includes an HEPA and an 
activated carbon filter. The overall total cost for this AC is 
RM280.60 as shown in Table 7, which consists of the price of 
each of the materials used.

Besides, this AC can provide a real-time value of the 
AQI, PM2.5 and PM10 values that are measured by the 
multifunctional indoor air quality meter. The results shown by 
the AC are close to the agreement to the expected values. 
When calculating the theoretical values, it is found that the 
results provided by the AC have a small difference and 
uncertainties from the theoretical values. This also leads to 
much smaller values of the percentage error. Therefore, as the 
time increases, the system of the AC will be more balanced 
and will eventually produce a small percentage error of the 
AQI. In addition, the usage of Blynk as a platform to control 
and monitor the AQI, PM2.5 and PM10 successfully provides 
remote access and control to the AC. For instance, the user 
can control the switch, either to switch it ON or OFF, of the AC 
through Blynk. They can also monitor the history of the AQI 
measured by the system. With that, this AC has proven that 
the usage of the mobile interface applied in this AC is user-
friendly. 
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APPENDICES

Figure A: The AQI, PM2.5 and PM10 Value at 5:32pm to 5:34pm.

Figure C:
The AQI, PM2.5 and PM10 
Value at 5:47pm to 5:52pm.

Figure H:
The AQI, PM2.5 and PM10 
value at 6:12pm to 6:16pm.

Figure D:
The AQI, PM2.5 and PM10 
Value at 5:52pm to 5:57pm.

Figure I:
The AQI, PM2.5 and PM10 
value at 6:16pm to 6:25pm.

Figure E:
The AQI, PM2.5 and PM10 
Value at 5:57pm to 6:03pm.

Figure J:
The AQI, PM2.5 and PM10 
value at 6:25pm to 6:30pm.

Figure F:
The AQI, PM2.5 and PM10 
value at 6:03pm to 6:06pm.

Figure K:
The AQI, PM2.5 and PM10 
value at 6:30pm to 6:33pm.

Figure G:
The AQI, PM2.5 and PM10 
value at 6:06pm to 6:12pm.

Figure L:
The AQI, PM2.5 and PM10 
value at 6:33pm to 6:35pm.

Figure B: The AQI, PM2.5 and PM10 Value at 5:34pm to 5:47pm.
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1.0	 INTRODUCTION
Digital transformation has become a critical driver of 
productivity, sustainability, and competitiveness within the 
global construction industry. Recent studies emphasis 
that successful digital transformation in construction is not 
merely about technology adoption, but about value creation, 
systems integration, and organisational alignment (Hatoum 
& Nassereddine, 2024). For example, Zhong et al. identify 
value-oriented strategies and integrated digital systems as key 
success factors in construction digitalisation.    

Similarly, Asif et al. (2024) highlight how digitalisation in 
the built environment reshapes sustainability outcomes while 
improving operational efficiency and lifecycle performance. From 
a regional perspective, Le et al. provide evidence that Industry 
4.0 adoption across Southeast Asia is strongly influenced 
by managerial capability, strategic focus, and institutional 
readiness. Their comparative analysis demonstrates that 
digital technologies are fundamentally reshaping value chains, 
redefining work coordination, and transforming traditional 
construction practices, indicating that digital transformation is 
not an incremental improvement but a structural shift in how 
construction value is conceived, delivered, and sustained 
(Gheda et al., 2025; Perera et al., 2023).

In the context of Industry 4.0, technologies such as 
Building Information Modelling, the Internet of Things, artificial 
intelligence, and digital twins are increasingly revolutionising 
construction practices (Gheda et al., 2025; Olanipekun & 
Sutrisna, 2021). These technologies enable enhanced project 
coordination, data-driven decision-making, and improved 
performance across the entire building lifecycle, giving rise 
to the concept of “smart construction” characterised by 

interconnected digital systems and real-time data exchange 
(Gheda et al., 2025; Rinchen et al., 2024).

Within the ASEAN region, digital transformation widely 
recognised as a key enabler of sustainable development, 
with governments across Southeast Asia embedding digital 
mandates into national infrastructure and urban development 
policies to accelerate progress. Singapore, for instance, has 
made BIM compulsory for public-sector construction projects, 
with enforcement led by the Building and Construction Authority 
and supported by comprehensive regulatory frameworks and 
industry training programmes (Sabri & Kurnia, 2025).

2.0	 LITERATURE REVIEW 
The literature on digital transformation distinguishes between 
digitisation, digitalisation, and full digital transformation, where 
the latter represents a structural shift in business models and 
decision-making cultures rather than merely the adoption of 
isolated tools (Owais et al., 2025; Zulu et al., 2023).

This perspective aligns with the concept of Construction 
4.0, which integrates advanced technologies such as Building 
Information Modelling, robotics, automation, the Internet of 
Things, artificial intelligence, and digital twin technologies 
to enhance productivity, efficiency, and sustainability in 
construction workflows (Jelodar, 2025).

Despite the potential of these tools to redefine traditional 
project management practices, the actual integration of 
digital technologies into day-to-day project workflows remains 
inconsistent across contexts (Qadir et al., 2025). Scholarly 
investigations suggest that this inconsistency is often attributed 
to a complex interplay of organisational, technological, and 
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environmental barriers that impede the seamless adoption of 
innovations such as building information modelling, augmented 
and virtual reality, laser scanning, robotics, and 3D printing 
throughout the built asset lifecycle (Olanipekun & Sutrisna, 
2021). Consequently, understanding the specific dynamics 
of these barriers requires a robust theoretical framework that 
can systematically evaluate the technological, organisational, 
and environmental dimensions influencing adoption outcomes 
(Olanipekun & Sutrisna, 2021; Qadir et al., 2025).

The Technology–Organisation–Environment framework, or 
TOE originally developed by Tornatzky and Fleischer, provides 
a comprehensive structure for analysing the technological, 
organisational, and environmental contexts that shape the 
innovation adoption process within enterprises. This model 
is particularly relevant for the construction sector, as it 
allows researchers to assess how technological readiness, 
organisational capability, and environmental regulation 
collectively influence efficiency, safety, and sustainability 
outcomes (Qadir et al., 2025). Specifically, the technological 
dimension examines the characteristics and compatibility of 
digital tools, the organisational dimension assesses internal 
resources, management support, and workforce readiness, 
whilst the environmental dimension considers regulatory 
pressures, industry standards, and external stakeholder 
expectations (Gong et al., 2024; Qadir et al., 2025).

By adopting this multidimensional perspective, the study 
extends the application of the TOE framework to evaluate the 
specific drivers and barriers influencing digital adoption within 
Brunei’s construction sector, drawing on established decision-
making factors identified in contemporary construction research 
(Hatoum & Nassereddine, 2024; Qadir et al., 2025).

3.0	 METHODOLOGY 
This study adopts a conceptual and policy-focused 
research methodology to assess Brunei’s readiness for 
digital transformation in the construction sector. Instead of 
collecting primary empirical data, the research synthesises 
existing academic literature, government policy documents, 
and regional case studies to develop a structured readiness 
assessment. This approach is appropriate given the exploratory 
and strategic nature of the study, which focuses on institutional 
alignment, policy context, and sectoral transformation rather 
than operational-level data.

Tornatzky and Fleischer’s Technology–Organisation–
Environment framework serves as the core theoretical 
foundation. It enables a systematic assessment of digital 
readiness by examining technological capabilities, 
organisational preparedness, and the external policy and 
regulatory environment. This framework is particularly suited 
to construction-sector evaluations in emerging and small-
scale economies such as Brunei. Figure 1 presents the TOE 
framework adopted in this study to assess digital transformation 
readiness in Brunei’s construction industry. The framework 
illustrates how technological capabilities, organisational 
readiness, and environmental conditions jointly influence firms’ 
digital adoption and implementation outcomes.

Table 1 outlines the indicators used to assess digital 
transformation readiness under the TOE framework and the 
corresponding evidence sources employed in this study.

Its methodological relevance aligns with previous TOE-
based studies that use regional comparisons to contextualise 
national performance and identify transferable best practices 
(Amade, 2022; Hatoum & Nassereddine, 2024; Addy et 
al., 2023; Qadir et al., 2025). Such comparative analysis 
highlights structural gaps and strategic enablers that may not 
be visible when examining Brunei in isolation, offering a more 
nuanced understanding of digital adoption dynamics in similar 
institutional settings (Maaz et al., 2025; Tjandra et al., 2022).

Figure 1: TOE framework to assess digital transformation 
readiness in Brunei’s construction industry

Table 1: Operationalisation of the TOE framework
and evidence sources

TOE
Dimension

Indicators
Assessed

Evidence
Sources Used

Technology Availability of digital 
infrastructure (e.g., BIM 
platforms, IoT readiness); 
system integration 
capability; maturity of 
digital tools across the 
project lifecycle

Academic literature 
on Construction 
4.0; national policy 
documents; ASEAN 
digital construction 
benchmarks

Organisation Leadership commitment to 
digitalisation; existence of 
digital strategy; workforce 
digital skills; organisational 
learning culture; SME 
capability constraints

Peer-reviewed 
studies; industry 
reports; comparative 
evidence from 
ASEAN construction 
sectors

Environment Regulatory alignment; 
enforcement mechanisms; 
institutional coordination; 
availability of external 
support (training, advisory 
services, incentives)

Government policy 
documents; regional 
best-practice cases 
(e.g., Singapore, 
Malaysia, Vietnam); 
international 
construction studies
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This approach recognises that digital transformation 
readiness is shaped by a complex interplay of technological, 
organisational, and environmental factors, which the TOE 
framework systematically categorises (Alkhamery et al., 2021; 
Hatoum & Nassereddine, 2024).  Table 1 summarises the key 
empirical findings across the technological, organisational, and 
environmental dimensions of the TOE framework, highlighting 
dominant patterns, constraints, and moderating factors 
influencing digital readiness among construction firms.

4.0	 RESEARCH DESIGN 
A secondary-data research design underpins this study. There 
are no primary data collection such as surveys, interviews, or 
field observations was conducted. Instead, the analysis draws 
on a structured review of peer-reviewed publications, national 
development plans, policy reports, ASEAN documents, 
and official government portals. This approach ensures a 
comprehensive evidence base that is both credible and aligned 
with the study’s conceptual objectives.

Key national references include Wawasan Brunei 2035 and 
the Twelfth National Development Plan, which articulate the 
country’s long-term development priorities and digital ambitions 
(Jelodar, 2025). These were evaluated alongside scholarly and 
industry literature (Hatoum & Nassereddine, 2024; Olanipekun 
& Sutrisna, 2021; Qadir et al., 2025) to determine the extent 
to which national digitalisation objectives are reflected in 
construction-sector practices.

Benchmarking against regional counterparts particularly 
Singapore, Malaysia, and Vietnam provides comparative 
insights into more advanced digital construction ecosystems. 
This mirrors methods in previous TOE-informed studies that 
emphasise systematic qualitative analysis (Addy et al., 2023; 
Hatoum & Nassereddine, 2024). The research process 
followed three sequential phases:
1.	 literature and policy review,
2.	 regional benchmarking, and
3.	 synthesis and development of a tailored digital 

transformation roadmap.

4.1	 Selection of Literature and Policy Sources  
Sources were obtained from Google Scholar, Scopus-indexed 
journals, regional repositories, and government portals. 
Inclusion criteria required publications focused on digital 
transformation in construction, smart technologies, sustainable 
infrastructure, or ASEAN development initiatives. Documents 
were limited to the period 2015–2025.Core policy materials 
included Wawasan Brunei 2035 and the Twelfth National 
Development Plan (Jelodar, 2025). Regional benchmarking 
used Vietnam’s BIM implementation roadmap, construction 
guidelines from the Philippine Department of Public Works and 
Highways, and digital construction strategies from Singapore 
and Malaysia. Scholarly works by Olanipekun & Sutrisna 
(2021), Hatoum & Nassereddine (2024), and Qadir et al. (2025) 
substantiated the theoretical grounding of the TOE framework.

4.2	 Regional Benchmarking Framework  
Benchmarking was performed across six ASEAN countries—
Singapore, Malaysia, Vietnam, Thailand, Indonesia, and the 

Philippines—selected for their documented digital construction 
initiatives and institutional relevance to Brunei (Tjandra et al., 
2022). Selection criteria included:
1.	 publicly available national digital construction policies,
2.	 differing institutional maturity levels, and
3.	 alignment with ASEAN digital priorities, such as the 

ASEAN Smart Cities Network.
This comparative framework positions Brunei’s digital 
readiness against regional peers, identifies transferable best 
practices, and highlights strategic gaps requiring policy and 
organisational attention.

4.3	 Operationalisation of the TOE Framework  
The TOE framework was operationalised across its three 
foundational dimensions (Gong et al., 2024; Hatoum & 
Nassereddine, 2024):

Technology: Evaluation of digital infrastructure 
preparedness, availability of platforms such as BIM and IoT, 
and system integration extents within construction.

Organisation: Assessment of workforce digital proficiencies, 
leadership commitment, SME engagement, and training/
professional development provisions.

Environment: Scrutiny of regulatory architectures, 
institutional coordination, policy mechanisms, and industry 
participation structures for digital transformation.

Indicators per dimension were adapted from ASEAN 
benchmarks and attuned to Brunei’s contextual specificities. 
This operationalisation coheres with Vision 2035’s aspiration 
for a technology-enabled society and RKN12’s prioritisation 
of innovation-led, sustainable infrastructure. Predominantly 
qualitative, this methodology furnishes a robust scaffold for 
prospective empirical inquiries. Its outputs are designed to 
apprise policymakers, institutions like PUJA, and construction 
stakeholders with a cogent roadmap integrating academic 
rigour and regional exemplars (Hatoum & Nassereddine, 
2024; Olanipekun & Sutrisna, 2021). The subsequent section 
presents the findings derived from this systematic analysis, 
structured according to the technological, organisational, and 
environmental dimensions of the TOE framework to elucidate the 
current state of digital readiness in Brunei’s construction sector.

From the technological perspective, the study indicates 
that although foundational digital infrastructure is established, 
the adoption of advanced tools such as Building Information 
Modelling and Internet of Things solutions remains nascent 
and uneven (Qadir et al., 2025; Sajat et al., 2025). Basic 
software is commonly used for administrative purposes, but 
more complex, interoperable systems—capable of supporting 
data-driven decision-making and lifecycle performance 
management—are not yet widely integrated. This disparity 
stems from the technological context wherein perceived 
disruption, implementation risks, and uncertainty regarding 
benefits inhibit widespread adoption (Tjandra et al., 2022).

Organisational constraints further exacerbate these 
limitations. Many firms lack top management support, a digitally 
competent workforce, and the information-sharing cultures 
needed to sustain complex transformation initiatives (Maaz et 
al., 2025). The absence of comprehensive training programmes 
and strategic leadership commitment creates a capability 
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gap that prevents firms from leveraging digital technologies 
for productivity and sustainability gains (Gheda et al., 2025). 
Autocratic and hierarchical organisational cultures contribute 
to slow adoption, stifling the collaborative innovation necessary 
for digital integration (Abdulqader et al., 2025). Resistance 
is especially pronounced among long-tenured employees 
whose experiential expertise conflicts with new digital systems, 
following traditional change-cycle patterns where manual 
proficiency reinforces opposition (Bidhendi et al., 2025). Such 
resistance arises not from technological naivety but from deeply 
ingrained institutional norms (Oti-Sarpong et al., 2021).

The environmental dimension further reveals that regulatory 
frameworks and institutional mechanisms remain critical yet 
underdeveloped. Although policies encourage digitalisation, 
current regulations lack enforcement strength and strategic 
alignment, resulting in fragmented, voluntary adoption that fails 
to produce systemic transformation (Onososen & Innocent, 
2025; Gheda et al., 2025; Hatoum & Nassereddine, 2024). 
Traditional business models and conservative organisational 
mindsets reinforce a short-term approach in which firms 
prioritise immediate project delivery over long-term capability 
building (Gardner, 2022).

Addressing these entrenched barriers requires interventions 
that align technological capability with organisational culture 
and institutional mandates (Naji et al., 2024; Oti-Sarpong et 
al., 2021). This includes establishing supportive learning 
environments, valuing the institutional knowledge of older 
employees, and adopting process-centric approaches that 
reduce perceptions of displacement (Olanipekun & Sutrisna, 
2021; Xames & Topcu, 2025). Effective change management—
built on informing, guiding, and involving employees is 
necessary to mitigate fears of job loss, competence concerns, 
and perceived loss of control (Valtonen & Holopainen, 2025; 
Cieslak & Valor, 2024; Noroozi, 2024).

Tailored interventions must also consider demographic 
differences, as older individuals may struggle to keep pace 
with rapid technological advancement (Nkomo & Kalisz, 2024).
Successful transformation ultimately depends on leadership 
that supports data-driven decision-making, collaborative 
problem-solving, and adaptive management (Seppänen et 
al., 2025). Resistance often stems from directors reluctant to 
change established practices, even when employees are ready 
to innovate (Zulu et al., 2023). Establishing urgency and forming 
strong guiding coalitions are therefore critical for overcoming 
managerial inertia and driving sector-wide transformation 
(Nesindande et al., 2024).

5.0	 RESULTS 
The findings derived from the structured synthesis and regional 
benchmarking analysis reveal distinct patterns across the 
technological, organisational, and environmental dimensions of 
the TOE framework. Overall, organisational factors demonstrate 
comparatively stronger associations with digital readiness 
outcomes than technological or environmental conditions. 
Table 2 synthesises the empirical findings reported in the 
Results section, highlighting dominant patterns, constraints, 
and moderating factors influencing digital readiness across 
Brunei’s construction firms.

To further illustrate the relative strengths and constraints 
identified across the TOE dimensions, Table 3 presents a 
consolidated digital readiness profile of Brunei’s construction 
sector. The visual representation highlights the comparative 
positioning of technological capability, organisational 
preparedness, and environmental support mechanisms, thereby 
clarifying areas where capability gaps are most pronounced.

5.1	 Technologica Dimension  
Within the technological dimension, the results show that 
while awareness of digital tools such as Building Information 
Modelling (BIM) and digital permitting system is relatively high, 
actual implementation remains uneven and is predominantly 
observed among larger firms. Small and medium-sized 
enterprises (SMEs) report significantly lower adoption levels, 
citing financial constraints related to the cost of software, 
hardware, and system integration as major barriers. These 
findings are consistent with prior studies that identify cost-
related barriers as a key determinant of limited digital uptake 
among smaller firms (Santos, 2023).

Table 2: Summary of results by TOE dimension

TOE 
Dimension

Key
Findings

Evidence
from Results

Technology High awareness 
but uneven 
implementation of 
digital tools

BIM and digital systems 
adoption concentrated 
among large firms; SMEs 
face cost barriers

Financial constraints 
limit adoption

Software, hardware, and 
integration costs cited as 
major barriers

Digital literacy affects 
effective usage

Firms with lower workforce 
digital skills show weaker 
implementation

Organisation Strong association 
between leadership 
alignment and 
adoption

Firms with clear digital 
strategies demonstrate 
higher uptake

Firm size moderates 
readiness

SMEs lack financial, 
managerial, and time 
resources

Workforce skills 
moderate adoption 
outcomes

Digital skills strengthen link 
between technology access 
and implementation

Organisational 
culture influences 
diffusion

Learning-oriented cultures 
show higher acceptance of 
digital tools

Environment Regulatory pressure 
alone insufficient

Policy mandates 
weakly associated with 
implementation levels

External support 
positively influences 
adoption

Firms with access to 
training/advisory services 
report higher uptake

Environmental effects 
strongest for SMEs

SMEs depend more on 
external institutional 
support

Table 3: Summary of results by TOE dimension

Dimension Current level Gap Severity
Technology Moderate Medium

Organisation Low-Moderate High
Enviroment Moderate Medium
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The analysis further indicates that access to digital 
tools does not necessarily translate into effective usage. 
Firms reporting lower levels of workforce digital literacy also 
demonstrate lower levels of implementation, suggesting that 
technological readiness is associated not only with access to 
digital infrastructure but also with employees’ ability to utilise 
these tools effectively (Syah et al., 2025; Saka et al., 2021). 
This pattern is particularly evident among SMEs, where 
limited technical capability constrains the operationalisation of 
available technologies.

5.2	 Organisational Dimension  
The organisational dimension exhibits the strongest association 
with digital readiness outcomes. The results indicate that 
leadership competency and strategic alignment are positively 
associated with higher levels of digital adoption. Firms with 
clearly articulated digital strategies and leadership commitment 
to digital initiatives demonstrate significantly greater uptake of 
digital technologies than firms without such alignment (Johari 
et al., 2024).

Firm size further moderates organisational readiness, with 
smaller firms reporting limited access to financial resources, 
time, and dedicated managerial capacity to support digital 
initiatives. These constraints are associated with lower adoption 
levels and reduced implementation scope (Zulu et al., 2023). 
The findings also show that organisations reporting higher 
levels of workforce digital skills exhibit stronger relationships 
between technology availability and actual implementation, 
indicating that employee capability moderates organisational 
digital readiness outcomes (Bilal et al., 2024).

In addition, the results suggest that organisational culture 
is associated with digital adoption levels. Firms characterised 
by internal support for learning and experimentation report 
higher levels of acceptance and use of digital tools, whereas 
firms lacking such support demonstrate slower diffusion of 
digital practices (Shojaei & Burgess, 2022; Zulu et al., 2023). 
Organisations without a coherent digital strategy also report 
difficulties aligning technology investments with business 
objectives, which is associated with fragmented and limited 
adoption (Johari et al., 2024).

5.3	 Environmental Dimension  
Within the environmental dimension, regulatory pressure and 
institutional support exhibit a weaker direct association with 
digital adoption than anticipated. The results indicate that 
policy mandates alone are not significantly associated with 
higher implementation levels, particularly where enforcement 
mechanisms and targeted support are limited (Gheda et al., 2025).

However, the study shows that firms with access to external 
support mechanisms such as industry training programmes 
and technical advisory services report higher levels of digital 
implementation than firms without such access. Where 
external requirements and incentives are unclear or absent, 
environmental factors are negatively associated with the extent 
of digital technology use (Masry & Chronéer, 2025). This 
pattern is most pronounced among SMEs, which rely more 
heavily on external support to compensate for internal resource 
limitations.

Overall, the finding indicate that digital readiness in 
Brunei’s construction sector is associated with organisational 
preparedness, with technological infrastructure and 
environmental support exercising conditional influence. 
While awareness of digital tools is widespread, effective 
implementation is uneven and strongly associated with 
organisational readiness factors particularly leadership 
alignment, workforce capability, and firm size. Environmental 
factors exhibit a conditional influence, with external support 
mechanisms playing a more significant role than regulatory 
pressure alone in shaping adoption outcomes.

6.0	 DISCUSSION 
The findings reinforce the view that digital transformation 
is fundamentally an organisational change process shaped 
as much by human and strategic factors as by technological 
capability. Consistent with prior research, technology alone 
does not determine transformation success; organisational 
culture, leadership alignment, and workforce competence play 
equally critical roles in building digital advantage (Cyfert et al., 
2025; Lu, 2024; Mladenova et al., 2025). A supportive and 
innovation-oriented business culture enables firms to move 
beyond superficial tool adoption towards meaningful integration 
of digital practices (Fahmi et al., 2023; Zulu et al., 2023). This 
cultural alignment is particularly important for SMEs, where 
resource constraints necessitate strategic clarity and internal 
cohesion (Tonder et al., 2023).

From a Resource-Based View perspective, internal 
capabilities especially human capital constitute a central source 
of competitive advantage in digital transformation (Silva et al., 
2025). The digital self-efficacy of leaders and the digital literacy 
of employees significantly influence transformation outcomes 
(Costa et al., 2023; Inga-Ávila et al., 2023). Managerial 
attitude, competence, and the ability to reconfigure resources 
are decisive in translating digital opportunities into operational 
performance (Minh et al., 2024; Hu et al., 2024; Mou et al., 
2022). Firms that embed digitalisation within organisational 
strategy and align it with clearly defined roles and objectives 
are more likely to achieve sustainable outcomes than those 
treating digital tools as optional add-ons (Mladenova et al., 
2025; Colapinto et al., 2021).

Human capital development emerges as a critical enabling 
mechanism. Employee digital knowledge and platform 
proficiency directly affect transformation capability and 
indirectly shape performance outcomes (Thi & Thu, 2025). 
However, SMEs often encounter skill gaps, resistance to 
change, and legacy-system dependence, which constrain 
progress (Seppänen et al., 2025). Addressing these barriers 
requires targeted skill enhancement, leadership development, 
and structured change management processes (Bozkuş, 
2023; Agustian et al., 2023; Krajčík et al., 2023). Evidence 
further suggests that employee skills positively moderate the 
relationship between organisational capabilities and digital 
transformation outcomes (Hu et al., 2024).

At the ecosystem level, coordinated institutional support 
is essential. Partnerships with educational institutions and 
industry associations, along with structured training initiatives, 
can reduce capability gaps and strengthen relational capital 
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within the sector (Awonuga et al., 2024; Bhuiyan et al., 2024). 
Policymakers play a pivotal role by promoting lifelong learning 
frameworks, incentivising workforce reskilling, and supporting 
affordable digital infrastructure (Azigi & Baffour, 2024; OECD, 
2023; Oikawa et al., 2024). Educational reform and targeted 
literacy initiatives are particularly important for enhancing SME 
competitiveness and bridging digital divides (Raji et al., 2024; 
Přívara et al., 2025; Syah et al., 2025). Regulatory clarity, 
cybersecurity assurance, and data protection mechanisms 
further enhance trust and participation in digital systems (Ewim 
et al., 2024; Tóth et al., 2025).

Regional benchmarking was conducted across six ASEAN 
construction ecosystems—Singapore, Malaysia, Vietnam, 
Thailand, Indonesia, and the Philippines—to contextualise 
Brunei’s digital transformation readiness within comparable 
institutional environments. The comparison focused on key 
structural dimensions aligned with the TOE framework, 
including the presence and enforcement of BIM mandates, 
SME enablement mechanisms, digital skills ecosystems, and 
overall sectoral maturity.

Singapore represents the most advanced benchmark, 
characterised by mandatory BIM implementation, strong 
regulatory enforcement, and institutionalised training 
infrastructure. Malaysia and Thailand demonstrate structured 
yet evolving approaches, with sectoral mandates and expanding 
digital skills initiatives. Vietnam and Indonesia exhibit roadmap-
based or policy-driven frameworks with moderate enforcement 
and developing institutional support. The Philippines reflects an 
emerging digital construction ecosystem with framework-level 
policies and comparatively limited SME support structures.

On the other hand, Brunei’s positioning reflects policy 
encouragement rather than enforcement-backed mandates, 
with developing training ecosystems and emerging SME 
support mechanisms. The comparative assessment highlights 
that the primary gap lies not in policy intent but in the 
institutional depth, enforcement consistency, and capability-
building infrastructure required to translate strategic objectives 
into widespread sectoral adoption.

To contextualise the findings within the broader regional 
landscape, Table 3 compares Brunei’s digital readiness 
positioning with selected ASEAN construction ecosystems. 
This benchmarking exercise highlights differences in policy 
enforcement, SME support structures, and institutional 
maturity, providing a reference point for identifying transferable 
practices and strategic gaps.

Building on the empirical patterns and regional comparison, 
Figure 2 conceptualises the interaction among technological 
capability, organisational readiness, and environmental 
conditions, illustrating the mediating role of organisational 
preparedness in translating digital infrastructure into 
effective transformation outcomes. The model illustrates 
the mediating role of organisational readiness in translating 
digital infrastructure and policy conditions into effective 
transformation outcomes.

Overall, the findings suggest that sustainable digital 
transformation in Brunei’s construction sector depends not 
merely on technological availability, but on the strategic 
integration of leadership vision, organisational culture, 
workforce capability, and supportive institutional conditions. 
Aligning human capital development with long-term strategic 
planning is therefore central to strengthening sector-wide 
digital readiness and competitiveness (Awonuga et al., 2024; 
Budiarti & Firmansyah, 2024; Utomo et al., 2023).

7.0	 CONCLUSION 
The study assessed digital transformation and sustainability 
readiness in Brunei’s construction sector using the Technology-
Organisation-Environment framework, integrating secondary-
data synthesis with regional benchmarking analysis requires the 
alignment of technological capacity, organisational readiness, 
and environmental support under the TOE framework. 

Table 3: Comparative digital readiness positioning within selected ASEAN construction ecosystems

Country BIM
Mandate

Enforcement 
Strength

SME
Support

Digital Skills 
Ecosystem

Overall
Maturity

Singapore Mandatory Strong Extensive Institutionalised High

Malaysia Sectoral / Partial Moderate Moderate Expanding Moderate–High

Vietnam Roadmap-based Emerging Moderate Developing Moderate

Thailand Strategic roadmap Moderate Developing Expanding Moderate

Indonesia Policy-driven Moderate Emerging Developing Moderate

Philippines Framework-based Emerging Limited–Moderate Developing Moderate–Low

Brunei Policy encouragement Limited Emerging Developing Moderate

Figure 2: Interaction of TOE dimensions
influencing digital transformation outcomes
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While digital infrastructure provides a necessary foundation, 
successful adoption is driven by organisational capabilities 
and external enablers, particularly for SMEs facing financial 
and digital literacy constraints (Ammeran & Latip, 2024; 
Seppänen et al., 2025). Strengthening skills development, 
leadership commitment, and industry partnerships is therefore 
essential to accelerate Construction 4.0 adoption and enhance 
competitiveness (Romero & Mammadov, 2024; Syah et al., 2025).

The findings underscore the importance of stakeholder 
collaboration, structured training, and phased implementation 
to support national digital-economy aspirations (Gheda et al., 
2025; Supriadi et al., 2023). However, the cross-sectional 
design limits causal inference. Future research should adopt 
longitudinal and mixed-method approaches to track digital 
maturity, assess policy impacts, and refine interventions such 
as skills assessments, ESG integration, and SME-oriented 
incentives (Bidhendi et al., 2025; Ghobakhloo et al., 2024; 
Silva et al., 2025). Synthesising these findings, the analysis 
demonstrates that digital transformation readiness in Brunei’s 
construction sector is shaped by the interaction of technological 
capability, organisational preparedness, and environmental 
support structures. 
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1.0	 INTRODUCTION
Adsorption is one of the most widely used approaches for 
industrial effluent treatment, surpassing other processes 
such as advanced oxidation and membrane filtration due 
to its simplicity, technical maturity, high efficiency, and cost-
effectiveness (Al-Ghouti et al., 2023; Fouda-Mbanga, Onotu, 
& Tywabi-Ngeva, 2024). A variety of adsorbents are available 
for this approach, including activated carbon, zeolites, metal 
organic frameworks (MOFs), resins, nanomaterials, and 
biopolymers. Among all adsorbents, activated carbon is well 
known for its ability to separate a wide range of organic and 
chemical compounds. Nevertheless, despite its widespread 
use, the production of activated carbon is costly due to 
the requirement for high-temperature carbonization (Aulia, 
Aprilianda, Arsyad, & Johan, 2019; Y. Li et al., 2025) and 

various chemicals for activation (such as NaOH, H3PO4, 
and ZnCl2) (Aulia et al., 2019; Gao, Yue, Gao, & Li, 2020; 
Muttil, Jagadeesan, Chanda, Duke, & Singh, 2023). These 
requirements increase the operational costs and environmental 
burden especially when it comes to large-scale usage. On the 
other hand, nanoparticles represent a cutting-edge technology 
with high adsorption efficiency; however, their large-scale 
application is limited due to recent concerns regarding nano 
(toxicity) (Frazier et al., 2023; Thu, Haider, Khan, Sohail, & 
Hussain, 2023). In contrast, biopolymers such as chitosan have 
gained increasing attention, as they are derived from natural 
resources, environmentally friendly, and biodegradable. More 
importantly, chitosan possesses abundant functional groups 
which include –NH2 and –OH that making it suitable to adsorb 
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Abstract
Due to industrialisation and globalisation, water sources are increasingly 
contaminated with dyes. Among the various available methods, adsorption 
using chitosan macrobeads is a feasible technique for dye removal. However, 
despite existing studies on the use of chitosan macrobeads for dye adsorption, 
the influence of controlled surface perforation induced by ultrasonication on 
their structural integrity and dye adsorption performance has been scarcely 
reported. Hence, this project aimed to develop chitosan macrobeads with a 
surface-perforated structure and to investigate how these surface alterations 
influence their dye adsorption efficiency. Here, chitosan macrobeads were 
formed using the gelation method and subsequently subjected to high-intensity 
sonication at various amplitudes (20 %, 40 %, 60 %, 80 %, and 100 %) for 
5 minutes to induce surface perforation. As anticipated, significant changes 
in the surface structure were observed via electron microscopic analysis. 
In particular, the bead surfaces exhibited wavy and corrugated layers, 
with the presence of cracks and pores following sonication. Nevertheless, 
macrobeads treated at higher sonication amplitudes (≥ 60 %) experienced 
surface rupture, resulting in flake-like layers. Subsequently, dye adsorption 
studies showed a slight improvement in adsorption efficiency when chitosan 
macrobeads were sonicated at 40 % amplitude compared to non-sonicated 
samples. However, a detrimental effect was observed at higher sonication 
amplitudes (≥ 60 %), where a significant reduction in adsorption efficiency 
occurred. This study provides insight into the possibility of modifying chitosan 
macrobeads by imposing intense sonication to generate surface perforations, 
which subsequently alter their water treatment efficiency.
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pollutants (Gamage et al., 2023; Hashem & Farag, 2025). In 
fact, it was recently reported that chitosan has lower carbon 
footprint (1.5–2.5 kg CO2-eq/kg) compared to activated carbon 
(8–12 kg CO2-eq/kg) (Hashem & Farag, 2025), making it a 
potential low environmental impact adsorbent.    

Chitosan is a linear polysaccharide consists of random 
copolymer of β-(1→4)-linked D-glucosamine and N-acetyl-
D-glucosamine (Qiu, Hamilton, & Temenoff, 2011). This 
biopolymer is normally produced through the deacetylation 
of chitin (Aranaz et al., 2021), which is extracted from natural 
sources such as the exoskeletons of crustaceans and insects 
(Ngasotter et al., 2023), the gladius of squid (Kim, Song, Kim, 
Kim, & Jin, 2024), the cuttlebone of cuttlefish (Hazeena et al., 
2022), and the cell walls of fungi (Huq et al., 2022). Despite 
its common use as a flocculant in water treatment, chitosan is 
also a promising adsorbent due to its unique functional groups, 
namely, amino and hydroxyl groups, which facilitate interactions 
or chelation with both organic and inorganic pollutants (Dago-
Serry, Maroulas, Tolkou, Kokkinos, & Kyzas, 2024; Rostami 
& Khodaei, 2024). For instance, it was recently reported 
that both chitosan powder and chitosan bead are effective 
at adsorbing Direct Blue 78 dye from aqueous solution, with 
maximum adsorption capacities of 10.5 mg/g and 26.3 mg/g, 
respectively (Elzahar & Bassyouni, 2023). The adsorption was 
governed by electrostatic attraction between the positively 
charged chitosan molecules and the negatively charged dye 
molecules. Meanwhile, chitosan also able to form complexes 
(via chelate) with various transition metal ions and heavy 
metal ions include Cu2+, Ni2+ and Hg2+ (Firnanelty, Chadijah, 
Ratna, Nurhuda, & Sittiama, 2021). In fact, chitosan can be 
manufactured into different structural forms include hydrogels,  
beads, membranes, fibres, films, and aerogels, which give 
more rooms to improve its adsorption capacity (Dago-Serry et 
al., 2024; Kuang et al., 2023; Rostami & Khodaei, 2023).

While the use of dissolved chitosan as a flocculant for water 
treatment has been reported for decades, it often results in the 
formation of sludge (Guibal & Roussy, 2007; Guibal, Touraud, 
& Roussy, 2005; Sanghi & Bhattacharya, 2005). In contrast, 
employing chitosan in solid forms as an adsorbent (e.g., beads) 
enables pollutant removal through adsorption without producing 
sludge. The solid form of chitosan is typically produced through 
physical gelation (Li, Qin, Xue, Lin, & Jiang, 2025; Lu, Zou, 
Zhou, Huang, & Zhang, 2022) or through chemical crosslinking 
with agents such as glutaraldehyde and epichlorohydrin 
(Beppu, Vieira, Aimoli, & Santana, 2007; Sapuła, Bialik-Wąs, 
& Malarz, 2023; Xiao, Shan, & Wu, 2023). For instance, our 
recent work demonstrated that chitosan macrobeads were 
able to remove over 90% of green algae from pond water, 
leaving a clear solution; in contrast, flocculating the green 
algae with dissolved chitosan resulted in a cloudy solution, 
indicating the presence of sludge (Thanasegaran, Yeap, Lai, 
& Wong, 2023). Research has been ongoing to further modify 
this biopolymer in order to enhance its adsorption efficiency 
(Upadhyay, Alimohammadi, & Tehrani, 2024). For instance, 
a recent study by Rodrigues et al. (2025) showed that pre-
treatment of chitosan films with ethanol (immersion for 24 
hours) and NaOH (immersion for 2 seconds) significantly 
improved mechanical stability and doubled the adsorption 

capacity (Rodrigues, Lopes, Longhinotti, & Diógenes, 2025). 
Despite existing studies on the use of chitosan macrobeads for 
dye adsorption, the influence of controlled surface perforation 
induced by ultrasonication on their structural integrity and dye 
adsorption performance has been scarcely reported. To close 
this research gap, in the present work, chitosan macrobeads 
were produced via gelation and subsequently treated with 
various ultrasonication conditions to induce surface perforation. 
Subsequently, the ultrasonicated chitosan macrobeads were 
characterised to assess changes in surface structure and 
functionality prior to their application in dye removal. It was 
hypothesised that the formation of pores on the bead surface 
would provide additional adsorption sites, thereby improving 
the overall adsorption efficiency.

2.0	 METHODOLOGY 

2.1	 Materials  
The materials used in this study included chitosan with a 
molecular weight of 30,000–190,000 g/mol (Sigma-Aldrich), 
acetic acid (AcOH) with a purity of 99.8–100.5% (Sigma-
Aldrich), sodium hydroxide (NaOH) (Chemiz (M) Sdn. 
Bhd.), and methyl orange (MO) (Chemiz (M) Sdn. Bhd.). All 
chemicals were used as received without further purification or 
modification.

2.2	 Synthesis of Chitosan Macrobead  
The preparation of the adsorbent was referred to the previous 
research works (Thanasegaran et al., 2023) and (Wong, Tay, 
& Lim, 2020). Firstly, 2 g of chitosan powder was dissolved 
in 100 mL of 1% (v/v) AcOH solution to prepare a chitosan 
stock solution. The mixture was magnetically stirred at 400 
rpm for 24 hours to ensure complete dissolution. Meanwhile, 
a 10 M NaOH solution was prepared by dissolving 40 g of 
NaOH pellets in 100 mL of distilled water. The chitosan stock 
solution was then carefully added dropwise into the NaOH 
solution using a dropper, resulting in the formation of chitosan 
macrobeads. To ensure uniform macrobead size, the same 
dropper was used throughout the synthesis, and droplets were 
released at approximately the same rate. During this process, 
the NaOH solution was gently stirred at 125 rpm to prevent the 
stacking of the macrobeads. The formed chitosan macrobeads 
were allowed to stand for 24 hours to enhance their structural 
rigidity. Finally, the macrobeads were thoroughly rinsed with 
distilled water to remove any residual reactants before being 
used in subsequent studies. Note that the average size of the 
macrobeads is around 30 mm, as reported in our previous work 
(Thanasegaran et al., 2023).

2.3	 Preparation of Sonicated Chitosan Macrobeads  
Sonicated macrobeads were prepared using a similar 
procedure to that described in Section 2.1, with the exception 
that the formed chitosan macrobeads were subjected to high-
intensity sonication at varying amplitudes (20%, 40%, 60%, 
80%, and 100%) for 5 minutes using an ultrasonic processor 
(Hielscher UP200s), prior to rinsing with distilled water. The 
sonication amplitude was varied to induce different levels of 
surface perforation on the chitosan macrobeads. Figure 1 
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shows the experiment setup 
for this section. The sonicated 
chitosan macrobeads were 
stored in distilled water and 
used for dye adsorption 
experiments within one month. 
Prior to adsorption, excess 
surface moisture was gently 
removed by carefully tapping 
the beads with tissue paper.

2.4	Characterise
Structure Morphology 
and  Functional Group
of the Chitosan 
Macrobeads  

The surface morphology 
and functional groups of the 
synthesized samples were 
analysed using a Scanning 
Electron Microscope (SEM, 
Tescan VEGA3) and 
Fourier Transform Infrared 
Spectroscopy (FTIR, 
PerkinElmer Spectrum Two), 
respectively. A series of SEM 
images were captured at 
various magnifications. Prior 
to analysis, all samples were 
sputter-coated with platinum. 
This characterisation was 
performed on six samples: 
chitosan macrobeads and 
chitosan macrobeads 
sonicated at amplitudes of 
20% to 100%, in order to 

observe changes in size and surface morphology. Meanwhile, 
FTIR was used to identify changes in surface functional groups 
resulting from the sonication treatment at varying amplitudes.

2.5	 Dye Adsorption Test 
A stock solution of MO at a concentration of 1000 mg/L was 
prepared by dissolving 1000 mg of the dye in 1 L of distilled 
water. This stock solution was subsequently diluted to 
obtain the desired concentrations for experimental use. The 
concentration of the MO solution was determined using a UV-
Vis spectrophotometer (Biobase BK-UV1800PC) operating 
in absorbance wavelength of 468 nm. A calibration curve 
was constructed at this wavelength using MO concentrations 
ranging from 10 to 70 mg/L, correlating absorbance values with 
dye concentration.

The adsorption test was conducted to investigate the 
effect of sonication amplitude on dye removal efficiency 
using 10 g of as-prepared chitosan macrobeads treated at 
different amplitudes (0 %, 20 %, 40 %, 60 %, 80 %, and 100 
%). Each type of macrobeads was placed in a glass bottle 
containing 20 mL of a 50 mg/L MO dye solution to initiate the 
adsorption process. The bottles were then placed on an orbital 

shaker (Joanlab OS-20) operating at 200 rpm, as illustrated 
in Figure 2. After 3 hours of shaking, the adsorption process 
was terminated, and the final dye solution was transferred 
into a cuvette for absorbance measurement. The adsorption 
efficiency was calculated using Equation 1.

(Eqn. 1)

Where, Co and Ce represent the initial and final 
concentrations of the dye solution (mg/L) respectively, while R 
is the removal efficiency.

3.0	 RESULTS AND DISCUSSION 

3.1	 Changes in Surface Morphology of the Chitosan 
Macrobeads  

The surface morphology of the as-prepared chitosan 
macrobeads was examined using SEM, and the results are 
shown in Figure 3. As illustrated in Figure 3, the incorporation 
of sonication altered the surface structure of the macrobeads 
by transforming the initially smooth surface (Figure 3a) into a 
rougher texture (Figure 3b-f). By taking a closer look at the 
surface structure of the sonicated chitosan macrobeads at 
higher magnification (5000×), it was found that the bead surface 
exhibits wavy and corrugated layers with the presence of 
cracks and pores. Furthermore, chitosan macrobeads treated 
at higher sonication amplitudes of 60 %, 80 %, and 100 % were 
noticed to have ruptured into flake-like layers. Apparently, the 
application of sonication has imposed intense physical forces 
that disrupting the internal bonding network (hydrogen bonds) 
of the chitosan macrobeads (Jamalabadi, Saremnezhad, 
Bahrami, & Jafari, 2019; Khoerunnisa et al., 2021), leading to 
the rupture of the bead surface into flake-like structure.

The direct contact of the sonication probe with the beads 
serves as another reason leading to such a broken structure. 
Accordingly, the present study has successfully modified 
the surface morphology of the macrobeads by varying the 
sonication amplitude. It is envisaged that the formation of pores 
and cracks will increase the available active sites for pollutant 
adsorption (Ang et al., 2024).

Figure 4 depicts digital photographs of the chitosan 
macrobead solutions after sonication treatment. Notably, the 
cloudiness of the water changes with the sonication amplitude, 
with samples treated at higher amplitudes (e.g., 80% and 
100%) appearing cloudier. The water turns cloudy due to a 
higher amount of disintegrated chitosan suspended in it.

3.2	 Changes in Surface Functional Groups of the 
Chitosan Macrobeads  

Figure 5 shows the FTIR spectra of both unsonicated 
and sonicated chitosan macrobeads, scanned across the 
wavenumber range of 4000 cm-1 to 400 cm-1, to examine 
differences in their functional groups. Table 1 presents 
the corresponding functional groups associated with each 
significant peak observed in the spectra. Overall, all the 
beads exhibit peaks at similar wavenumber ranges, including 
a signal at 896 cm-1, which corresponds to the C–H bending 
out of the plane of the monosaccharide ring (Fernandes 

Figure 1: The setup of the 
probe sonicator for surface 

perforation of chitosan 
macrobeads. The probe 
tip was immersed in the 

solution up to 1 cm above 
the bottom of the beaker

Figure 2: The conduct of 
MO adsorption study
on an orbital shaker
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Queiroz, Melo, Sabry, Sassaki, & Rocha, 2015). Meanwhile, the 
pronounced peak observed between 1029.87 cm-1 and 1079.79 
cm-1 is attributed to the stretching vibrations of the C–O bonds 
(Dissanayake, Pathirana, Wanasekara, Mahltig, & Nandasiri, 
2023). In addition, the C-O-C bridge's asymmetric stretching is 
responsible for the absorption band at 1149.33 cm-1 (Dissanayake 
et al., 2023). The small signal around 1251.78 cm-1 corresponded 
to the bending vibrations of OH present in chitosan (Fernandes 
Queiroz et al., 2015).

Figure 3: SEM images of chitosan macrobead obtained
at 50x (left) and 5000x (right) magnifications. The chitosan 
macrobeads were sonicated at (a) 0 %, (b) 20 %, (c) 40 %, 

(d) 60 %, (e) 80 %, and (f) 100 % for 5 mins

Figure 4: Digital photographs showing the changes
in water cloudiness after the chitosan macrobeads being 
sonicated using (a) 20 %, (b) 40 %, (c) 60 %, (d) 80 %,

and (e) 100 % of sonication amplitude

Figure 5: FTIR spectra of the unsonicated
and sonicated chitosan macrobeads

Table 1: Legend for FTIR spectra shown in Figure 5
No. Wavenumber 

(cm-1)
Functional Group References 

1 893.54 •	C-H stretching (Fernandes Queiroz
et al., 2015)

2-3 1029.87 - 
1079.79

•	C-O stretching (Dissanayake
et al., 2023)

3-4 1149.33 •	C-O-C (Dissanayake
et al., 2023)

5 1251.78 •	OH (Fernandes Queiroz
et al., 2015)

6-7 1375.78 - 
1420.55

•	CH2 bending and 
CH3 deformation

(Moosa, Ridha,
& Kadhim, 2016)

8-9 1584.08 - 
1588.24

•	N-H stretching (Dissanayake
et al., 2023)

9-10 1645.75 •	C=O in the 
NHCOCH3 group

(Chung & Ong, 2021; 
Dissanayake
et al., 2023)

11-12 2800 -
~2900

•	C-H symmetric 
and asymmetric 
stretching

(Fernandes Queiroz
et al., 2015)

13-14 3291.52 - 
3362.48

•	O-H stretching 
vibrations.

•	N-H stretching 
vibrations

(Chung & Ong,
2021)
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The bending vibration of N-H cause the absorptions 
between 1584.08 cm-1 and 1588.24 cm-1 (Dissanayake et al., 
2023). The presence of residual acetyl groups is evidenced 
by the bands at approximately 1645.75 cm-1 (C=O stretching 
of amide I) (Chung & Ong, 2021; Dissanayake et al., 2023). 
The absorption bands at ~2800 cm-1 and ~2900 cm-1 can 
be assigned to C-H symmetric and asymmetric stretching, 
correspondingly (Fernandes Queiroz et al., 2015). As shown 
in the FTIR spectrum of chitosan macrobeads, a strong 
absorption band from 3291 cm-1 to 3362 cm-1 was attributed to 
the overlapped stretching vibration of –OH and N–H (Chung & 
Ong, 2021). Note that there is no clear trend on the intensity 
of the absorption band from 3291 cm-1 to 3362 cm-1, which is 
likely due to non-uniform water retention in the beads arising 
in the sample drying stage prior to FTIR analysis. Despite 
that, regardless of the sonication amplitude, the FTIR spectra 
of the chitosan macrobeads appear to be the same. Such 
observation suggested that the application of sonication does 
not alter the key functional groups of the chitosan macrobeads. 
Notably, the band at 1645.75 cm-1 shows increased intensity 
in the sonicated beads relative to the unsonicated ones, likely 
due to the exposure of internal functional groups resulting from 
surface exfoliation.

3.3	 Unsonicated and Sonicated Chitosan 
Macrobeads for Dye Adsorption 

Next, the as-prepared chitosan macrobeads were used for 
adsorption of MO. In this regard, the adsorption of MO onto 
the chitosan macrobeads is primarily governed by electrostatic 
attraction, as the dye is anionic due to sulfonate groups (Wu 
et al., 2021) and chitosan is cationic due to protonated –
NH2 groups under acidic to ~ pH 6.38 (point of zero charge) 
conditions (Munim, Saddique, Raza, & Majeed, 2018). The 
effects of varying the sonication amplitude from 0 % to 100 
% on chitosan macrobeads and its subsequent impact on MO 
adsorption efficiency were investigated. As depicted in Figure 
6, chitosan macrobeads treated with sonication amplitudes of 
0 %, 20 %, 40 %, 60 %, 80 %, and 100 % exhibited adsorption 
removal efficiencies of 40 %, 41 %, 42 %, 31 %, 30 %, and 29 

%, respectively. This result demonstrates that the sonication 
amplitude does have a considerable impact on the removal 
effectiveness. By taking a closer look at the experimental 
standard deviation and significance of the study, it was 
found that there is no significant difference in the adsorption 
efficiencies of chitosan macrobeads produced at 0 %, 20 %, 
and 40 % efficiency despite the average value showed a slight 
increment from 40 % to 42 %. The slight increase can be 
attributed to surface perforation induced by sonication, which 
creates additional adsorption sites (as shown in Figure 3a-c).

Nevertheless, chitosan macrobeads treated with higher 
sonication amplitudes (ranging from 60 % to 100 %) exhibited 
a reduction in adsorption efficiency. This outcome can be 
attributed to the breaking of chitosan macrobeads under the 
intense cavitation-induced mechanical stresses exerted during 
sonication. As presented in Figure 3d–f, the surface of the 
chitosan macrobeads ruptured into small flake-like structures 
rather than forming pores. Furthermore, some of these small 
structures disintegrated from beads and remained suspended 
in the water, appearing as a cloudy solution as shown in Figure 
4c–d. These disintegrated fragments caused the beads to be 
less solidified and lack surface integrity, resulting in reduced 
MO adsorption performance. Apparently, a stable and well-
formed bead is essential for effective adsorption applications.

Figure 7 shows the digital image of the leftover solution 
of MO molecules after the adsorption process, a darker 
orange colour in samples Figure 7f and Figure 7g indicated 
the adsorption process was less successful, rendering a 
higher MO concentration in the remaining solution. This result 
contrasts with (Low, Tan, Chin, & Tan, 2018), who reported 
that peanut husk powder sonicated with the same probe 
sonicator at 60 % amplitude exhibited more surface pores and 
higher adsorption efficiency than the unsonicated counterpart. 
Such deviation could be ascribed to the less resilience of the 
chitosan macrobeads towards cavitation-induced mechanical 
stresses as compared to peanut husk powder.

Figure 6: MO removal efficiency using the unsonicated
and sonicated chitosan macrobeads. Experimental conditions: 

50 mg/L MO solution, pH 5, 20 mL total dye volume,
8 g chitosan macrobeads, agitation speed of 200 rpm, and 

contact time of 3 hours. 
*statistically significant difference determined by t-test (P < 0.05)

Figure 7: Digital images showing the appearance of the
a) initial MO solution (50 mg/l), and remaining solution after 
adsorbed by chitosan macrobeads prepared at sonication 
amplitude of b) 0 %, c) 20 %, d) 40 %, e) 60 %, f) 80 %,

and g) 100 %
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4.0	 CONCLUSION 
The present work revealed that modification of chitosan 
macrobeads can be achieved through the application of 
intense ultrasonication. Electron microscopic analysis showed 
that chitosan macrobeads sonicated at amplitudes of 20 % 
– 40 % exhibited wavy and corrugated surfaces, along with 
the formation of cracks and pores. However, increasing the 
sonication amplitude to 60 % – 100 % resulted in fragmentation 
of the bead surface into flake-like structures. In fact, under such 
high sonication amplitudes, some fragments of the beads have 
disintegrated and became suspended in the solution, causing 
the initially clear water to turn turbid. FTIR analysis showed 
that key functional groups of chitosan, including –OH, C=O and 
N–H bonds, were retained in the sonicated counterparts. In 
terms of dye adsorption efficiency, the unsonicated chitosan 
macrobeads were able to remove 40 % of MO after 3 hours 
of batch adsorption. Only a slight increase in adsorption 
efficiency was observed when the chitosan macrobeads 
were moderately sonicated; the slight increase is attributed 
to sonication-induced surface perforation, creating additional 
adsorption sites.

However, a significant reduction in adsorption efficiency 
was observed when the chitosan macrobeads were sonicated 
at amplitudes ≥ 60 %, as supported by SEM analysis 
showing that the bead surfaces had fragmented into flake-like 
structures, with portions of them have disintegrated from the 
beads. In overall, this study has demonstrated that controlled 
ultrasonication is a feasible method to tailor the surface 
structure of chitosan macrobeads, thereby offering insights 
for modifying chitosan-based adsorbents for effective water 
treatment applications. For future studies, further optimization 
of the sonication-induced surface perforation should be 
carried out by manipulating other sonication conditions which 
include sonication time and temperature. The macrobead 
structure can be further characterised for crystallinity via X-ray 
Diffraction and surface area using Brunauer–Emmett–Teller 
analyser. In addition, the dye desorption and reusability of the 
chitosan macrobeads in dye adsorption applications should be 
investigated. 
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