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Microplastics (MPs) have emerged as pervasive atmospheric pollutants, yet their 

occurrence and characteristics in urban air environments remain poorly characterized. 

This study quantified the abundance, morphological features, polymer composition, and 

elemental associations of airborne MPs in indoor and outdoor environments in Marikina, 

Philippines. Airborne particles were collected using a respirable dust sampler and 

analyzed through microscopic observation, attenuated total reflectance Fourier-transform 

infrared spectroscopy (ATR-FTIR), and scanning electron microscopy coupled with 

energy-dispersive X-ray spectroscopy (SEM-EDX). Results revealed significantly higher 

MP concentrations in outdoor air (0.341±0.038 MP/m³) than indoors (0.155±0.106 

MP/m³) (p=0.0454), with estimated daily intakes ranging from 0.5-3.2 MP/day indoors 

and 2.1-4.3 MP/day outdoors. Fibers were the predominant morphology in both 

environments, accounting for 80.0-95.7% indoors and 61.3-84.0% outdoors. Polymer 

analysis identified indoor MPs mainly as polyvinyl chloride (PVC, 50.0%), polyethylene 

(PE), and polyurethane (PU), whereas outdoor samples showed a broader diversity, 

including polyamide (PA), polyethylene terephthalate (PET), polymethyl methacrylate 

(PMMA), and high-density polyethylene (HDPE). Elemental analysis revealed the 

adsorption of toxic metals such as titanium (Ti), chromium (Cr), lead (Pb), mercury (Hg), 

and cadmium (Cd), with Pb concentrations reaching up to 18.13% in indoor PE fibers and 

Cr up to 18.29% in outdoor HDPE. These findings demonstrate that outdoor environments 

harbor higher concentrations and more chemically complex MPs, emphasizing the 

potential risk of human inhalation exposure. The study underscores the urgent need for 

monitoring airborne MPs and developing mitigation measures to reduce human and 

environmental health in urban areas. 

Keywords: 
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Inhalation/ SEM-EDX/ ATR-FTIR 
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HIGHLIGHTS 

• Airborne microplastics were detected in indoor and outdoor urban sites.

• Outdoor sites showed higher microplastic levels than indoor areas.

• Black and red synthetic fibers were the dominant microplastic types.

• FTIR identified PU, PE, and PVC in indoor microplastic samples.

• PA, PET, PMMA, and HDPE were present in outdoor microplastics.

1. INTRODUCTION

Plastics have largely replaced traditional 

materials such as metal, glass, and wood due to their 

cost-effectiveness, durability, and versatility (Ng et 

al., 2018; Rehm et al., 2021). Their affordability and 

widespread applications have made them 

indispensable across various industries, significantly 

shaping the global economy   (Peña et al., 2023; Ritter, 

2022). Much of the research on microplastic (MPs) 

has focused on marine ecosystems (Bhuyan 2022; 

Pothiraj et al., 2023; Marcharla et al., 2024; Ellos et 

al., 2025) while the scale and extent of contamination 

in other environmental compartments, including the 

atmosphere, remain poorly understood. Multiple 

studies have confirmed the presence of MPs across 

various ecosystems, including river sediments 

Citation: Ministerio JRB, Amer NB, Romarate II RA, Bacosa HP. Atmospheric microplastics in indoor and outdoor air: Abundance and their 

potential as vectors for heavy metals. Environ. Nat. Resour. J. 2026;24(3):268-279.  (https://doi.org/10.32526/ennrj/24/20250103)
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(Gabriel and Bacosa, 2024), lakes  (Arcadio et al., 

2022), beaches  (Sajorne et al., 2022) and agricultural 

soil (Gonzales et al., 2024). 

However, research on airborne MPs remains 

limited despite their potential to pose serious risks to 

both human health and environmental integrity. 

Outdoor airborne sources include vehicle tire wear 

(Brahney et al., 2021; Boakes et al., 2023a), waste 

disposal, macro-plastic debris and construction works 

(Salthammer, 2022). Beyond outdoor sources, indoor 

environments also contribute significantly to MP 

contamination, as enclosed spaces can facilitate 

prolonged exposure. Studies have identified textiles as 

a dominant source, with MPs being released from 

vented tumbled dryer (Tao et al., 2022), degraded floor 

finishing materials (Suh et al., 2025), carpets  (Yasin 

et al., 2024), and household fabrics during routine 

activities such as laundry and mechanized clothes 

drying  (Kapp and Miller, 2020). The distribution of 

airborne MPs varies depending on location and 

environmental factors (Perera et al., 2022).  

MPs are now ubiquitous, contaminating the 

human diet (Dimaongon et al., 2024), raising urgent 

concerns about their potential risks to environmental 

sustainability and public health (Koelmans et al., 2022). 

They have been widely reported in various 

environmental matrices, including atmospheric dust 

(Xu et al., 2024), personal care products and cosmetics 

(Gamage and Mahagamage, 2024), food items 

(Mamun et al., 2023) and water systems (Kye et al., 

2023).  

In the Philippines, a recent study by  Romarate 

et al. (2023), examined MPs suspended in the 

atmosphere, estimated that an adult could inhale at 

least one suspended atmospheric MP (SAMP) after 

approximately 99 to 132 hours of exposure. This 

highlights the potential for chronic exposure, 

particularly in urbanized and industrialized settings. 

Additionally, Patilan et al. (2024) conducted a 

preliminary study on mercury (Hg) and lead (Pb) in 

the ambient air of Metro Manila. Their findings 

support the reported presence of MPs in the area, 

providing documented evidence of these toxic metals 

in the atmosphere of the biggest urban area in the 

Philippines.  

Another study concerning airborne MPs focuses 

on road dust, which plays a significant role in 

atmospheric MP pollution. Tejano et al. (2024), 

confirmed the presence of MPs in road dust samples 

collected from Iligan City, a rapidly urbanizing area in 

Mindanao, reinforcing concerns about MP dispersion 

in high-traffic environments. Given their widespread 

presence, human exposure to MPs is inevitable, 

occurring through ingestion, inhalation, and dermal 

contact. Studies have suggested that MP exposure may 

lead to oxidative stress, cytotoxicity, neurotoxicity, 

immune system disruption, and translocation to other 

tissues (Bhuyan, 2022).   

Despite the increasing evidence of airborne MP 

contamination, the Philippines still faces a significant 

research gap in both indoor and outdoor environments. 

The lack of comprehensive studies limits the ability of 

policymakers’ and public health officials’ to assess 

exposure risks and formulate science-based mitigation 

strategies. While existing research has identified 

potential sources of MPs, a critical need remains to 

establish baseline data on MP levels, sources, and 

health implications across different settings. 

Understanding the extent of MP pollution in enclosed 

indoor spaces, where prolonged exposure may occur, 

and outdoor environments, where industrial activity, 

vehicular emissions, and urbanization contribute to 

dispersion, is essential for developing effective 

regulatory frameworks. Without such evidence, 

efforts to curb MP emissions and minimize human 

exposure remain insufficient.  

While studies have been published on airborne 

MPs in outdoors environments (Discutido et al., 

2024), there is a lack of research examining both 

indoor and outdoor airborne MPs in the Philippines. 

This study aims to address the knowledge gap 

regarding airborne suspended MPs in the Philippines 

by investigating their presence in both indoor and 

outdoor settings. The specific objectives of the study 

were as follows: (1) to determine the abundance of 

MPs in indoor and outdoor environments; (2) to 

characterize MPs based on shape, color, and polymer 

composition; and (3) to identify the adsorbed metals 

associated with MPs. This study provides insights into 

the current understanding of inhalable MP exposure in 

indoor and outdoor settings, highlighting the need for 

further research on the role of MPs as vectors for 

heavy metals and other pollutants and their potential 

risks to human health and the environment.   

2. METHODOLOGY

2.1 Background of the sampling area

Marikina, is a highly urbanized city located in 

the eastern part of National Capital Region (NCR) of 

the Philippines. It serves as the main gateway between 

Metro Manila and the provinces of Rizal and Quezon. 

This study was conducted within a two-storey 
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residential apartment, with indoor sampling taking 

place on the ground floor (living room). The room had 

approximate dimensions of 3 m × 5.5 m × 4 m (LWH) 

(Figure 1). For outdoor sampling, the measurements 

were taken 5.6 meters from the apartment at ground 

level (geolocation: 14°39'6.12"N, 121°6'40.68"E. The 

apartment housed five adult occupants.  

2.2 Air sampling and sample preparation 

Airborne MP sampling was conducted from 

July 16 to 18, 2025. In each sampling environment, 

one-hour sampling sessions were carried out in both 

the morning and evening using a continuous sampling 

approach. The morning period, which included both 

the setup and the sampling process, was conducted 

between 6:00 am and 8:00 am. Similarly, the evening 

setup and sampling were performed between 6:00 pm 

and 8:00 pm. 

A respirable dust sampler with an intake flow 

rate of 1.4 m3/min was used to collect airborne MP 

particles. The sampled air volume per session was 

approximately 84 m³, and the intake rate was 

monitored every 30 min to ensure a uniform flow rate 

(Romarate et al., 2023). The sampler’s intake was 

positioned 1.5 meters above the ground to simulate the 

average height of human breathing. GF/C Whatman 

filter paper (8.3×11.7 inches) was used to capture 

suspended atmospheric MPs during each sampling 

period across different sampling environments. Before 

sampling, filters were microscopically examined to 

confirm the absence of MP contaminants. After 

collection, the filters were transported to a controlled 

laboratory environment to prevent external 

contamination and for analysis. Each filter was 

subjected to microscopy with a magnification power 

of WF10X/22 (YANA Chemodities Inc.), where 

potential MP particles were handpicked and embedded 

in glass slides for further examination. 

Figure 1. Schematic representation of the sampled area, showing the location of the respirable dust sampler in the indoor and outdoor 

settings. 

2.3 Daily intake of MPs 

To estimate the potential daily inhalation of 

MPs by an individual, a modified version of the 

equation proposed by Akhbarizadeh et al. (2021), was 

utilized as shown below: 

Daily intake (
MP

day
) = density (

MP

m3) × ventilation rate     (1) 

(
m3

min
) × exposure time (

min

day
) 

Where; Density is, expressed in MP/m³, refers 

to the number of airborne MPs per cubic meter of air. 

Ventilation rate, expressed in m³/min, represents the 

average volume of air inhaled per minute, with 5 

L/min and 8 L/min used in this study to represent 

different activity levels. Exposure time was set at 24 

hours, assuming continuous daily exposure. 

2.4 Morphological characterization and plastic 

confirmation 

Samples mounted on glass slides were 

examined under a microscope to determine their 

physical characteristics, such as color and shape. To 

confirm whether the collected particle was plastic, the 

“Hot Needle Test” was performed following the study 

of Beckingham et al. (2023). Plastic particles were 
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confirmed if they exhibited melting or deformation 

under the microscope.  

2.5 ATR-FTIR analysis 

Some MPs confirmed using the “Hot Needle 

Test” were randomly analyzed using Attenuated Total 

Reflectance Fourier-Transform Infrared (ATR-FTIR) 

- Shimadzu (IRTracer 100) to confirm their polymer

type. Spectra graphs generated for each MP were

automatically matched against a pre-existing standard

spectral library. Before each analysis, the ATR crystal

was thoroughly cleaned with 70% ethanol, followed

by a background scan to ensure accuracy.

Additionally, the obtained spectra were cross-

referenced with literature-based reference spectra,

with a similarity threshold of >70% considered a

positive match (Sharaf Din et al., 2024).

2.6 SEM-EDX analysis 

Randomly selected MPs from each sample were 

analyzed using a scanning electron microscope 

(SEM), JEOL (JSM-IT200) coupled with energy-

dispersive X-ray spectroscopy (EDX) for surface 

elemental composition analysis. SEM utilizes a 

focused electron beam to scan the sample surface, 

producing high-resolution images that reveal the fine 

surface details of the MPs. MPs were carefully picked 

using metal needles and placed onto stubs. These stubs 

were then gold-coated before SEM-EDX analysis. 

Images were captured at various magnifications to 

examine surface morphology in detail. Surface 

elemental composition was determined using EDX, 

with characteristic peaks indicating the presence of 

specific elements on MP surfaces. 

2.7 Quality control 

All filter papers were stored in labeled 

envelopes both before and after exposure. Before use, 

glass slides were thoroughly cleaned with distilled 

water and dried. Metal tweezers were used to handle 

the filter papers to minimize contamination. Exposed 

filters were carefully folded and stored in labeled 

envelopes to prevent contamination. Samples were 

only opened when required for analysis, ensuring they 

remained free from the contamination throughout the 

process. 

2.8 Statistical analysis 

Microsoft Excel and OriginLab (2025) were 

used. A paired t-test was conducted to compare the 

means of the two sampling environments (indoor and 

outdoor), with statistical significance set at p<0.05. 

The Shapiro-Wilk test was used to assess the 

normality of the data. Unless otherwise stated, all 

statistical results are presented as mean±SD.  

3. RESULTS

3.1 Microplastic abundance in air samples

Variations in MPs’ abundance revealed a 

distinct contrast between indoor and outdoor 

environments. Indoor MP concentrations range from 

0.071 to 0.274 MP/m³, with the highest recorded on 

the first day (Table 1). In contrast, outdoor 

concentrations remained consistently higher, ranging 

from 0.298 to 0.369 MP/m³. This disparity highlights 

the significant difference (p=0.0454) in MP presence, 

with outdoor air containing significantly higher 

concentrations than indoor spaces. On average, indoor 

MP levels measured 0.155±0.106 MP/m³, whereas 

outdoor concentrations were nearly double at 

0.341±0.038 MP/m³ (Figure 2).  

Assuming that an average person spends a 

significant portion of their time indoors, indoor MP 

daily intake ranged from 0.5 to 3.2 MP/day, with the 

highest intake observed at Indoor 1 (2.0-3.2 MP/day) 

and the lowest at Indoor 3 (0.5-0.8 MP/day). Outdoor 

MP daily intake ranges from 2.1 to 4.3 MP/day, with 

Outdoor 2 recording the highest values (2.7-4.3 

MP/day) and Outdoor 1 the lowest (2.1-3.4 MP/day). 

Outdoor intake values were consistently higher than 

indoor values, except for Indoor 1, which showed a 

broader range of intake estimates. 

Table 1. MPs concentration and estimated daily intake in indoor and outdoor air samples 

Sampling station No. of MPs observed MPs concentration (MP/m³) MPs daily intake (MP/day) 

Indoor 1 23 0.274 2.0-3.2 

Indoor 2 10 0.119 0.9-1.4 

Indoor 3 6 0.071 0.5-0.8 

Outdoor 1 25 0.298 2.1-3.4 

Outdoor 2 31 0.369 2.7-4.3 

Outdoor 3 30 0.357 2.6-4.1 
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Figure 2. MPs concentration in indoor and outdoor environments 

3.2 Shape, color and polymer type of microplastics 

MPs in indoor and outdoor environments 

showed differences in color, polymer type, and shape. 

Color distribution varied, with indoor samples 

dominated by blue, transparent, and red MPs. In 

contrast, outdoor samples have a mix of black, blue, 

red, and yellow (Figure 3(a)). Shape composition is 

fiber-dominant indoors (80.0-95.7%) and outdoors 

(61.3-84.0%), though outdoor samples (Figure 3(b)) 

showed more fragments. The polymer composition of 

indoor samples was mainly polyvinyl chloride (PVC) 

(50.0%), with polyethylene (PE) and polyurethane 

(PU) at 25.0% each (Figure 3(c)). Outdoor samples 

have a more diverse composition, including 

polyamide (PA), polyethylene terephthalate (PET), 

polymethyl methacrylate (PMMA), and high-density 

polyethylene (HDPE), each at 25.0%. 

3.3 Elemental mapping associated with 

microplastics 

SEM images (Figure 4) illustrate the surface 

texture of various atmospheric MPs with different 

shapes. When analyzing with EDX, different areas of 

a particle’s surface were considered, including the area 

with potentially adhered foreign material. The results 

of the SEM-EDX analysis are presented in Table 2.  

Carbon (C) and oxygen (O) are fundamental elements 

in all plastic materials, as they are the derivative from 

the petroleum products. Other metal elements such as 

titanium (Ti), chromium (Cr), lead (Pb), cadmium 

(Cd), nickel (Ni), copper (Cu), and zinc (Zn) were 

present in spots containing foreign materials. Ti 

concentrations are notably higher in outdoor PET 

(6.57%) compared to indoor PE (3.05%) and outdoor 

HDPE (0.14%). 

Figure 3. Relative abundance of MPs in indoor (ID) and outdoor (OD) environments (a) color, (b) shape, and (c) polymer type 
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Figure 3. Relative abundance of MPs in indoor (ID) and outdoor (OD) environments (a) color, (b) shape, and (c) polymer type (cont.) 

Figure 4. SEM images of MPs (a) frayed indoor PE fiber, (b-c) outdoor MPs with (b) PET fiber and (c) a fragmented HDPE particle 
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Figure 4. SEM images of MPs (a) frayed indoor PE fiber, (b-c) outdoor MPs with (b) PET fiber and (c) a fragmented HDPE particle 

(cont.) 

Table 2. Summary of adsorbed metals associated with MPs, (a) indoor PE fiber, (b) outdoor PET fiber and (c) fragmented HDPE outdoor. 

Element a. Indoor

(Polyethylene)

b. Outdoor

(Polyethylene terephthalate)

c. Outdoor

(High density polyethylene)

O 51.98 ± 5.24 51.35±6.45 77.42±11.95 

Mg nd 0.96±1.58 0.17±2.59 

Al nd 2.44±2.13 0.14±2.67 

Ti 3.05±4.36 6.57±7.34 18.29±17.64 

Cr nd nd nd 

Ni 0.14±30.62 nd 3.71±113.30 

Cu nd nd nd 

Zn 16.90±5.29 16.82±5.97 nd 

Cd 0.21±3.23 nd nd 

Hg 9.58±7.14 9.35±8.51 nd 

Pb 18.13±8.32 12.50±10.50 nd 

Total 100.00 100.00 100.00 

Cr is only detected only in the outdoor HDPE 

sample (18.29%), while lead (Pb) and mercury (Hg) 

are present in both indoor and outdoor fibers, with Pb 

levels reaching 18.13% in indoor PE and 12.50% in 

outdoor PET. Cd was recorded in indoor PE (0.21%), 

while Ni was detected only in indoor PE, with highly 

variable concentrations. Cu was not found in any of 

the samples.  

4. DISCUSSION

MPs were detected in both indoor and outdoor 

environments in this study. Outdoor environments 

may contain higher MPs concentration due to greater 

exposure to harsh conditions such as heat and 

mechanical wear. These factors accelerate the 

breakdown of macroplastics, increasing the likelihood 

of MP generation compared to the more sheltered 

indoor setting. Variations in indoor MP abundance 

may be influenced by differences in human activity 

and ventilation efficiency (Sharaf Din et al., 2024), 

with fibers being the predominant form in both 

environments.  

Contamination in both indoor and outdoor 

environments arises from multiple sources and is 

largely driven by poor solid waste management 

practices (Paler et al., 2022) and varying 

environmental conditions. While existing studies often 

focus on quantifying plastic pollution, they fall short 

in addressing the more pressing concern how rapidly 

plastics are being released into the environment 

(Tabañag et al., 2022). Indoor MPs are primarily 

linked to textiles, household items, and synthetic 

furnishings, which continuously shed PET and PE 

fibers into the air. This study found that black (70.0%) 

and red (50.0%) MPs were predominant indoors, 

consistent with prior research identifying indoor MP 

contamination from fabrics and furnishings (Sharaf 

Din et al., 2024). Similarly, Liao et al. (2021) and 

(c) 
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Perera et al. (2022) reported significant indoor PET 

presence, with PET accounting for 28.4% and 60% of 

MPs, respectively. This suggests that synthetic 

textiles, carpets, and household plastics contribute to 

indoor MP accumulation. The presence of PVC is 

likely attributed to human activities, while the 

turbulence created by airflow, aids in the dispersion of 

MPs.  In contrast, outdoor MP composition is more 

diverse, influenced by environmental exposure, 

weathering, and industrial or urban waste sources. 

This study identified blue MPs as the most prevalent 

outdoors (53.3-60.0%), likely due to the degradation 

of plastic materials such as tarpaulins and packaging. 

A similar trend was observed in London, where blue 

and transparent fibers dominated outdoor samples 

(Boakes et al., 2023b). The polymeric composition 

further supports these findings, with indoor MPs being 

predominantly polyvinyl chloride (PVC) (50.0%), 

while outdoor MPs exhibited a broader range of 

polymers, including polyethylene terephthalate (PET), 

polyamide (PA), high-density polyethylene (HDPE), 

and polymethyl methacrylate (PMMA). Such 

variations highlight the influence of regional industrial 

activities, waste management practices, and 

atmospheric transport on MP distribution. 

Identifying MP sources remains challenging 

due to the complexity of environmental interactions. 

However, morphological characteristics, together with 

polymer composition, provide valuable insights into 

potential origins. This study found fibrous MPs to be 

the dominant morphology, comprising 80.0-95.7% of 

indoor MPs and 61.3-84.0% of outdoor MPs, followed 

by fragments. These findings align with previous 

studies, which consistently report fibers and fragments 

as the most abundant MP types in both indoor and 

outdoor environments (Liao et al., 2021; Cui et al., 

2022; Perera et al., 2022; Romarate et al., 2023; Sharaf 

Din et al., 2024; Jahanzaib et al., 2025). The 

predominance of indoor fibers supports the link to the 

textile shedding, while the presence of diverse 

polymer types outdoors suggests multiple sources, 

including urban runoff, industrial emissions, and 

atmospheric transport. Understanding these patterns is 

crucial for assessing MP exposure risks and informing 

mitigation strategies. Given these findings, with MPs 

densities in this study 0.155±0.106 MP/m³ indoors; 

0.341±0.038 MP/m³ outdoors, the implications for an 

adult person’s exposure to MPs are concerning. On 

average, a person may inhale approximately 1.1 to 1.8 

MPs/day indoors and 2.5 to 3.9 MPs/day outdoors, 

based on normal minute ventilation rates of 5 to 8 liters 

of air per minute and an estimated exposure time of 1 

hour (Romarate et al., 2023; Levitan, 2015). This 

study’s estimated daily MP inhalation followed a 

similar trend, with indoor intake ranging from 0.5 to 

3.2 MPs per day. The highest recorded indoor intake 

was observed at Indoor 1, ranging from 2 to 3.2 MPs 

per day. Outdoor MP inhalation was consistently 

higher, ranging from 2.1 to 4.3 MPs/day, with the peak 

intake recorded at outdoor 2 (2.7-4.3 MPs/day). 

Research on airborne MP exposure remains 

limited these results highlight potential health risks, 

particularly concerns about MP inhalation and its 

possible effects on the respiratory system. Table 3 

presents a comparative analysis of recent studies on 

MP contamination. However, direct comparisons are 

challenging due to variations in sampling 

methodologies, analytical techniques, environmental 

conditions, and study parameters.  Understanding the 

sources, behavior, and potential health risks of 

airborne MPs is essential for informing air quality 

management policies and reducing plastic pollution. 

Future studies should explore long-term exposure 

risks, polymer degradation pathways, and mitigation 

strategies to address this growing environmental and 

public health issue. This study presented relatively low 

airborne MP concentrations (1.65±0.43 MP/m³ 

indoors; 0.72±0.37 MP/m³ outdoors), comparable to 

Sri Lanka (Perera et al., 2022) and India (Nandi et al., 

2024), but significantly lower than those in highly 

urbanized areas like China (Liao et al., 2021) and 

Brazil (Amato-Lourenço et al., 2022). In terms of 

morphology, both fibers and fragments were observed, 

consistent with studies from Sri Lanka, India, and New 

Jersey (Yao et al., 2022), while fragment dominance 

aligns with studies in China and Brazil. The detected 

colors - mainly white and transparent - are similar to 

those reported in India, Sri Lanka, and London 

(Boakes et al., 2023b), suggesting common sources 

such as packaging or domestic items.  

Polymer analysis revealed PE, PP, PS, and 

PVC, with PE and PP also reported in China, Sri 

Lanka, Pakistan (Sharaf Din et al., 2024), and India. 

The presence of PS and PVC reflects overlap with 

India, hinting at shared sources such as insulation or 

consumer goods. Overall, the findings mirror trends 

observed in developing regions and highlight the 

influence of local environmental and human factors on 

airborne MP profiles. 

Environmental factors like wind, waves, and 

sunlight accelerate MP degradation by fragmenting 

polymers  (Lin et al., 2022),  increasing  their  surface 
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area and enhancing their sorption capacity (Wang et 

al., 2019). SEM-EDX analysis in this study identified 

additional elements originating from either the natural 

or virgin plastic composition, suggesting either 

environmental adsorption. Metals such as Cu, Al, and 

Ti were detected, consistent with findings from indoor 

and outdoor air samples in Pakistan (Sharaf Din et al., 

2024).  

Additionally, Hg, Pb, and Cd are toxic heavy 

metals that pose serious health risks due to their 

persistence and bioaccumulation. Mercury, especially 

as methylmercury, is a potent neurotoxin capable of 

impairing cognitive function and damaging the 

kidneys and liver. Lead exposure, particularly in 

children, causes neurodevelopmental delays, anemia, 

and cardiovascular issues. Cadmium primarily targets 

the kidneys, weakens bones, and has carcinogenic 

potential (Balali-Mood et al., 2021).  Although direct 

causal links between metals adsorbed on MPs and 

specific health outcomes remains to be established, 

this study highlights that airborne MPs can act as 

carriers of hazardous trace elements. Their potential to 

transport these toxic substances through inhalation 

pathways emphasizes the possible risks to human 

health and the environment. 

5. CONCLUSION AND RECOMMENDATIONS

This study presents the first characterization of 

airborne MPs in both indoor and outdoor 

environments in the Philippines, revealing significant 

variations in abundance, morphology, and chemical 

composition. The findings demonstrate that outdoor 

air harbors nearly double the concentration of MPs 

compared to indoor environments, emphasizing the 

influence of traffic emissions, resuspension from road 

dust, and atmospheric turbulence in enhancing MP 

dispersion. The dominance of fibrous particles across 

both environments reflects the extensive shedding of 

synthetic textiles. The presence of diverse polymer 

types - PVC indoors and PET, PA, PMMA, and HDPE 

outdoors - indicates multiple anthropogenic sources, 

including clothing, packaging materials, and building 

products. 

Beyond physical characterization, elemental 

analysis through SEM-EDX revealed that MPs serve 

as potential carriers of toxic metals such as Ti, Cr, Pb, 

Hg, and Cd, which may originate from industrial 

emissions, pigments, and fuel combustion. The 

elevated presence of Pb in indoor PE fibers (18.13%) 

and Cr in outdoor HDPE fragments (18.29%) 

highlights potential indoor-outdoor pollution linkages 

and the complexity of atmospheric contamination. 

These findings suggest that MPs not only represent 

inhalable particulates but also act as vectors of 

hazardous substances potentially exacerbating human 

health risks through respiratory exposure. 

While the study is limited by its sampling 

duration and localized scope, it establishes a 

foundation for understanding atmospheric MP 

pollution in urban tropical environments. 

Additionally, the use of GF/C Whatman filters, while 

effective for general particulate matter, has a nominal 

pore size and may not efficiently retain smaller MPs 

or nanoplastics, potentially leading to underestimation 

of total airborne MP concentrations. Future research 

should explore seasonal and spatial variability, 

resuspension dynamics, and human exposure 

pathways. Integrating toxicological assessments and 

long-term monitoring will be critical for evaluating the 

cumulative effects of MPs and their associated 

contaminants. Ultimately, the study underscores the 

need for targeted environmental policies, improved 

waste management, and public awareness campaigns 

to mitigate airborne MP pollution and safeguard 

public health. 
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Landfill leachate (LL) from landfills and open dumpsites poses significant risks to 

surrounding soils and water bodies. This study investigated seasonal variations in 

physicochemical and heavy metal characteristics of LL at the newly operational 

Bancharedada landfill site in Nepal using the Leachate Pollution Index (LPI). It also 

evaluated the attenuation of organic content, measured as chemical oxygen demand 

(COD), across different soil textures using fixed-bed column tests. Kinetics analyses 

employed the Yoon-Nelson model (YNM), Thomas model (TM), and Adam and Bohart 

model (ABM). The biological oxygen demand (BOD5)/COD ratio ranged from 0.44 to 

0.51, with higher values in the dry seasons and lower values during the monsoon, 

indicating rainfall-induced dilution of organic pollutants. The bed saturation time for COD 

removal was longest in clayey soil (35 days) and shortest in sandy soil (4 days). YNM 

provided the best model fit and was therefore applied for COD breakthrough prediction 

across soil textures. YNM rate constants (KYN) were lower in clayey soils and higher in 

sandy soils, thereby increase in breakthrough times (τ) and adsorption capacities (Qo) in 

clayey soils whereas the sandy soils shows the opposite trend, highlighting the strong 

influence of soil texture on COD attenuation potential. 
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HIGHLIGHTS 

• Seasonal LL quality was assessed using the Leachate Pollution Index.

• Fixed-bed column tests evaluated COD attenuation in seven soil textures.

• The Yoon-Nelson model best predicted COD removal across soil types.

• Soil texture strongly influenced COD removal.

1. INTRODUCTION

In 2016, global municipal solid waste generation 

reached 2.01 billion tonnes and is projected to reach 

3.40 billion tonnes by 2050. South Asian cities 

contributed 334 million tonnes in 2016, with estimates 

rising to 466 million tonnes by 2030 and 661 million 

tonnes by 2050 (Kaza et al., 2018). In Nepal, 

urbanisation has substantially increased waste 

generation (Pathak et al., 2020), amounting to 

approximately 1.8 million tonnes annually and 

requiring 35 hectares of land annually for untreated 

disposal (Goyal et al., 2020). Current disposal practices 

include open dumping (48.6%), burning (32.1%), and 

river dumping (27.4%) (Central Bureau of Statistics, 

2020), leading to significant environmental challenges 

such as greenhouse gas emissions, land and water 

contamination, and climate change.  

Kathmandu Metropolitan City generated 

approximately 766 tonnes/day of waste in 2021, a 

figure projected to reach 1,259 tonnes/day by 2035 

(Khanal, 2023). Waste from the Kathmandu 

Metropolitan City and nearby municipalities is 

currently managed at the Bancharedada landfill site, 

located 27 km northwest of Kathmandu. The 

Citation: Sapkota L, Joshi R, Adhikari B, Thapa B, Shrees S, Bhattarai A, Ghimire A. Attenuation of organic matter in landfill leachate: Seasonal 

characterization and soil column evaluation. Environ. Nat. Resour. J. 2026;24(3):280-295.

(https://doi.org/10.32526/ennrj/24/20250233) 
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Bancharedada landfill site still lacks a facility for 

treating leachate. LL is a byproduct of waste 

decomposition and varies in composition depending 

on rainfall, landfill age, and waste characteristics 

(Nayanthika et al., 2018; Nawaz et al., 2020). The 

Leachate Pollution Index (LPI) can be used to leachate 

contamination potential and to compare compliance 

with the regulatory standards (Hussein et al., 2019). 

Leachate treatment mechanisms include 

biological, chemical, and physicochemical processes 

such as activated sludge, advanced oxidation, 

adsorption, and membrane filtration (Teng et al., 

2021). In landfill sites, the soil cover used for daily 

waste covering has varying permeability and can 

function as an in-situ treatment medium for LL 

(Yidong et al., 2012). This underscores the need to 

understand the containment and attenuation behaviour 

of LL across different soil textures. However, research 

on leachate-soil interactions and natural attenuation of 

contaminants remains limited (Gonçalves et al., 2019). 

Clayey soil is commonly preferred as a daily 

landfill cover materials due to its low hydraulic 

conductivity and high sorption capacity, which 

enhance pollutant retention (Qi et al., 2013; Chetri and 

Reddy, 2021). Soil texture, particularly the fine 

content in clayey soil, plays a key role in pollutant 

attenuation by attracting ions and enhancing 

adsorption (Regadío et al., 2015; Cronan, 2018). 

Column experiments are widely used to simulate field 

conditions and evaluate leachate-soil interactions over 

time (Naka et al., 2016). This highlights the significant 

influence, particularly, remain limited. This highlights 

the significant influence of soil texture on pollutant 

attenuation and containment. However, studies 

investigating the attenuation of organic contaminants 

across localised soil textures, particularly in the South 

Asian context, remain limited.  

This study is the first to investigate the 

behaviour of COD as an absorbate across different soil 

textures found in Nepal, focusing on their attenuation 

capacity to prevent subsoil contamination. 

Additionally, the study examined seasonal variations 

in LL physicochemical and heavy metal composition 

and applied the LPI to identify the key contributing 

pollutants. Fixed-bed column experiments were 

conducted to evaluate COD-soil interactions, and the 

resulting data were analysed using three kinetic 

models (YNM, TM, and ABM) to quantify COD 

removal rates. Model performance was evaluated 

based on R2 values, and the best-fitting model was 

used to predict COD attenuation across soil textures, 

providing valuable insights to support the design of 

effective landfill liner materials.  

2. METHODOLOGY

2.1 Materials

2.1.1 Leachate and soil sampling 

Leachate samples were collected from the 

Bancharedada landfill site in Nepal, as shown in 

Figure 1. The site is located 27 km northwest of 

Kathmandu and 2 km west of the previous Sisdole 

landfill site, within the boundaries of Kakani Rural 

Municipality (Ward number 2) in Nuwakot District 

and Dhunibesi Municipality (Ward number 1) in 

Dhading District. Leachate sampling was conducted 

over 12 months, with a total of 12 samples collected 

from March 2023 to February 2024, covering the dry, 

summer, wet, and winter seasons. The samples were 

collected and preserved according to the Standard 

Methods for the Examination of Water and 

Wastewater (Baird et al., 2017). 

A purposive sampling technique was used for 

the first three soil samples (S1, S2, and S3), selected 

based on clay, sand, and silt content exceeding 50%, 

as per soil maps prepared by the National Soil Science 

Research Center (NSSRC), a unit under the Nepal 

Agricultural Research Council (NARC), Government 

of Nepal (https://soil.narc.gov.np/). Soil samples S4 

and S5 were collected from the Sisdole landfill site, 

while S6 and S7 were taken from the Bancharedada 

landfill site. All samples were collected manually at a 

depth of 0-15 cm after clearing surface debris. The 

details of the soil sampling sites used in the column 

experiments are shown in Table 1. 

2.1.2 Column tests setup and experimental 

design 

Column tests were conducted using leachate 

samples applied to seven soil types (clayey, silt loam, 

sandy, loam, sandy loam, clay loam, and silt loam) 

under controlled conditions. Polyvinyl chloride pipes 

(4.5 cm diameter, 30 cm packing height) were used, 

with 2 mm gravel and sand layers placed at the top and 

bottom to ensure steady flow. Each day, 250 mL of 

leachate was applied to each column (25 mL every 30 

min for 5 h) over one month. Effluents were collected 

every 12 h for COD analysis. Bulk densities of the 

soils ranged from 1.33 to 1.65 g/cm3. The column 

setup followed the (Organisation for Economic Co-

operation and Development (OECD), 2004) and Naka 

et al. (2016) guidelines. A schematic of the 

experimental setup is shown in Figure 2. 
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Figure 1. Map of Sisdole landfill site located in Kakani rural municipality (RM), Nuwakot district and Bancharedada landfill site located 

on the border of Kakani Rural Municipality and Dhunibesi municipality, Dhading district, Bagmati province, Nepal (image from Google 

Map taken in 2023) 

Table 1. Soil sampling sites used in the column experiments 

Soil samples Latitude and longitude Elevation, above 

mean sea level (m) 

District/RM/Mun Province 

S1 (clayey) 27⁰39'15.45'', 

83⁰02' 10.23'' 

112 Kapilbastu/ Buddhabhumi 

Municipality-4 

Lumbini 

S2 (silt loam) 26⁰ 26' 45'', 

87⁰ 21' 1'' 

69 Morang/ Jahada Rural 

Municipality-6 

Koshi 

S3  (sandy) 27⁰45' 48.61'', 

85⁰ 21' 59.80'' 

1388 Kathmandu/Budhanilkanta 

Municipality-12 

Bagmati 

S4 (loam) 27⁰46' 36.91'', 

85⁰ 14' 48.81'' 

1154 Nuwakot/Kakani Rural 

Municipality-3 

Bagmati 
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Table 1. Soil sampling sites used in the column experiments (cont.) 

Soil samples Latitude and longitude Elevation, above 

mean sea level (m) 

District/RM/Mun Province 

S5 (Sandy loam) 27⁰46'32.56'', 

85⁰ 14' 37.56'' 

1130 Nuwakot/Kakani Rural 

Municipality-3 

Bagmati 

S6 (clay loam) 27⁰ 46' 25.79'', 

85⁰ 13' 42.20'' 

1053 Dhading/ Dhunibesi 

Municipality-1 

Bagmati 

S7 (silt loam) 27⁰ 46' 31.35'', 

85⁰ 13' 47.23'' 

1062 Dhading/ Dhunibesi 

Municipality-1 

Bagmati 

Figure 2. A schematic of the experimental setup of the column test 

2.2 Methods 

2.2.1 Analytical methods 

The analysis of major physical and chemical 

properties of raw leachate and effluent obtained from 

the soil column tests (liquid filtrate) was conducted 

using standard procedures outlined in the Standard 

Methods for the Examination of Water and 

Wastewater, APHA 23rd Edition (Baird et al., 2017). 

Table 2 presents the parameters, methods, 

instrumentation, and references used for the analysis 

of leachate and soil samples.   

2.2.2 Calculation of the leachate pollution 

index 

LPI measures the contamination potential of LL 

(Lothe and Sinha, 2017). It incorporates 18 

parameters, including COD, BOD5, TKN, NH3-N, pH, 

TDS, Cr, Pb, Hg, As, cyanide, phenolic compounds, 

Zn, Ni, Cu, Cl, Fe, and total coliform (Kumar and 

Alappat, 2005). Due to analytical limitations, cyanide 

and phenolic compounds were not analysed in this 

study. The overall LPI and three sub-indices – LPI 

Organic (LPIor), LPI inorganic (LPIin), and LPI heavy 

metals (LPIhm) – were calculated to assess 

contamination potential of each component. Each sub-

index was estimated using the concentration values of 

the available leachate parameters using equation (1):  

LPI =  
∑ WiPi

n
i=n

∑ Wi
n
i=1

 (1) 

Then, overall LPI was estimated based on 

equation (2): 

Overall LPI = 0.232 LPIor + 0.257 LPIin + 0.511 LPIhm    (2) 

Where; Wi is the weight for the ith pollutant 

variable, Pi is the sub-index score of the ith pollutant 

variable, and n is the number of leachate pollutant 

variables. 
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Table 2. Analytical methods for leachate and soil samples 

Parameter Method Instrumentation Reference 

Leachate samples 

pH Electrode pH meter  4500-H+ B. APHA 

Conductivity Electrode Conductivity meter 2510 B. APHA 

Turbidity Nephelometric Turbidity meter  2130 B. APHA 

Total dissolved solids Gravimetric  Oven drying at 180℃ 2540 C. APHA 

BOD5 Iodometric titration BOD Incubator 5210 B. APHA 

COD Closed reflux colorimetric Colorimeter 5220 D. APHA 

Ammoniacal Nitrogen (NH3-N) Phenate Method Spectrophotometer 4500- NH3 F. APHA 

Nitrate-Nitrogen (NO3-N)  Colorimetric  Spectrophotometer 4500-NO3
-B. APHA 

Total Kjeldahl Nitrogen (TKN) Semi Micro Kjeldahl method Kjeldahl apparatus 4500-Norg C. APHA 

Zinc (Zn) Direct air-acetylene flame 

method 

Flame Atomic Absorption 

Spectrophotometer  

3111 B. APHA 

Copper (Cu) 

Manganese (Mn) 

Chromium (Cr) 

Cadmium (Cd) 

Lead (Pb) 

Nickel (Ni) 

Mercury (Hg) Cold Vapour Atomic Absorption 

Spectrophotometer 

3112. APHA 

Arsenic (As) Continuous Hydride Generation 311C. APHA 

Soil samples 

pH Electrometric pH meter  Kueneman et al. (2020) 

Moisture Oven drying at 105℃  Oven  

Soil texture Hydrometer  Hydrometer analysis 

Bulk density Core sampler  Core sampler Allison et al. (1954) 

Particle density Pycnometer  Pycnometer 

Organic matter Loss on Ignition 400℃  Muffle Furnace 

Exchangeable calcium and 

magnesium  

EDTA titrimetric method Titration Carter and Gregorich (2007) 

Exchangeable potassium Flame photometry Flame photometer 

Cation exchange capacity (CEC) EDTA Titrimetric method Titration  

Available phosphorus Olsen method Spectrophotometer Motsara and Roy (2008) 

2.2.3 Fixed bed column kinetics modelling 

using YNM, TM, and ABM 

The bed saturation of COD in the fixed-bed 

column was assessed using breakthrough curves 

(Ghosh et al., 2012; Sugashini and Begum, 2013). This 

study employed YNM, TM, and ABM to analyse the 

adsorption kinetics of different soil textures, as these 

models are widely used and have provided a good fit 

for column experiments with LL and wastewater 

(Keerthanan et al., 2021; Nazari, 2017). 

YNM assumes that the probability of adsorbate 

adsorption decreases with time for each molecule 

(Patel, 2019). The YNM is given by equation (3): 

ln(
Ct

Co−Ct
) = (KYN ∗ t) − (KYN ∗ τ)   (3) 

Where; Co=influent concentration (mg/L); 

Ct=outlet concentration at time t (mg/L); KYN=Yoon 

nelson rate constant (min-1); 𝜏=time required for 50% 

adsorbate breakthrough. 

The adsorption capacity for YNM was 

determined as a function of M, Co, τ  and Q using 

equation (4): 

q
YN =  

τCoQ

1,000M

 (4) 

Where; M=mass of the adsorbent (gm); 

Co=inlet concentration (mg/L); τ=time required for 

50% adsorbate breakthrough (day); Q=flow rate 

(mL/day). 

TM assumes Langmuir kinetics of the 

adsorption-desorption process to reach equilibrium, 
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and the maximum adsorption capacity of a bed can be 

determined using TM (Han et al., 2009).  The TM is 

given by equation (5): 

ln (
Co

Ct
− 1) =  (KTH ∗ Qo ∗

M

Q
) − (KTH ∗ Co ∗ t)    (5) 

Where; Co=Influent concentration (mg/L); 

Ct=outlet concentration at time t (mg/L); KTH=Thomas 

rate constant (L/mg·day); Qo=amount adsorbed at 

equilibrium (mg/g); Q=Flow rate (mL/day); M=mass 

of adsorbent (g). 

ABM is predicated on the idea that the rate of 

adsorption is determined by the concentration of the 

sorbing species and the residual adsorption capacity 

(Patel, 2019). The ABM is given by equation (6): 

ln (
Ct

Co
) =  KAB ∗ Co ∗ t − KAB ∗ No ∗ (

Z

Uo
)    (6) 

Where; Co=influent concentration (mg/L); 

Ct=outlet concentration at time t (mg/L); KAB=Adam 

and Bohart rate constant (L/mg·day); No=adsorption 

capacity of the bed (mg/L); Z=bed depth (cm); 

Uo=Superficial velocity (cm/day); t=Time (day). 

2.2.4 Model performance evaluation and COD 

attenuation prediction 

The experimental COD data from fixed-bed 

column tests and model-predicted (Ct) values from 

YNM, TM, and ABM for various soil textures were 

compared using the coefficient of determination (R2) 

and root mean square error (RMSE). Observed 

concentrations (y1…yn) and model values (f1…fn) 

were evaluated, with models showing R2 near unity 

and lower RMSE values selected for COD prediction 

across soil textures. The average of the experimental 

data is computed by equation (7):  

y̅ =  
1

n
∑ yi

n
i=1  (7)     

The total sum of squares SStot of the data set is 

given by equation (8): 

SStot = ∑ (yi − y̅)2
i  (8) 

The total squared residuals SSres given by 

equation (9): 

SSres = ∑ (yi − fi)
2

i  (9) 

Then the coefficient of determination (R2) is 

calculated using equation (10): 

R2 = 1 −
SSres

SStot
 (10) 

The Root means square error (RMSE) is 

calculated using equation (11): 

RMSE =  √
∑ (yi−fi)2n

i=1

n
 (11) 

Where; n is the number of observations. 

3. RESULTS AND DISCUSSION

3.1 Physicochemical and heavy metal 

characteristics of LL

The physicochemical and heavy metal 

characteristics of leachate from the Bancharedada 

landfill site, averaged over 12 months, are summarised 

in Table 3 and compared with typical young 

(acetogenic) leachate. As the Bancharedada landfill 

site is only 2 years old (<5 years), its leachate can be 

classified as acetogenic (Bashir et al., 2015). The 

characteristics of young (acetogenic) leachate reported 

by Wijekoon et al. (2022) indicate pH values ranging 

from acidic to alkaline (4.5-7.5), and Electrical 

Conductivity (EC) ranging from 7,000-30,000 µs/cm, 

which aligns with the findings of the present study. 

BOD5 values in this study ranged from 1,240-2,238 

mg/L, with an average of 1,816 mg/L, consistent with 

the 13.1-6,350 mg/L range reported by Scott et al. 

(2005) for leachate from large landfills. COD values 

(2,647-4,650) mg/L fall within the 1,500-7,100 mg/L 

range observed by Scott et al. (2005) but remain lower 

than the >10,000 mg/L reported by Foo and Hameed 

(2009). 

The BOD5/COD ratio (0.44-0.50) in this study 

is comparable to findings by Bashir et al. (2015). 

Ammoniacal nitrogen (NH3-N) ranged from 2.86 to 

8.59 mg/L, well below the <400 mg/L limit reported 

by Foo and Hameed (2009). Total Kjeldahl Nitrogen 

(TKN) values (638-1,174 mg/L) and chloride 

concentrations (428-1,094 mg/L) fall within typical 

ranges reported for young leachate by Mukherjee et al. 

(2015). Heavy metals were in the low to medium range 

(Adhikari and Khanal, 2015). Specifically, Fe (4.5-

17.87 mg/L), Zn (0.2-2.52 mg/L), and Mn (3.32-9.4) 

mg/L were all within the expected ranges for 

acetogenic leachate (Scott et al., 2005). 
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Table 3. Minimum, maximum, average, standard deviation and median of physicochemical and heavy metals characteristics of raw LL 

from the Bancharedada landfill site 

S.no. Parameters Unit Minimum Maximum Average±SD Median 

1 pH - 6.5 7.8 7±0.42 6.9 

2 EC µs/cm 16,230 18,964 18,274.58±869.88 18,770.5 

3 TDS mg/L 3,654 5,664 4,672.50±691.07 4,754.5 

4 BOD5 mg/L 1,240 2,238 1,816.00±342.33 1,956 

5 COD mg/L 2,647 4,650 3,853.33±696.22 3,984.5 

6 BOD5/COD - 0.44 0.50 0.48±0.02 0.48 

7 TKN mg/L 638 1174 987.50±143.44 985 

8 NH3-N mg/L 2.86 8.59 5.72±2.18 5.245 

9 NO3-N mg/L 1.35 4.89 4.05±1.00 4.4 

10 Cl mg/L 428 1,094 945.67±186.45 1,002 

11 Fe mg/L 4.5 17.87 15.75±4.03 17.385 

12 Cu mg/L 0.05 0.4 0.17±0.13 0.105 

13 Ni mg/L 0.1 0.94 0.53±0.26 0.5 

14 Zn mg/L 0.2 2.52 1.38±0.91 1.565 

15 Pb mg/L 0.09 0.36 0.21±0.10 0.21 

16 Cr mg/L 0.05 0.35 0.20±0.09 0.2 

17 Hg mg/L 0.001 0.213 0.02±0.06 0.003 

18 As mg/L 0.011 0.105 0.05±0.03 0.037 

19 Cd mg/L 0.01 0.052 0.04±0.02 0.0435 

20 Mn mg/L 3.32 9.4 6.18±1.66 6.31 

21 Total Coliform CFU/100 mL 170,000 241,500 222,067±220,622 230,825 

SD: represents the standard deviation 

3.2 Seasonal variations of LL 

Seasonal variations in Bancharedada landfill 

site leachate characteristics (Table 4) reflect Nepal’s 

wet (July-August) and dry (December-February) 

periods. BOD5 levels were highest in winter 

(2,086.67) mg/L and lowest in the post-monsoon 

(1,475.00 mg/L), as shown in Figure 3. This pattern is 

likely attributed to increased oxygen availability and 

reduced biodegradation rates at lower temperatures 

(Ashraf et al., 2022). COD concentrations peaked 

during the pre-monsoon (4,499.67 mg/L) and were 

lowest in the post-monsoon (3,083.00 mg/L). Elevated 

BOD5 and COD in dry seasons suggest limited 

dilution, whereas monsoon rainfall increased the 

leachate volume and diluted pollutant concentrations 

(Rhouat et al., 2019; Hoai et al., 2021).  

The BOD5/COD ratio (0.44-0.51) was higher in 

the dry season and lower during the monsoon, 

indicating moderate biodegradability and typical 

characteristic of young leachate (Bernardo-Bricker et 

al., 2014). Ratios greater than 0.5 are typical of young 

landfills (<5 years),whereas ratios close to 0.1 are 

associate with stabilised landfills (>10 years) as 

reported by Ghahrchi and Rezaee (2020). With an 

operational age of two years (since May 2022) and a 

BOD5/COD ratio between 0.44-0.51, the leachate 

aligns with the characteristics of a young landfill. 

Seasonal fluctuations are primarily influenced by 

climate factors (temperature and precipitation) and 

site-specific conditions: monsoon rainfall dilutes 

contaminants, while dry periods yield more 

concentrated leachate (Al-Yaqout and Hamoda, 

2020). 

3.3 Seasonal fluctuations of LPI 

Seasonal variations in overall LPI and its sub-

indices (LPIor, LPIin, and LPIhm) are shown in Table 

5. Both LPIor and LPIin were consistently higher than

LPIhm, indicating dominance of organic and

inorganic pollutants in LL from the Bancharedada

landfill site. LPIor was lowest during the monsoon

(59.52) and highest in winter (64.09), reflecting the

trend of the BOD5/COD ratio shown in Figure 3. LPIin

also varied seasonally, from 10.19 in the monsoon to

13.09 in winter. The overall LPI followed the order:

winter > pre-monsoon > post-monsoon > monsoon,

suggesting higher pollutant concentrations during the

dry seasons.
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Table 4. Seasonal variations in physicochemical and heavy metals characteristics of raw leachate from the Bancharedada landfill site 

S.no. Parameters Unit Pre-monsoon Monsoon Post-monsoon Winter 

(average±SD) (average±SD) (average±SD) (average±SD) 

1 pH - 6.70±0.26 7.07±0.64 7.40±0.20 6.83±0.12 

2 EC µs/cm 18,917.33±45.09 17,500.00±1,270.00 17,844.00±518.10 18,837.00±78.63 

3 TDS mg/L 5,366.67±412.30 4,584.00±930.00 3,943.67±169.74 4,795.67±94.16 

4 BOD5 mg/L 2,046.33±133.61 1,657.50±417.50 1,475.00±186.70 2,086.67±183.89 

5 COD mg/L 4,499.67±133.61 3,749.00±901.00 3,083.00±408.16 4,081.67±241.72 

6 BOD5/COD - 0.46±0.02 0.44±0.01 0.48±0.003 0.51±0.015 

7 TKN mg/L 1,116.00±79.02 895.00±257.00 944.67±9.87 994.33±18.50 

8 NH3-N mg/L 8.40±0.20 5.61±2.75 3.78±0.13 5.07±1.25 

9 NO3-N mg/L 4.79±0.14 3.07±1.72 3.89±0.07 4.45±0.14 

10 Cl mg/L 1,063.00±37.03 761.00±333.00 948.00±19.00 1,010.67±20.53 

11 Fe mg/L 17.44±0.25 10.83±6.33 17.29±0.86 17.44±0.10 

12 Cu mg/L 0.07±0.02 0.09±0.03 0.14±0.08 0.36±0.05 

13 Ni mg/L 0.73±0.12 0.49±0.41 0.30±0.18 0.57±0.13 

14 Zn mg/L 2.36±0.20 0.76±0.57 0.41±0.21 1.99±0.35 

15 Pb mg/L 0.31±0.06 0.17±0.10 0.12±0.04 0.25±0.07 

16 Cr mg/L 0.20±0.06 0.10±0.06 0.19±0.08 0.31±0.06 

17 Hg mg/L 0.01±0.01 0.07±0.12 0.004±0.001 0.002±0.001 

18 As mg/L 0.04±0.01 0.04±0.04 0.08±0.05 0.03±0.01 

19 Cd mg/L 0.02±0.01 0.03±0.02 0.05±0.00 0.05±0.00 

20 Mn mg/L 7.07±0.67 6.09±3.08 4.81±0.62 6.74±0.59 

21 Total 

coliform 

CFU/100 mL 239,050 205,767 208,950 234,500 

Temperature minimum (⁰C) 10.39 16.77 12.88 5.20 

Temperature maximum (⁰C) 21.16 22.74 20.03 14.00 

Precipitation (mm) 192.00 1,799.40 496.00 17.00 

Figure 3. Seasonal variation of BOD5, COD, and BOD5/COD ratio of leachate from Bancharedada landfill site 
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3.4 Physicochemical characteristics of soil samples 

The physicochemical characteristics of soil 

samples used in the fixed-bed column tests are 

summarised in Table 6. Based on the United States 

Department of Agriculture (USDA) classification, the 

soils represent seven textures: S1—clayey, S2—silt 

loam, S3—sandy, S4—loam, S5—sandy loam, S6—

clay loam, and S7—silt loam. The characteristics 

observed across these samples, ranging from clay-rich 

to sandy textures, demonstrate substantial natural 

variability consistent with Nepal’s heterogeneous soil 

environment. Sand, silt, and clay content varied 

widely (12.68-88%, 9-60%, and 3-56%, respectively), 

with corresponding differences in porosity (31-48%) 

and cation exchange capacity (CEC) (7.63-11.68 

cmol/kg). These variations align with the diverse soil 

types reported across Nepal’s physiographic regions, 

which are shaped by pronounced altitudinal gradients 

and differences in parent material (Nepal et al., 2023). 

Fine-textured soils (clayey, silt loam and clay loam) 

exhibited higher moisture content, organic matter, and 

CEC values consistent with those found in Nepal’s 

Terai and hill regions (Shrestha et al., 2017).  

Table 6. Physicochemical characteristics of soil samples 

3.5 Breakthrough curve analysis for different soil 

textures 

The breakthrough curves for S1-S7 soil 

samples, classified per USDA soil textures are 

presented in Figure 4. The results show that lower soil 

porosity shortens the bed saturation time by reducing 

the contact time between adsorbate molecules and 

adsorbent pore surfaces. During the first 12 h, no 

filtrate was observed for S1, S2, S3, S4, S5, S6, and 

S7 whereas S3 (sandy) exhibited a breakthrough at 1 

h. Bed saturation times were 35, 22, 4, 15, 11, 18, and

12 days for S1-S7 soils, respectively. The shape of the

breakthrough curve is affected by the porosity and clay

percentage of soils. Lower porosity and clay

percentages result in longer contact times due to

reduced hydraulic conductivity, allowing the

absorbate molecules more time to diffuse into the 

adsorbent’s pores and thereby increasing the bed’s 

adsorption efficiency (Foo, 2020; Yahya et al., 2021). 

Clayey soil (31% porosity) reached 99% influent 

concentration of day 35, whereas sandy soil (48% 

porosity) reached saturation by day 4. Consequently, 

fine-textured soils with higher organic matter and 

CEC offer greater potential for COD adsorption and 

microbial activity, while sandy soils exhibit faster 

leachate breakthrough and reduced attenuation 

(Koirala et al., 2019). These findings suggest that 

leachate attenuation capacity in Nepal cannot be 

generalized; rather, it is strongly influenced by the 

combined effects of soil texture, mineralogy, and 

seasonal rainfall patterns. 

Parameters Unit S1 S2 S3 S4 S5 S6 S7 

Moisture content % 7.92 8.3 4.52 6.95 3.46 5.68 4.16 

pH - 6.3 5.9 6.2 7.3 6.6 6.65 6.22 

Soil texture Sand (%) 12.68 14.00 88.00 37.65 63.99 25.92 32.88 

Silt (%) 31.32 60.00 9.00 46.34 21.00 46.07 59.11 

Clay (%) 56.00 26.00 3.00 16 15.00 28.00 8.00 

USDA classification 

of soil textures 

Clayey Silt 

loam 

Sandy Loam Sandy 

loam 

Clay 

loam 

Silt 

loam 

Bulk density  g/cm3 1.35 1.42 1.65 1.5 1.45 1.45 1.33 

Particle density  g/cm3 2.32 2.42 2.45 2.32 2.28 2.52 2.38 

Porosity  % 31 37 48 42 36 42 38 

Organic matter % 7.62 7.40 2.53 4.46 0.53 5.86 6.88 

Carbon % 4.28 2.48 0.5 2.58 0.3 3.4 3.99 

Total nitrogen % 0.38 1.26 1.12 1.67 1.96 1.21 2.69 

Phosphorus mg/kg 4.42 2.48 1.56 2.896 3.84 1.496 2.304 

Potassium mg/kg 1,243 1,037 1,068 1,444 1,245 1,156 1,356 

Calcium mg/kg 518 487 309 319 348 412 559 

Magnesium mg/kg 253 143 98 168 102 118 327 

CEC cmol/kg 11.68 8.02 7.89 7.95 7.63 10.81 9.17 
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Figure 4. Breakthrough curves from column tests done in S1-S7 soil samples with LL for COD 

3.6 Column kinetics for COD adsorption using 

three models 

3.6.1 YNM, TM, and ABM models 

The parameters obtained from fitting 

experimental data with YNM, TM, and ABM are 

shown in Table 7. Plotting ln(
Ct

Co−Ct
)  against time 

yielded the YN rate constant KYN of 0.16, 0.23, 

2.39, 0.42, 0.52, 0.31, and 0.39 L/day, with 

corresponding τ  (50% adsorbate breakthrough) 

values of 16.76, 11.06, 1.56, 7.84, 4.90, 7.43, and 

5.66 days for S1, S2, S3, S4, S5, S6, and S7 soil 

samples, respectively. The corresponding 

adsorption capacities (qYN) were 22.77, 14.82, 1.92, 

10.76, 6.59, 10.24, and 7.72 mg/g, respectively.  

Plotting ln (
Co

Ct
− 1) against time yielded the

TM rate constant Kth of 0.6, 0.9, 3.8, 1.6, 2.0, 1.2 

and 1.5 (L/mg·day)*10^-4, and the adsorption 

capacities (Qo ) of 22.78, 14.82, 2.42, 10.76, 6.59, 

and 10.24 mg/g for S1, S2, S3, S4, S5, S6, and S7 

soil samples, respectively. 

Plotting ln (
Ct

Co
)  against time yielded ABM

rate constants KAB of 0.3, 0.4, 2.1, 0.8, 0.9, 0.4, and 

0.7 (L/mg·day)*10^-4 and adsorption capacity No 

values of 41,957, 26,934, 4,575, 17,222, 12,417, 

21,447, and 14,700 mg/L for S1, S2, S3, S4, S5, 

S6, and S7 soil samples, respectively. 

The model parameters showed that soils 

with higher clay content have lower adsorption 

rate constants and substantially higher adsorption 

capacities. S1 (clayey, 56%) showed lower 

adsorption rate constants with greater adsorption 

capacity, whereas S3 (sandy, 3% clay) exhibited 

the opposite trend. The high surface charge and 

low hydraulic conductivity of clay minerals 

enhance contaminant removal via ion exchange 

and adsorption (Foo, 2020), while their strong 

affinity for contaminants delays rather than 

removes the pollutants (Khan et al., 2023). 

Further, in the adsorption mechanism of LL 

treatment, molecularly imprinted polymers have 

shown significantly higher adsorption capacity 

(42.55 mg/g) compared to 7 mg/g for a non-

imprinted polymer, demonstrating nearly a sixfold 

improvement in dye removal from wastewater 

(Khan et al., 2024). Mxenes-based materials also 

exhibit strong adsorption performance for heavy 

metals due to their high surface area and metal ion 

trapping ability (Zahoor et al., 2024). 

The results indicate that clay-rich soils are 

suitable for landfill cover materials because of their 

high adsorption capacity and retention of organic 

pollutants, thereby protecting underlying soils and 

groundwater. Better adsorption in clay covers 

decreases the concentration of contaminants 

entering the leachate collection system, which 

lowers the operational load on leachate treatment 

facilities and reduces long-term costs. 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

0 5 10 15 20 25 30 35

C
T

/C
O

TIME (DAYS) 

S1

S2

S3

S4

S5

S6

S7

C
t/

C
o
 

290



S
ap

k
o

ta
 L

 e
t 

al
. 

/ 
E

n
v
ir

o
n

m
en

t 
an

d
 N

at
u

ra
l 

R
es

o
u

rc
es

 J
o

u
rn

al
 2

0
2
6
; 

2
4

(X
):

 x
x
-x

x

T
a
b

le
 7

. 
O

b
ta

in
ed

 p
ar

am
et

er
s 

fr
o

m
 f

it
ti

n
g
 t

h
e 

ex
p

er
im

en
ta

l 
d

at
a 

w
it

h
 Y

N
M

, 
T

M
, 

an
d

 A
B

M
 f

o
r 

th
e 

ad
so

rp
ti

o
n

 o
f 

C
O

D
 i

n
 d

if
fe

re
n

t 
so

il
 t

ex
tu

re
s 

S
o

il
 t

ex
tu

re
s 

(C
o

) 
m

g
/L

 
M

as
s 

(g
m

) 
Y

N
M

 
T

M
 

A
B

M
 

K
Y

N
 

(L
/d

ay
) 

τ (d
ay

s)
 

q
Y

N

(m
g
/g

) 

R
2
 

K
th

 

(L
/m

g
·d

ay
)*

1
0

^
-4

 

Q
o
 

(m
g
/g

) 

R
2
 

K
A

B
 

(L
/m

g
·d

ay
)*

1
0

^
-4

 

N
o
 

(m
g
/L

) 

R
2

S
1
 

2
,6

4
7
 

4
8

7
 

0
.1

6
 

1
6

.7
6
 

2
2

.7
7
 

0
.9

5
 

0
.6

 
2

2
.7

8
 

0
.9

5
 

0
.3

 
4

1
,9

5
7
 

0
.8

9
 

S
2
 

2
,6

4
7
 

4
9

4
 

0
.2

3
 

1
1

.0
6
 

1
4

.8
2
 

0
.9

6
 

0
.9

 
1

4
.8

2
 

0
.9

6
 

0
.4

 
2

6
,9

3
4
 

0
.9

4
 

S
3
 

2
,6

4
7
 

5
3

7
 

1
.0

1
 

1
.9

8
 

2
.4

4
 

0
.9

0
 

3
.8

 
2

.4
2
 

0
.9

0
 

2
.1

 
4

,5
7

5
 

0
.9

7
 

S
4
 

2
,6

4
7
 

4
8

2
 

0
.4

2
 

7
.8

4
 

1
0

.7
6
 

0
.9

6
 

1
.6

 
1

0
.7

6
 

0
.9

6
 

0
.8

 
1

7
,2

2
2
 

0
.9

4
 

S
5
 

2
,6

4
7
 

4
9

2
 

0
.5

2
 

4
.9

0
 

6
.5

9
 

0
.9

8
 

2
.0

 
6

.5
9
 

0
.9

8
 

0
.9

 
1

2
,4

1
7
 

0
.8

8
 

S
6
 

2
,6

4
7
 

4
8

0
 

0
.3

1
 

7
.4

3
 

1
0

.2
4
 

0
.9

2
 

1
.2

 
1

0
.2

4
 

0
.9

2
 

0
.4

 
2

1
,4

4
7
 

0
.9

3
 

S
7
 

2
,6

4
7
 

4
8

5
 

0
.3

9
 

5
.6

6
 

7
.7

2
 

0
.9

9
 

1
.5

 
7

.7
3
 

0
.9

9
 

0
.7

 
1

4
,7

0
0
 

0
.9

6
 

T
a
b

le
 8

. 
 S

S
to

t,
 S

S
re

s,
 R

2
, 

an
d

 R
M

S
E

 o
b

ta
in

ed
 f

ro
m

 m
o

d
el

 e
v
al

u
at

io
n

 

S
o

il
 t

ex
tu

re
s 

Y
N

M
 

T
M

 
A

B
M

 

S
S

to
t 

(*
1

0
6
) 

S
S

re
s 

(*
1

0
5
) 

R
2
 

R
M

S
E

 
S

S
to

t 

(*
1

0
6
) 

S
S

re
s 

(*
1

0
5
) 

R
2
 

R
M

S
E

 
S

S
to

t 

(*
1

0
6
) 

S
S

re
s 

(*
1

0
5
) 

R
2
 

R
M

S
E

 

S
1
 

3
9
 

1
6
 

0
.9

5
9
 

1
5

1
.8

8
 

3
9
 

8
0

6
 

-1
.0

7
1

,0
7

3
.5

5
 

3
9
 

6
8
 

0
.8

2
5
 

3
1

2
.1

1
 

S
2
 

2
4
 

2
 

0
.9

8
9
 

7
8

.9
5
 

2
4
 

5
1

7
 

-1
.0

8
1

,0
8

3
.9

8
 

2
4
 

3
5
 

0
.8

5
8
 

2
8

3
.0

8
 

S
3
 

5
5

7
 

6
 

0
.9

9
9
 

3
0

7
.0

6
 

5
5

7
 

6
0
 

0
.7

0
 

9
3

1
.9

6
 

5
5

7
 

2
 

0
.9

8
8
 

1
8

9
.8

6
 

S
4
 

2
2
 

6
 

0
.9

7
2
 

1
4

7
.0

1
 

2
2
 

4
6

0
 

-1
.0

9
1

,2
6

0
.2

0
 

2
2
 

4
1
 

0
.9

4
2
 

3
7

6
.8

7
 

S
5
 

1
3
 

2
 

0
.9

8
3
 

1
0

2
.8

5
 

1
3
 

2
1

1
 

0
.6

5
 

1
,0

0
2

.4
8
 

1
3
 

3
6
 

0
.9

4
0
 

4
1

4
.1

7
 

S
6
 

1
9
 

4
 

0
.9

7
8
 

1
0

9
.1

8
 

1
9
 

3
0

4
 

-0
.5

3
9

1
9
.4

0
 

1
9
 

2
5
 

0
.9

7
6
 

2
6

4
.1

3
 

S
7
 

1
3
 

2
 

0
.9

8
1
 

1
0

3
.3

2
 

1
3
 

2
1

8
 

-0
.6

0
9

5
4
.5

0
 

1
3
 

1
2
 

0
.9

8
1
 

2
2

6
.0

8
 

Sapkota L et al. / Environment and Natural Resources Journal 2026; 24(3): 280-295 

291



Sapkota L et al. / Environment and Natural Resources Journal 2026; 24(3): 280-295

3.7 Model evaluation and prediction 

Three models (YNM, TM, and ABM) were 

evaluated for predicting COD concentrations in 

leachate through soil columns. Table 8 compares their 

performance using the total sum of squares (SStot), 

residual sum of squares (SSres), coefficient of 

determination (R2), and RMSE. A higher R2 value 

(closer to 1) indicates better predictive accuracy and 

reliability (Yousefi Kebria et al., 2018; Patel, 2019). 

The R2 and RMSE values across different soil 

textures indicate that YNM and ABM better predict 

COD concentrations than TM, with YNM performing 

the best due to consistently higher R2 (closer to 1) and 

lower RMSE. The TM produced negative R2 values 

across most soil textures, indicating that its residual 

variance exceeded the total variance, which means this 

model demonstrates poor predictive capability for the 

adsorption breakthrough behaviour in all soil textures. 

Therefore, Figure 5 shows the fit between observed 

COD values and those predicted by YNM. Similar 

findings were reported by Kovo et al. (2023), where 

YNM effectively predicted COD in a column study 

using magnetite-zeolite composites. Zhang et al. 

(2022) also found YNM to be reliable in modelling Cr 

(VI) adsorption in red mud leachate onto clay layers.

Figure 5. Regression line for all of the S1-S7 soil textures of the for observed and predicted values using YNM 
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Figure 5. Regression line for all of the S1-S7 soil textures of the observed and predicted values using YNM (cont.) 

4. CONCLUSION

Seasonal LPI fluctuations indicated that organic 

content significantly influences leachate pollution at 

the Bancharedada landfill site. Experimental results 

showed that clay-rich soils effectively delay the 

transport of organic contaminants, highlighting their 

suitability as landfill cover materials in landfill design. 

Among the three kinetic models (YNM, TM, and 

ABM) tested, YNM achieved the highest predictive 

accuracy (lowest RMSE), followed by ABM, which 

also performed acceptably based on RMSE and R2 

metrics. YNM parameters (KYN) showed strong 

correlations with soil texture, confirming its reliability 

for predicting COD attenuation. Future studies should 

examine soils with higher clay fractions and consider 

factors such as adsorbent dosage, loading rate, and 

contact time for on-site leachate remediation. 

Additional    experiments     incorporating    locally 

available amendments such as biochar or compost 

would also help assess their potential to enhance soil 

sorption capacity for other pollutants.  
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Electronic waste (e-waste) has become the fastest-growing waste stream globally, 

presenting complex environmental and regulatory challenges that are particularly evident 

in higher education institutions. In Malaysia, public universities are significant 

contributors to e-waste generation due to their extensive reliance on information and 

communication technologies, laboratory equipment, and administrative devices. Although 

regulatory frameworks, such as the Environmental Quality (Scheduled Wastes) 

Regulations 2005, exist, current practices in universities remain fragmented, focusing 

largely on asset disposal under Ministry of Finance guidelines and neglecting gaps in 

behavioral, infrastructural, and policy integration. This study introduces the Unified 

Green E-waste Management Framework (UGEMF), a holistic model specifically designed 

for Malaysian public universities. The framework was developed through qualitative 

methods, including document analysis, in-depth interviews with key stakeholders, and a 

review of institutional practices, regulatory documents, and best-practice case studies. The 

findings highlight barriers, including limited awareness, bureaucratic constraints, and the 

absence of institutionalized policies, while also identifying emerging best practices, such 

as refurbishment initiatives, decentralized collection points, and cross-sector 

collaborations. By operationalizing circular economy principles within the higher 

education context, UGEMF contributes theoretically to sustainability and waste 

management literature, while offering practical guidance for policymakers and 

administrators. Its adoption can transform e-waste management in Malaysian public 

universities from fragmented compliance processes into comprehensive, integrated 

sustainability strategies. This approach supports national green growth targets and 

sustainable campus development. 
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HIGHLIGHTS 

This study highlights a Unified Green E-waste Management Framework (UGEMF) that integrates four core components: stakeholder 

engagement, green strategies, policy and regulatory alignment, and monitoring and evaluation. Anchored in circular economy 

principles, it emphasizes prevention, reuse, repair, and refurbishment alongside responsible disposal. Furthermore, the framework 

incorporates behavioral change initiatives, green procurement practices, and data-driven monitoring to build a transparent, 

accountable, and sustainable system at public universities in Malaysia. 

1. INTRODUCTION

Electronic waste (e-waste) is the fastest-

growing solid waste stream globally. The Global E-

waste Monitor 2024 reports that 62 million tonnes 

were generated in 2022, an 82% increase since 2010, 

with projections exceeding 82 million tonnes by 2030 

if current trends persist (ITU and UNITAR, 2024). 

This rapid growth, driven by shorter product lifecycles 

and continuous technological innovation, is not 

matched by formal recycling, which remains at only 

22.3%. Consistent with the global rise, Malaysia’s e-

waste stream is also substantial. Recent reports 

estimate that approximately 280,000 tonnes of e-waste 

are generated nationally, equivalent to roughly 8.8 

kilograms per person. In 2023, documented collection 

reached 65,280 tonnes, with 13,760 tonnes recovered, 

resulting in a recovery rate of about 21.1% (The Edge 

Malaysia, 2024). As a result, large volumes of e-waste 

Citation: Hashim R, Zahari FM, Salleh NA, Ibrahim JA. Unified green e-waste management framework for sustainable campus development: Case 

study of Malaysian Public Universities. Environ. Nat. Resour. J. 2026;24(3):296-306.

(https://doi.org/10.32526/ennrj/24/20250258)
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are unmanaged or processed informally, posing risks 

to resource recovery and environmental sustainability. 

Unmanaged e-waste releases hazardous 

substances such as lead and mercury, thereby 

contaminating ecosystems and threatening 

biodiversity (Mlelwa and Rother, 2024; Okeke et al., 

2024). Valuable materials such as gold and copper are 

lost outside formal recycling systems, undermining 

circular economy efforts. The WHO (2021) warns that 

informal recycling also endangers human health, 

especially among vulnerable groups (Andeobu et al., 

2023). These concerns have prompted the global 

expansion of e-waste regulations, with extended 

producer responsibility (EPR) emerging as a central 

strategy (Ramasubramanian et al., 2023; Grandhi et 

al., 2024). Countries such as Japan, South Korea, and 

EU members have implemented mandatory EPR 

schemes involving take-back obligations, eco-design 

standards, and recycling targets (Noranarttakun and 

Pharino, 2021), which have significantly improved 

recovery rates and reduced hazardous components. 

In Malaysia, e-waste management is governed 

by the Environmental Quality Act 1974 and the 

Environmental Quality (Scheduled Wastes) 

Regulations 2005, which classify e-waste as SW110 

and require documentation, secure storage, and 

disposal through licensed facilities (DOE, 2005; DOE, 

2022). While these regulation ensures traceability and 

compliance with the Basel Convention (DOE, 2021), 

these regulations focus primarily on downstream 

control. Recent initiatives such as Government Green 

Procurement (GGP) and the MyHIJAU eco-label 

encourage the purchase of certified green and durable 

products (MGTC, 2018), while the Circular Economy 

Policy Framework emphasizes the gradual adoption of 

mandatory EPR schemes in Malaysia (MITI, 2024). 

These developments create opportunities for 

universities to strengthen e-waste governance and 

sustainability strategies (KPMG Malaysia, 2023). 

Higher education institutions (HEIs) consume 

large volumes of electronic equipment and are 

expected to demonstrate sustainability leadership 

(Molina-Motos et al., 2023). The UI GreenMetric 

includes waste, hazardous waste, and recycling 

indicators (UI GreenMetric, 2024), motivating 

universities to adopt sustainability initiatives. 

However, global evidence shows that campus e-waste 

management remains fragmented, with institutions 

focusing more on energy and water conservation while 

overlooking e-waste despite its toxicity and resource 

recovery potential (Oliveira and Proença, 2025; 

Dawodu et al., 2022). Many efforts, such as 

refurbishment programs and awareness campaigns, 

remain ad hoc and lack policy-level integration 

(Dayaday and Galleto, 2022). 

Recent Malaysian studies reveal similar issues. 

Hashim et al. (2025) highlight bureaucratic hurdles 

and limited centralized guidance for public 

universities. Student surveys indicate inconsistent 

awareness and disposal practices (Yaacob et al., 2025; 

Yee et al., 2024; Barcelo et al., 2024). Although 

promising practices exist, such as refurbishment for 

student use, decentralized collection points, and 

partnerships with certified recyclers, these initiatives 

remain fragmented and lack a unified strategy. 

E-waste is also recognized globally as 

hazardous waste due to toxic components such as lead, 

mercury, cadmium, and brominated flame retardants, 

which pose significant risks to human health and the 

environment if improperly managed. (WHO, 2021; 

WHO, 2024; Mlelwa and Rother, 2024). In Malaysia, 

e-waste is formally classified as Scheduled Waste 

SW110 under the Environmental Quality (Scheduled 

Wastes) Regulations 2005, requiring strict handling, 

storage, and disposal procedures (DOE, 2005; DOE, 

2022). This hazardous classification underscores the 

urgency for universities to adopt structured and legally 

compliant e-waste management approaches. 

The circular economy (CE) framework provides 

a powerful conceptual lens for rethinking e-waste 

management in universities. By emphasizing 

prevention, reuse, refurbishment, repair, and 

recycling, CE framework shifts the focus from linear 

disposal models to systems that maximize resource 

efficiency (Korhonen et al., 2018; Stankevičienė et al., 

2020). In higher education, this involves embedding 

principles of circularity into procurement, IT asset 

management, and end-of-life practices, while 

fostering awareness among students and staff 

(Rodríguez-Guerreiro et al., 2024). Universities, as 

living laboratories, are uniquely positioned to 

demonstrate circular practices while integrating them 

into teaching and research (Sugiarto et al., 2022; 

Giurea et al., 2024). 

Digital technologies such as IoT sensors, RFID 

tagging, and blockchain tracking can enhance 

transparency in waste systems by improving inventory 

control, ensuring secure data wiping, and providing 

auditable chains of custody (Ahmed et al., 2024; 

Borges et al., 2024). However, technological solutions 

alone are insufficient. Effective governance, policy 

alignment, and community engagement remain critical 
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for achieving durable impacts (Ermayendri et al., 

2025; Molina-Motos et al., 2023). 

Additional insights can be drawn from 

community-based e-waste bank models in Indonesia, 

where decentralized collection points, transparent 

valuation mechanisms, and formal partnerships with 

recyclers encourage participation (Rimantho et al., 

2022). Such principles can be adapted to university 

settings. 

The Unified Green E-waste Management 

Framework (UGEMF) integrates governance, 

infrastructure, and engagement to address fragmented 

campus practices. It promotes regulatory alignment, 

efficient collection and processing systems, and 

behavioral change through participation. UGEMF has 

also informed broader municipal and industrial 

applications (Andeobu et al., 2023; Barcelo et al., 

2024), demonstrating its adaptability. Compared to 

other frameworks, such as the Circular Campus 

Framework (Sugiarto et al., 2022), the Sustainable 

Campus Framework (Oliveira and Proença, 2025), and 

extended producer responsibility or EPR-based 

models (Noranarttakun and Pharino, 2021), UGEMF 

provides an integrated, context-specific approach 

suited to Malaysian HEIs. 

This paper proposes UGEMF, developed 

through qualitative research involving document 

analysis and stakeholder interviews. Its contributions 

are threefold: advancing circular economy scholarship 

in Malaysian higher education, offering practical 

pathways for universities to shift from compliance-

based disposal to integrated sustainability strategies, 

and supporting national aspirations for circular 

economy and sustainable development. 

Despite existing regulations and emerging 

initiatives, Malaysian public universities still lack a 

unified and systematic approach to e-waste 

management. Therefore, this study addresses the 

problem of fragmented governance, inconsistent 

practices, and limited engagement by proposing 

UGEMF as a structured solution for Malaysian HEIs. 

2. METHODOLOGY

2.1 Research design

This study employed a qualitative research 

design to develop the Unified Green E-waste 

Management Framework (UGEMF) for Malaysian 

public universities. Qualitative inquiry was considered 

appropriate because the objective was not to quantify 

e-waste generation or statistically measure behavioral 

patterns statistically, but rather to explore processes, 

institutional practices, and stakeholder perceptions 

that underpin e-waste management. As Creswell and 

Poth (2018) argue, qualitative methods are particularly 

useful when the goal is to understand complex social 

phenomena and to generate models or frameworks 

grounded in stakeholder experiences. 

The study followed an exploratory multiple-

case study approach, with several Malaysian public 

universities serving as embedded units of analysis. 

This approach enabled the researcher to examine 

similarities and differences across institutions, thereby 

identifying both common barriers and context-specific 

unique practices in e-waste management. Such a 

design is aligned with Yin’s (2018) proposition that 

multiple case studies provide stronger theoretical 

grounding by permitting cross-case comparisons and 

replication logic. 

In terms of research setting and context, 

Malaysia currently hosts more than 20 public 

universities, all of which play a significant role in 

advancing the country’s sustainability agenda. These 

institutions are major consumers of electronic devices 

due to their dependence on information and 

communication technologies (ICT), laboratory 

equipment, and digital services. At the same time, 

public universities are subject to national regulations 

such as the Environmental Quality (Scheduled 

Wastes) Regulations 2005 (SW110) and Government 

Green Procurement (GGP) guidelines. However, past 

studies suggest that universities often face difficulties 

in translating these national frameworks into coherent 

institutional strategies (Hashim et al., 2025; Yaacob et 

al., 2025). This study, therefore, situates its 

exploration within public universities as both 

significant e-waste generators and critical agents of 

change for sustainable campus development. 

A purposive sampling strategy was adopted to 

identify participants who possessed direct knowledge 

of and responsibility for e-waste management. 

Stakeholders included university administrators 

responsible for asset management, procurement, and 

sustainability policies; IT department staff managing 

the lifecycle of ICT equipment; and facilities and 

estate managers overseeing campus waste 

management practices. In total, six respondents 

participated in the study, one from each university. 

Table 1 presents their institutional background and 

positions. This selection ensured that findings were 

not overly context-specific but captured a broad range 

of operational realities in Malaysian higher education.
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Table 1. Interview participants 

Respondent Region Position Unit/Department 

R1 North Director Dept. of Development and Asset Management 

R2 North Administrative Assistant IT Department 

R3 Central Head of Operation and 

Service Section 

Occupational Safety and Health Management Office 

R4 Central Director Department of Development and Infrastructure 

R5 Central Evaluation Officer Department of Development and Estate Maintenance 

R6 South Deputy Director Campus Sustainability Office 

2.2 Data collection methods and analysis 

Policy documents, procurement guidelines, e-

waste management reports, and sustainability 

strategies were systematically collected and reviewed. 

These included internal university policies and 

standard operating procedures (SOPs) as well as 

national-level instruments (e.g., the DOE’s Scheduled 

Wastes Regulations, the Government Green 

Procurement/MyHIJAU programme, and the Circular 

Economy Policy Framework) that shape e-waste 

governance in public universities. Document analysis 

served to map the existing institutional and regulatory 

frameworks shaping e-waste practices. It also 

provided triangulation to validate data obtained 

through interviews (Bowen, 2009). In addition, the 

semi-structured interviews were conducted with key 

informants across the six universities. An interview 

protocol was designed to cover themes such as 

institutional policies on e-waste management, 

challenges and barriers encountered in practice, 

existing practices of reuse, refurbishment, and 

recycling, awareness and training initiatives targeting 

students and staff, and partnerships with recyclers, 

government agencies, and suppliers. Each interview 

lasted between 45-90 minutes and was conducted in 

either English or Malay, depending on the participant's 

preference. All interviews were audio-recorded with 

consent and later transcribed verbatim for analysis. 

Data were then analysed following a thematic 

analysis approach as outlined by Braun and Clarke 

(2021). This involved six stages: familiarization with 

the data through repeated reading of transcripts and 

documents, initial coding of meaningful units relevant 

to the research questions, searching for themes by 

grouping codes into broader categories, reviewing 

themes to ensure coherence and distinction, defining 

and naming themes to align them with conceptual 

elements of e-waste management, and producing the 

report by linking themes to theoretical and policy 

frameworks. NVivo 12 software was employed to 

manage and organize data, enabling systematic coding 

and retrieval of excerpts. To enhance validity, peer 

debriefing was conducted with two qualitative 

research experts who reviewed a subset of codes to 

ensure coding consistency. Discrepancies were 

discussed and reconciled through consensus, thus 

improving analytical reliability. 

The thematic analysis produced four major 

thematic categories, namely stakeholder engagement, 

green strategies, policy and regulatory alignment, and 

monitoring and evaluation, which became the 

foundation of the proposed UGEMF. Figure 1 

summarizes the research design process, starting with 

document analysis, followed by semi-structured 

interviews across six universities, and concluding with 

thematic analysis. It highlights the triangulation of 

methods, the purposive sampling of key stakeholders, 

and the iterative process of coding and theme 

development that led to the formulation of UGEMF. 

Figure 1. Research design of the study 
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2.3 Trustworthiness of the study and ethical 

considerations 

To ensure rigor, the study adhered to Lincoln 

and Guba’s (1985) criteria for trustworthiness. 

Credibility was achieved through data triangulation 

(documents and interviews) and member checking, 

where preliminary findings were shared with selected 

participants for validation. Transferability was 

supported through a thick description of institutional 

contexts, allowing readers to assess applicability to 

other HEIs. Dependability was ensured by 

maintaining a detailed audit trail documenting 

research decisions, coding procedures, and analytic 

steps. Confirmability was reinforced through 

reflexivity, with the researcher maintaining a 

reflective journal to bracket personal assumptions. 

Moreover, ethical approval was obtained from the 

relevant university research ethics committee prior to 

data collection. Participation was voluntary, with 

informed consent obtained from all interviewees. 

Anonymity and confidentiality were assured, and 

sensitive data were handled in accordance with 

research ethics guidelines. Data were stored securely 

with restricted access to ensure participant privacy. 

2.4 Methodological limitations 

As with most qualitative studies, several 

limitations apply. First, the reliance on interviews 

introduces the possibility of subjectivity bias, as 

responses may reflect personal interpretations or 

institutional sensitivities. Second, the small number of 

respondents, which is appropriate for an exploratory 

case study design, limits the generalizability to all 

Malaysian HEIs. However, the purpose was depth 

rather than breadth, and the multiple-case approach 

enhanced analytical richness. Finally, while 

triangulation and peer checking were employed, 

interpretation remains influenced by the researcher’s 

perspective despite the use of reflexive measures. 

3. RESULTS

3.1 Development of the unified green e-waste

management framework (UGEMF)

The findings of this study led to the 

development of the Unified Green E-waste 

Management Framework (UGEMF). The findings 

were analyzed comparatively across the six 

universities, highlighting both similarities and 

variations in e-waste management practices that 

informed the formulation of the UGEMF. This 

framework brings together people, policies, and 

practices to improve the management of electronic 

waste within Malaysian public universities. It is 

designed to move universities away from fragmented, 

disposal-based approaches and toward a more 

sustainable, circular system. The framework is 

illustrated in Figure 2: the Unified Green E-waste 

Management Framework, which shows the four main 

components: stakeholder engagement, green 

strategies, policy and regulatory alignment, and 

monitoring and evaluation. Together, these 

components ensure that e-waste is not only disposed 

of safely but also prevented, reused, refurbished, and 

tracked in a way that benefits the environment, the 

institution, and the wider community. 

Figure 2. The Unified Green E-waste Management Framework 
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UGEMF functions as a holistic model to 

strengthen e-waste management across universities by 

embedding sustainability at every stage of the 

electronic device lifecycle. Details of the four main 

components are as follows: 

3.1.1 Stakeholder engagement 

The first component of the UGEMF stresses 

that e-waste management cannot be successful without 

the involvement of multiple stakeholders. Stakeholder 

engagement emerged as the central foundation of 

effective e-waste governance. The analysis showed 

that responsibilities were frequently distributed across 

multiple departments, including IT services, 

procurement, facilities management, and 

sustainability units, without formal mechanisms for 

coordination. As a result, universities often 

experienced inconsistent data sanitization processes, 

duplicated storage arrangements, delayed disposal, 

and limited participation from students and staff. 

UGEMF addresses these issues through a 

clearly defined governance structure, as illustrated in 

Table 2, which outlines the roles of various 

stakeholders, ranging from university leadership to 

external recyclers. The framework positions university 

management as the strategic decision-makers 

responsible for policy approval and resource 

allocation. Technical units such as IT and facilities 

management serve as operational coordinators by 

managing asset tracking, data sanitization, and storage 

compliance. Students and staff play a complementary 

role by supporting awareness activities and 

participating in collection initiatives. External 

recyclers, manufacturers, and government agencies 

operate as compliance and recovery partners, 

providing certified treatment services and ensuring 

alignment with national policies. This shared 

responsibility ensures that e-waste management is not 

just a technical exercise but a collective effort. 

Table 2. Key stakeholders and their responsibilities in UGEMF 

Stakeholder group Core responsibilities 

University Top Management Strategic leadership, policy approval, resource allocation 

IT Department Data sanitization, asset tracking, device cascading 

Procurement Unit Green procurement clauses, after-sales/take-back agreements 

Facilities/Asset Management Storage, scheduled waste compliance, recycler coordination 

Students and Staff Participation in collection campaigns and reuse initiatives 

External Recyclers Licensed treatment, reporting, recovery documentation 

Government Agencies Regulatory oversight, compliance support 

3.1.2 Green strategies 

The second component focuses on adopting 

strategies that reduce the amount of e-waste and make 

better use of what already existing resources. Findings 

from the study showed that universities often 

emphasize disposal, with little effort devoted into 

prevention or reuse. UGEMF offers a different 

approach by encouraging actions across the entire 

lifecycle of electronic devices. 

Before devices are purchased, universities can 

apply green procurement policies that require 

suppliers to provide equipment that is durable, 

repairable, and supported by after-sales services such 

as maintenance and take-back programs. This reduces 

the chances of devices becoming waste too quickly. 

During the use phase, UGEMF encourages 

refurbishment and reuse. For example, when 

computers are no longer suitable for high-performance 

tasks such as those in research labs, they can be 

reassigned to administrative offices or student labs 

where performance demands are lower. Slightly 

outdated devices can be refurbished and upgraded 

rather than discarded. 

UGEMF also supports the establishment of 

campus-wide segregation and collection efforts. These 

include the placement of colour-coded or category-

specific collection points to ensure that ICT devices, 

batteries, lamps, laboratory electronics, and other 

equipment are separated correctly before processing. 

This ensures that materials are easier to recycle and 

prevents hazardous components from mixing with 

general waste. Although the qualitative methodology 

did not produce precise numerical data, several 

interviewees shared indicative trends, such as low 

student awareness, which was often reflected in 

estimated participation rates of between 20 and 40 

percent during collection programs, and increasing 

annual volumes of ICT disposals, which ranged from 
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800 to 1,500 units in larger institutions. These 

examples do not represent the formal collection of 

quantitative data but serve to illustrate the scale of the 

challenges faced and the importance of structured 

interventions. 

3.1.3 Policy and regulatory alignment 

The third component links university practices 

with national laws and internal policies. Malaysia 

already has regulations such as the Environmental 

Quality (Scheduled Wastes) Regulations 2005 

(SW110), which classify e-waste as a scheduled waste 

that must be handled with care. However, the findings 

revealed that many universities treat these 

requirements as largely administrative rather than 

operational. 

UGEMF bridges this gap by embedding policy 

into routine processes. Universities can develop their 

own e-waste policy that sets out responsibilities, 

procedures, and compliance requirements. 

Procurement rules can be updated to include green 

clauses, such as requiring vendors to handle end-of-

life equipment responsibly. Regular e-waste audits can 

identify weak areas and ensure that reporting 

requirements are met. Incentives such as tax benefits 

or recognition schemes can encourage departments to 

follow the rules more closely. By aligning campus 

practices with both national regulations and 

university-level policies, UGEMF reduces the risk of 

non-compliance and builds a stronger culture of 

accountability. This alignment also supports national 

goals for the circular economy and sustainability, 

making universities role models for other institutions. 

3.1.4 Monitoring and evaluation 

The fourth component focuses on tracking 

progress and learning from experience. One of the 

main problems identified in the study was the lack of 

reliable data on how much e-waste is generated, 

reused, or recycled by universities. Without such data, 

it is difficult to plan or improve management practices. 

UGEMF introduces a structured monitoring and 

evaluation system. Universities can use tracking tools 

to record the number and type of devices collected, 

refurbished, or recycled. Dashboards and 

sustainability scorecards make this information visible 

to administrators and the wider campus community. 

Annual reports can summarize achievements, 

highlight areas for improvement, and set new targets 

for the following year. Surveys can also be used to 

measure awareness and satisfaction among staff and 

students. Regular monitoring helps universities 

identify problems early. For example, if one faculty 

shows very low collection rates, additional awareness 

campaigns or collection points can be introduced. 

Over time, the data also allows universities to 

demonstrate their contribution to environmental goals, 

both at the institutional and national levels. 

Together, these four interrelated functions; 

engagement, strategies, policy alignment, and 

monitoring, form a comprehensive system that 

transforms e-waste management from a reactive task 

into a proactive and sustainable practice. Through the 

UGEMF, universities are positioned not only as 

compliant institutions but also as leaders in sustainable 

campus development, offering a replicable model that 

can inspire similar transitions across the higher 

education sector. 

3.2 Comparative positioning of UGEMF with prior 

e-waste frameworks

Although UGEMF is newly introduced in the 

context of Malaysian public universities, its principles 

resonate with global best practices and prior 

frameworks applied in both academic and non-

academic contexts. For instance, Cristi (2024) 

assessed the e-waste management framework at the 

University of Leeds, emphasizing policy-practice 

alignment, stakeholder roles, and performance 

monitoring, which are elements that mirror the 

functions of UGEMF. Similarly, Hashim et al. (2025) 

highlighted how fragmented departmental 

responsibilities in Malaysian universities hinder 

systematic e-waste strategies, underscoring the need 

for unified approaches such as UGEMF. 

Beyond university contexts, national and 

community-based initiatives demonstrate comparable 

strategies. Rimantho et al. (2022) introduced an 

electronic waste bank model in Indonesia, which 

integrated decentralized collection, transparent 

valuation, and partnerships with recyclers. This 

approach parallels UGEMF’s emphasis on stakeholder 

engagement and principles of circularity. In Malaysia, 

Yusof et al. (2023) analyzed e-waste sustainability 

efforts, revealing the importance of integrating green 

procurement, regulatory alignment, and behavioral 

change, which are key elements of UGEMF. 

Additionally, Shad (2020) discussed sustainable e-

waste management from a legal and policy 

perspective, highlighting governance and enforcement 

mechanisms that reinforce the regulatory component 

of UGEMF. 
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These studies demonstrate that while UGEMF 

is unique in its unified design for Malaysian public 

universities, its functions align with broader 

international and community-based practices. 

Integrating such lessons ensures that UGEMF is not 

only contextually relevant but also consistent with the 

evolving global standards in e-waste management. 

To situate UGEMF within the broader scholarly 

literature, Table 3 compares UGEMF with several 

existing e-waste management models. The 

comparison shows that while previous frameworks 

emphasize elements such as circularity, stakeholder 

roles, or regulatory compliance, UGEMF uniquely 

combines all three within a single governance model 

tailored to the needs of Malaysian HEIs. 

Table 3. Comparison of UGEMF with existing e-waste frameworks 

Framework/study Scope Key features Alignment with UGEMF 

Cristi (2024), Univ. of Leeds HEI Policy alignment, stakeholder roles High-mirrors governance and 

monitoring emphasis 

Rimantho et al. (2022), 

Indonesia 

Community Waste bank, decentralized collection Medium-similar on engagement, 

different in scale 

Yusof et al. (2023), Malaysia National Green procurement, behavior change High-supports green purchasing and 

awareness 

Shad (2020) Legal/policy Governance, strict enforcement High-reinforces regulatory alignment 

UGEMF (This Study) Malaysian HEIs Unified governance, lifecycle 

strategies, MEL 

Unique integration of all components in 

HEI context 

In the context of Malaysian public universities, 

the main advantage of UGEMF is its ability to unify 

governance structures. It translates national 

regulations and circular economy goals into practical 

campus actions by clearly defining responsibilities, 

implementation steps, and reporting mechanisms. This 

helps overcome common problems such as weak 

coordination and superficial regulatory compliance. 

The framework also supports device reuse and 

refurbishment, which can reduce costs and extend 

product lifecycles. In addition, its monitoring, 

evaluation, and learning (MEL) component improves 

transparency and allows universities to track progress 

and make continuous improvements. This aligns with 

global recommendations that higher education 

institutions should report clear and consistent 

sustainability metrics to maintain stakeholder trust and 

participation. 

However, the main challenges of implementing 

UGEMF involve the complex coordination and 

capacity requirements. Successful adoption requires 

close collaboration between units handling data 

sanitization, procurement, storage, and licensed 

recycling, and many universities may initially struggle 

with these cross-departmental processes. There are 

also liability and market issues, such as ensuring data 

security, finding reliable recyclers, and managing 

inconsistent participation across faculties. As of 31 

July 2025, Malaysia’s Department of Environment 

reported 128 licensed e-waste recovery facilities 

nationwide (Bernama, 2025), reflecting growing 

formal capacity, while public registries (eSWIS) also 

list licensed transporters and recovery premises for 

SW110. Despite this expanding infrastructure, 

reliance on external recyclers and market conditions 

may still limit reuse opportunities when vendor 

capacity or incentives are weak. To address these 

risks, universities should consider a phased 

implementation, clear vendor agreements that include 

take-back and data-wiping requirements, and 

transparent dashboards to keep stakeholders informed 

and engaged. 

4. DISCUSSION

The Global E-waste Monitor 2024 indicates that 

e-waste generation continues to grow rapidly 

worldwide, with projections suggesting a significant 

increase if current trends persist (ITU and UNITAR, 

2024). This trend emphasizes the urgent need for 

structured institutional responses. UGEMF 

contributes to this agenda by operationalizing circular 

economy principles through coordinated governance, 

targeted procurement practices, comprehensive 

lifecycle strategies, and systematic monitoring and 

evaluation. Despite these strengths, the findings also 

highlight critical implementation challenges that 

universities will need to anticipate and manage. 

The first major challenge concerns the hidden 

and indirect costs associated with implementing 

UGEMF. Although the model does not require 

significant capital expenditure, institutions may need 
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to allocate additional labour for data wiping, invest in 

secure storage infrastructure to ensure compliance 

with SW110 requirements, and provide regular 

training for staff involved in green procurement and 

monitoring. The introduction of digital systems for 

asset tracking, such as QR codes or RFID tagging, may 

also require careful financial planning. 

A second challenge arises from bureaucratic 

resistance and the siloed organizational culture that is 

common in many public universities. Departments 

may be reluctant to collaborate due to unclear 

jurisdictional boundaries, concerns about assuming 

new responsibilities, or a preference for maintaining 

familiar, informal practices. Strong leadership 

commitment, clear SOPs, and regular communication 

channels are therefore essential for overcoming these 

barriers. 

A third challenge relates to the variability in 

recycler reliability and the influence of market 

conditions. Several universities reported inconsistent 

pickup schedules, limited refurbishment capacity, and 

fluctuating market prices for recovered materials, all 

of which may weaken incentives for reuse and 

discourage sustained participation in collection 

initiatives. 

A final challenge concerns the uneven levels of 

awareness and participation among students and staff. 

Although not measured quantitatively in this study, 

interview themes consistently suggested that many 

individuals were unsure about the proper channels for 

disposal or were unaware of institutional initiatives. 

Frequent turnover among students further complicates 

sustained behavioural change, making ongoing 

awareness campaigns and MEL feedback mechanisms 

essential. 

Overall, UGEMF offers a structured and 

replicable approach that links circular economy 

principles, regulatory requirements, and institutional 

practices. By translating policy directives, such as 

extended producer responsibility, green procurement, 

and scheduled waste management, into practical 

campus-level actions, the framework addresses long-

standing coordination problems and strengthens e-

waste governance across Malaysian HEIs. Its 

comprehensive scope positions universities as key 

contributors to the nation’s transition toward a circular 

and environmentally responsible future. 

5. CONCLUSION

The Unified Green E-waste Management 

Framework (UGEMF) provides Malaysian public 

universities with a comprehensive approach to 

transition from fragmented, disposal-focused practices 

to an integrated, circular model that emphasizes 

prevention, reuse, refurbishment, and responsible 

recycling. By clearly defining stakeholder roles, 

embedding green procurement and extended producer 

responsibility (EPR) principles, and introducing 

structured monitoring and evaluation mechanisms, 

UGEMF strengthens institutional accountability while 

aligning campus practices with national regulations. 

For practical implementation, universities can 

adopt a gradual, phased approach. Initially, 

institutions can focus on establishing governance 

structures and clarifying responsibilities across 

departments. The second phase may involve 

integrating green procurement requirements into 

tenders and promoting refurbishment and cascading of 

devices. Subsequently, universities can implement 

systematic monitoring and evaluation using 

dashboards and periodic reporting, coupled with 

awareness campaigns to engage students, staff, and 

external partners. Priority policies include ensuring 

compliance with Scheduled Waste SW110 

regulations, formalizing take-back schemes with 

certified recyclers, and embedding circular economy 

principles into procurement and asset management 

processes. 

UGEMF demonstrates that sustainable e-waste 

management is achievable without major capital 

investment, relying primarily on clear governance 

clarity, targeted policies, and transparent reporting. By 

adopting the framework, universities can mitigate 

environmental risks, maximize resource recovery, and 

foster a culture of shared responsibility among campus 

stakeholders. 

For future research, field trials of UGEMF 

implementation in selected universities are 

recommended to evaluate its operational feasibility 

and identify context-specific challenges. Additionally, 

quantitative studies could measure the framework’s 

effectiveness in reducing e-waste, improving reuse 

and recycling rates, and enhancing awareness among 

students and staff. Future studies could also 

complement the present findings by analyzing cost 

implications, developing data-risk mitigation 

guidelines,   and   designing   phased   implementation 

roadmaps to support the practical adoption of UGEMF 

across universities with varying resources and 
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capacities. Such investigations will further validate 

UGEMF and support its adaptation in other higher 

education institutions or public organizations 

regionally and globally.  
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HIGHLIGHTS 

A predator-prey model analyzes interactions between PM2.5 and temperature. PM2.5 is modeled as prey and temperature as predator 

with seasonal and daily effects. This approach supports improved air quality forecasting and pollution management. 

1. INTRODUCTION

Over the past decade, particulate matter with a 

diameter of 2.5 micrometers or less (PM2.5) has 

emerged a critical global environmental and public 

health concern. Due to its extremely small size, PM2.5 

can penetrate deep into the respiratory system and 

bloodstream, leading to serious health consequences 

such as cardiovascular diseases, respiratory disorders, 

and lung cancer. This issue is particularly severe in 

rapidly in urban areas, including Bangkok, Thailand. 

High traffic density, combustion, and industrial 

activities contribute to elevated PM2.5 concentrations. 

Recent studies, further confirm that urban air pollution 

poses significant health risks for Bangkok’s population. 

Findings indicate a clear association between ambient 

PM2.5 exposure and increased all-cause mortality, with 

particularly strong links to stroke and chronic 

obstructive pulmonary disease (COPD). Importantly, 

these health effects occur even at relatively low 

exposure levels, emphasizing that PM2.5 remains a 

persistent threat. This underscores the urgent need for 

effective and stringent pollution control measures to 

safeguard public health in major cities like Bangkok. 

(Phosri et al., 2018; Fold et al., 2020). 

Studying the impacts of meteorological 

variables in Bangkok during the winter season offers 

distinct advantages. During the dry winter months of 

November to January, PM2.5 levels in Bangkok often 

peak, as precipitation is typically negligible. This 

period was selected to examine the influence of 

meteorological variables on PM2.5 without 

considering the effects of precipitation. For instance, 

analysis of PM2.5 data in Bangkok during November-

December 2016 to 2018 revealed strong correlations 

Citation: Saengcharoenthaworn W, Navarasuchitr I, Ruangrungrote S. Modeling PM2.5: Temperature interactions using predator-prey dynamics. 
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with meteorological factors, including wind speed, 

relative humidity, and temperature. Understanding 

these complex relationships is essential for developing 

effective air quality management strategies (Ketjalan 

et al., 2023). This observation aligns with the findings 

of Sirithian and Thanatrakolsri (2022), who reported 

significant correlations between meteorological 

variables, particularly temperature, relative humidity, 

and wind speed and PM2.5 concentrations in northern 

Thailand during the dry haze season. Their study 

highlighted that during periods of minimal rainfall, 

these meteorological factors serve as the primary 

drivers influencing particulate matter level. Applying 

similar reasoning to Bangkok, which experiences 

similarly dry atmospheric conditions during the winter 

months, reinforces the importance of focusing on these 

variables when developing accurate daily forecasting 

models for PM2.5 concentrations (Ruttanawongchai et 

al., 2018). 

Most studies primarily use statistical methods, 

such as correlation and regression analysis, to examine 

the relationship between PM2.5 and meteorological 

variables, rather than focusing on daily forecasting (Lu 

and Ma, 2020). This research proposes a novel 

approach by applying the predator-prey model, a 

mathematical framework originally developed to 

describe ecological interactions between species, such 

as the influence of the wolf populations on rabbit 

populations, which have the predator-prey 

relationship. The model uses differential equations to 

capture the dynamic interplay of growth and decline 

rates. The hypothesis of this study is that the predator-

prey model can effectively capture the complex 

relationships between PM2.5 concentrations and 

temperature in Bangkok during the winter season 

(November to January). This approach is expected to 

facilitate the development of a highly accurate daily 

PM2.5 forecasting model. 

Temperature has a complex, dual-phase effect 

on particulate matter dynamics. Higher temperatures 

increase molecular kinetic energy and promote 

vertical mixing processes, facilitating pollutant 

dispersion, whereas lower temperatures increase 

atmospheric density and limit convective mixing, 

promoting particulate accumulation in lower 

atmospheric layers (Yang et al., 2017). Temperature 

exerts a notable influence on PM2.5 concentration, 

with lower temperatures often correlating with higher 

PM2.5 levels. Cold conditions, particularly during in 

winter,  contribute  to  the   formation  of  temperature 

inversion layers that trap pollutants near the surface, 

limiting vertical mixing, promoting particulate 

accumulation. Additionally, the use of coal for heating 

during colder months further exacerbates PM2.5 

pollution. When combined with low wind speeds and 

high humidity, these conditions create an environment 

in which air pollutants are more likely to concentrate 

in the lower atmosphere (Yang et al., 2023). 

Temperature is considered the “predator” 

within the PM2.5-temperature dynamic system due to 

its demonstrably inverse relationship with PM2.5 

concentrations. Elevated temperatures promote 

atmospheric instability and vertical dispersion of 

pollutants, thereby reducing particle accumulation an 

effect to how a predator regulates the growth of a prey 

population. Moreover, the observed interactions 

between PM2.5 and thermal profiles, such as the urban 

heat island effect, further support the suitability of this 

ecological modeling framework. This selection aligns 

with extensive research identifying temperature as a 

predominant meteorological factor influencing 

ambient PM2.5 levels. This approach provides a 

robust basis for analyzing the complex interplay 

between atmospheric conditions and particulate matter 

dynamics (Winalai et al., 2022). The proposed 

predator-prey model represents a novel approach to 

analyzing the interaction between PM2.5 

concentrations and temperature. While traditional 

aerosol dynamics models like Chemical Transport 

Models, primarily focus on pollutant dispersion and 

chemical transformation, our predator-prey model 

introduces an ecological perspective by treating 

temperature as a “predator” and PM2.5 as its “prey”. 

This dynamic framework captures seasonal feedback 

loops and interactions between environmental factors, 

offering a fresh framework for understanding air 

pollution patterns over time (Lai et al., 2024). 

The findings are expected to improve 

understanding of PM2.5 dynamics in Bangkok, a city 

facing persistent air pollution challenges. The 

predator-prey approach provides a novel tool for air 

quality forecasting. By introducing an ecological 

modeling perspective, this research offers a unique 

contribution to air quality management and advances 

the understanding of the complex interplay between 

PM2.5 and temperature. Utilizing a predator-prey 

model to develop a predictive framework for PM2.5 

and temperature enables effective monitoring of air 

quality impacts and helps identify of critical factors for 

controlling PM2.5 concentrations. 
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2. METHODOLOGY

2.1 PM2.5-temperature interaction model

Predator-prey model 

The predator-prey model is a mathematical 

framework that describe the dynamics interaction 

between two populations: predators and prey. It 

illustrates how the population of prey increases when 

resources are abundant and declines in the presence 

predators, while the predator population grows when 

prey is plentiful and declines as prey becomes scarce. 

This interaction typically leads to oscillating 

population sizes for both groups, with predators and 

prey populations rising and falling in a cyclical 

pattern. The model provides insights into natural 

population control and the balance between species in 

ecosystems (Murray, 2002). 

We use PM2.5 and temperature data obtained 

from the Thailand Pollution Control Department and 

Weather Underground, focusing on the winter season 

during November and December 2024 to January 2025. 

The study specifically considered the area around Don 

Mueang International Airport, located at 13.92ºN, 

100.6°E in Bangkok, Thailand. The stability and 

accuracy of the model were further evaluated through 

the eigenvalues analysis, and the Routh-Hurwitz 

criterion was applied to assess system stability, 

ensuring the robustness of the proposed model. 

The present investigation adapts and modifies 

the classical predator-prey framework, originally 

formulated by Lotka and Volterra, to explore dynamic 

interactions between PM2.5 concentrations and 

meteorological parameters (temperature). Within this 

conceptual framework, PM2.5 is treated as the “prey” 

species, while temperature acts as predatory forces 

exerting regulatory influence upon particulate matter 

concentrations. In this model, we adopted a sigmoid 

function to represent the temperature’s effect on 

PM2.5, which qualitatively mirrors the Holling Type 

III functional response (Holling, 1959a; Holling, 

1959b). This approach captures the critical-point and 

saturating nature of environmental interactions, where 

temperature only significantly reduces PM2.5 after 

concentrations exceed a certain level. Such a response 

is more realistic than linear forms, and aligns with 

ecological and atmospheric dynamics (Jianhua and 

Susumu, 2015). We will define the PM2.5 and 

temperature model as; 

Prey equation (PM2.5), 

dP

dt
= αP (1-

P

K
) - βPT (

1

1+e-k(P-P0)
)    

-δPT2+ξ
1

sin(ω1t+ϕ
1
) +ξ

2
cos(ω2t+ϕ

2
)   (1) 

Predator equation (Temperature), 

dT

dt
= -γPT + μ (

1

1+e-k (P-P0)
)       (2) 

We set Po=85 for the transitions in thermal 

effect in the model. Most model parameters (listed in 

Table 1) were estimated using nonlinear regression on 

the 92-day PM2.5-temperature dataset, while all 

remaining parameters were determined through 

optimization using real observational data. Data 

preprocessing included handling any missing values 

and normalizing the observations prior to model 

fitting. These steps ensure that the model reproduces 

both short-term fluctuations and seasonal patterns in 

the observed data. 

The methodology is designed to produce robust, 

and replicable results, suitable for air quality 

forecasting and environmental policy development. 

2.2 Stability of the model 

To ensure the robustness and reliability of the 

proposed predator-prey model, we conducted a 

stability analysis to verify the equilibrium points under 

varying conditions. This analysis is essential to 

confirm that the model behaves consistently and 

provides meaningful predictions over time. 

Specifically, we use Eigenvalues and the Routh-

Hurwitz Criterion to assess the model stability, 

ensuring that the equilibrium points remain stable and 

the system responds predictably to parameter changes. 

Our focus is on the equilibrium point where 

both PM2.5 and temperature exist at non-zero values, 

reflecting their observed presence in real-world data. 

Based on calculations, we get the equilibrium point for 

the system of interest. 

(P*,T*) = (120.14,37.32)    (3) 

Jacobian matrix at equilibrium point, 

J(P*,T*) = [
-0.0153 0.1705

-0.0033 -0.0106
]   (4) 

We get the eigenvalues, 

λ1 = -0.0129 + 0.0236i    (5) 

λ2 = -0.0129 - 0.0236i    (6) 
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Table 1. Meaning of parameters in the model 

Symbol Meaning Values of the parameters 

P PM2.5 concentration 

T Temperature 

t Time 

K Carrying capacity of PM2.5 172 

α Growth rate of PM2.5 0.015 

β Predation rate 0.00191764 

k The slope of the sigmoid function 0.5 

δ PM dispersion rate -0.0000447

ξ1 Seasonal forcing     5.9800 

ξ2 Daily forcing 5.5955 

ω1 Frequency of seasonal 0.0100 

ω2 Frequency of daily 6.2458 

ϕ1 Phase shift  2.1401 

ϕ2 Phase shift 3.7893 

γ Temperature decrease rate by PM2.5 0.0000881 

μ Temperature increase by PM2.5 effect 0.3949 

All eigenvalues have negative real parts, the 

system is stable (Basak and Lee, 2008). 

Routh-Hurwitz criterion test, from the 

eigenvalues (5) and (6) we get the characteristic 

equation, 

s2+0.259s+0.000723=0 (7) 

Which, 

a2=1,a1=0.259,a0=0.00072   

There are no sign changes, which mean the 

system is stable (Medhi et al., 2024). 

3. RESULTS AND DISCUSSION

This study developed a nonlinear predator-prey 

model to investigate the interaction between PM2.5 

concentrations and temperature in Bangkok during the 

winter season. The system comprises two coupled 

differential equations, with PM2.5 modeled as the 

“prey” and temperature as the “predators”, 

representing a novel framework for urban air quality 

modeling. This analogy provides a dynamic systems 

perspective, capturing not only correlation but also 

causality and regulatory mechanisms, in contrast to 

conventional statistical or machine learning 

approaches. Key mechanisms, such as logistic growth, 

threshold responses, and periodic external forcing, 

were incorporated to reflect seasonal and diurnal 

dynamics. While previous studies often rely on 

regression analysis to analyze air pollution, the 

predator-prey framework naturally integrates 

nonlinear feedback and stability analysis, making it 

more suitable for modeling complex environmental 

systems with the ability to capture feedback loops and 

saturation effects (Murray, 2002). 

Model calibration and equilibrium analysis 

were conducted, using daily observations from 

November 2024 to January 2025 (92 days total). 

Model parameters were either derived empirically or 

estimated through regression fitting as shown in 

Table 1. The stability of the model was validated using 

eigenvalue analysis and the Routh-Hurwitz criterion, 

confirming the presence of a locally stable equilibrium 

under the observed conditions (Themairi and Alqudah, 

2020). 

To evaluate model performance, the predicted 

values of PM2.5 and temperature were compared 

with actual observations. Figure 1 illustrates the 

comparison between the observed PM2.5 

concentrations and the values predicted generated by 

the proposed predator-prey model, while. Figure 2 

presents the comparison between the observed 

temperature and model-predicted temperature during 

the study period and Figure 3 shows both variables 

together. The root mean square error (RMSE) for 

PM2.5 was 15.7036 and 0.9425 for temperature. 

These values demonstrate strong agreement, 

especially given the inherent variability and 

nonlinearity of urban atmospheric systems. 
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Figure 1. PM2.5 true vs predicted 

Figure 2. Temperature true vs predicted 

Figure 3. PM2.5 and Temperature true vs predicted 
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Interpretation and Implications: The model not 

only confirms the known inverse relationship between 

temperature and PM2.5 but also provides a 

mechanistic explanation for threshold effects: 

temperature effectively reduces PM2.5 only when 

pollution levels exceed a critical point, consistent with 

urban temperature inversions. This insight goes 

beyond empirical findings by identifying causal 

thresholds, which can help inform more effective 

timing of policy interventions. Additionally, the 

inclusion of periodic forcing terms such as daily traffic 

cycles, enhances the model’s accuracy, allowing it to 

capture recurring PM2.5 peaks driven by daily traffic 

patterns and seasonal variations in solar radiation.  

The predator-prey analogy treating 

(temperature as the “predator”, PM2.5 as “prey”) was 

adopted to represent the dynamic interaction between 

temperature and PM2.5. In urban environments, the 

boundary-layer dynamics play a crucial role in 

regulating the PM2.5 dispersion, with temperature 

influencing atmospheric stability and turbulence 

Additionally, diurnal temperature variation affects the 

daily cycle of PM2.5 concentrations, as higher day 

time temperatures enhancing dispersion and lower 

concentrations, while nighttime inversions trap 

pollutants near the surface (Miao et al., 2019). This 

mechanistic understanding of physical processes 

supports the predator-prey analogy and strengthens the 

ecological basis of the model. 

Compared to conventional empirical or data-

driven models, the predator-prey approach offers 

greater theoretical depth, by enabling formal analysis 

of system stability and potential regime shifts. For 

example, the identification of an equilibrium state 

allows for simulation of long-term outcomes under 

various policy scenarios, which is often not possible 

with purely statistical models. 

Despite its simplified two-variable structure, 

the model effectively represents urban air pollution. It 

also offers a flexible foundation for future extensions, 

such as incorporating additional meteorological 

variables to enhance predictive performance. In future 

work, extending the model to include multiple “prey” 

or “predator” species (e.g., different pollutants or 

atmospheric drivers) could further broaden its 

applicability and realism. 

Practical Implications: The developed model 

offers a practical tool for daily air quality forecasting, 

enabling relevant authorities to issue more accurate 

public health advisories and pollution warnings. This 

study focuses on modeling PM2.5 concentrations 

during the winter season, when pollution levels are 

typically highest. As a result, the findings and policy 

recommendations are most applicable to the winter 

months, and the model’s applicability to other seasons 

remains limited. By predicting PM2.5 peaks based on 

temperature forecasts, proactive measures such as 

traffic control or industrial emission reductions can be 

implemented in advance to mitigate severe pollution 

episodes. Furthermore, the identification of a stable 

equilibrium state provides insights for long-term 

environmental policy planning, suggesting that 

managing key drivers like urban heat could help 

maintain air quality within acceptable limits. This 

model can be integrated into early warning systems, it 

can support targeted interventions, such as restricting 

high-emission vehicles during predicted high-

pollution periods. Additionally, the conceptual 

framework of temperature as a regulatory “predator” 

offers an intuitive way to communicate complex 

atmospheric dynamics to the public, fostering greater 

awareness and adherence to health guidelines during 

critical periods. By integrating this model into early 

warning systems to support targeted interventions, 

such as limiting high-emission vehicles during 

forecasted high-pollution events. Moreover, framing 

temperature as a regulatory “predator” provides an 

intuitive and accessible way to communicate complex 

atmospheric dynamics to both policymakers and the 

general public, potentially increasing awareness and 

compliance with health guidelines during critical 

periods (Rizwan et al., 2008). 

While the model demonstrated good accuracy 

with RMSE values during the three-month validation 

period, we acknowledge that the short duration limits 

its robustness. Future work will focus on to expand the 

validation period by incorporating data from several 

years of winter seasons, which is when PM2.5 levels 

in Thailand are typically the highest. Additionally, 

out-of-sample validation will be conducted using data 

from other regions to test the model’s generalizability 

and long-term applicability across different locations 

and environmental conditions. 

4. CONCLUSION

This study presents a nonlinear model that 

captures the dynamic interaction between PM2.5 

concentration and ambient temperature, introducing a 

novel concept through the predator-prey model 

framework. By incorporating logistic growth, a 

threshold response, and periodic external forcing, the 

model captures key behaviors observed in urban 
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atmospheric systems-particularly the delayed 

suppressive effect of temperature on PM2.5 and the 

recurrence of pollution peaks linked to seasonal and 

daily cycles. 

The model was calibrated with real-world data 

spanning 92 days across winter months, and 

equilibrium analysis confirmed local stability with 

realistic PM and temperature levels. Predictive 

validation yielded good agreement between simulated 

and observed values, indicating that the model can 

capture short-term fluctuations as well as broader 

seasonal patterns with reasonable accuracy. 

Beyond its predictive capability, the model 

contributes conceptually by reinterpreting temperature 

as a regulatory agent-analogous to a predator in 

ecological systems-acting nonlinearly upon pollution 

accumulation. This reinterpretation offers a valuable 

lens for understanding how environmental variables 

interact not merely through correlation, but through 

dynamic control mechanisms involving thresholds and 

feedbacks. Such an approach bridges the gap between 

empirical atmospheric analysis and mechanistic 

ecological modeling, enabling the use of well-

established mathematical tools such as equilibrium 

analysis, Jacobian stability, and phase-space behavior. 

The identification of a stable equilibrium with 

interpretable values for both PM2.5 and temperature 

suggests that the system, under typical winter 

conditions, tends toward a quasi-stable state unless 

perturbed by strong external forcing. This reinforces 

the practical relevance of the model in providing not 

just forecasts, but also insights into the stability and 

major changes in urban air quality systems. 

Future applications may include integrating this 

model with meteorological forecast inputs, or 

coupling it with emission inventories for localized 

policy testing. Furthermore, the structure lends itself 

to extensions, such as adding humidity and wind 

variables or implementing spatial diffusion terms to 

account for inter-area interaction. In sum, the 

proposed framework offers a compact yet expressive 

tool for both analysis and predicting complex urban 

pollution dynamics. 

This model offers a new ecological perspective 

that can stimulate interdisciplinary research in urban 

environmental management. It underscores the 

potential of leveraging well-established biological 

frameworks to understand and predict complex 

environmental phenomena, ultimately contributing to 

more resilient and sustainable cities amid escalating 

air pollution challenges. 
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Many developing countries still predominantly rely on conventional monitoring of 

groundwater quality parameters. Emerging technologies have shown significant potential 

for advancing automated water quality monitoring in recent years. This study developed 

the Groundwater Live Observation for Water-quality (GLOW) system, which leverages 

Internet of Things (IoT) technologies combined with water quality sensors. In future 

applications, this remote sensing-based groundwater monitoring system holds strong 

potential for detecting pollutant intrusion in water bodies. The GLOW system was tested 

during two periods, namely from June 2023 to November 2023 and from January 2024 to 

March 2024, in Bojong District, Sukabumi Regency, Indonesia. The system employed 

Aqua TROLL 500 sensors capable of measuring water temperature, electrical conductivity 

(EC), pH, salinity, and total dissolved solids (TDS). The data generated by the GLOW 

system were transmitted to a website server and subsequently evaluated against 

laboratory-based data using statistical analyses. The Wilcoxon Signed-Rank Test was 

applied to assess differences between the two approaches. Most parameters showed no 

statistically significant differences (p>0.05), except for TDS and salinity (p=0.02). The 

Bland-Altman analysis confirmed good overall agreement between the two methods, with 

small mean differences for pH (0.19), EC (8.45 μS/cm), water temperature (-0.34°C), 

salinity (0.02 PSU), and TDS (0.01 ppm). Future research should expand monitoring by 

including nitrogen and phosphorus compounds. 
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HIGHLIGHTS 

• Developed IoT-based sensors for continuous groundwater quality monitoring

• Findings support sustainable groundwater management and monitoring assessment

• Autonomous monitoring system validated using real field observations

1. INTRODUCTION

Groundwater is a widely utilized source of 

drinking water, with approximately 2.5 billion people 

globally relying on it (Grönwall and Danert, 2020). 

Consequently, groundwater management is 

considered one of the key strategies for addressing 

water scarcity (Carrard et al., 2019). In recent years, 

an alarming decline in groundwater quality has been 

reported in several Asian countries, particularly China, 

India, and Pakistan (Yin et al., 2020; Li et al., 2022, 

Ullah et al., 2022; Thakur et al., 2024). Groundwater 

contamination is commonly attributed to industrial 

pollution, domestic waste, agricultural runoff, and 

saltwater intrusion, and this widespread issue raises 

growing concerns as it poses significant health risks, 

contributes to environmental degradation, and 

exacerbates water scarcity. Providing early 

assessments of groundwater contamination and 

establishing strategic frameworks to address these 

issues are crucial first steps toward achieving resilient 
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groundwater quality. Traditionally, groundwater 

quality monitoring has relied on field sampling and 

laboratory analysis, methods that have been well 

established and validated over decades, and whose 

results are widely accepted for regulatory and 

legislative purposes (Madrid and Zayas, 2007). 

However, this conventional monitoring approach is 

time-consuming, labor-intensive, and cost-inefficient 

(Abdulkadir et al., 2023; Jayaraman et al., 2024). 

Moreover, extensive and careful sample handling is 

required to prevent measurement errors and biases 

introduced by external factors such as exposure to 

sunlight or high air temperatures (Sani et al., 2023), 

which may cause deviations from the actual condition 

of the samples at the time of collection. 

Fortunately, the limitations of conventional 

groundwater quality monitoring can be addressed 

through remote monitoring. By utilizing sensors to 

measure water-quality parameters directly in the field, 

there is no need to transport samples to a laboratory. 

This approach helps prevent exposure-related changes 

that could alter the chemical composition of 

groundwater. Sensors have been well developed to 

measure physicochemical parameters, such as pH, 

temperature, electrical conductivity (EC), and 

dissolved oxygen (DO). Further developments have 

broadened to even wider water quality parameters, 

such as total organic carbon (TOC), dissolved organic 

carbon (DOC), biological oxygen demand (BOD), 

chemical oxygen demand (COD), bacteria, 

agricultural pollutants, ions, and heavy metals (Park et 

al., 2020; Kumar et al., 2024). Besides single-

parameter sensors, several configurable multi-

parameter sensors are also available for long-term 

monitoring (Danielson, 2020). Nevertheless, the 

sensors must still be calibrated regularly to ensure that 

their accuracy is maintained. Another recent approach 

involves the use of Internet of Things (IoT) (Akrout et 

al., 2024), virtual sensing (Grisez et al., 2025), a cyber-

physicochemical system (CPS) (Yoon et al., 2024), 

and optical techniques (Zainurin et al., 2022).  As a 

result of ombining the sensors with the capacity of the 

current cloud system (hence the IoT services), 

groundwater monitoring is now capable of storing, 

transmitting, and analyzing real-time water quality 

data at almost real-time temporal scale. Such a 

platform is developed on IP-enabled devices and 

applications through wired (Ethernet) or wireless (Wi-

Fi) interfaces (Wong and Kerkez, 2016).  

One example of a monitoring system 

application was demonstrated in a study by Yoon et al. 

(2024), which utilized an IoT-integrated groundwater 

monitoring system to measure physicochemical 

parameters related to organic decomposition from 

livestock carcasses at a burial site. Four parameters 

were monitored: EC, chloride (Cl-), nitrate nitrogen 

(NO3-N), and ammonium nitrogen (NH4-N). The 

monitoring system achieved high levels of accuracy 

and precision, ranging from 93.3% to 100.0% and 

0.1% to 5.0%, respectively. EC was identified as the 

most reliable indicator among these parameters, as 

sensor readings differed by only 1.1 times compared 

with laboratory measurements. In contrast, the other 

parameters showed larger variations, with differences 

ranging from 1.6 to 2.5 times higher. On the other 

hand, real-time groundwater monitoring has not been 

widely implemented in Indonesia. Existing studies 

(Lubis et al., 2008; Hutabarat and Ilyas, 2017) are 

limited to single-parameter observations, such as 

groundwater table elevation or depth-temperature 

profiles. The studies conducted by Fakhrurroja et al. 

(2023) and Andayani et al. (2021) also assessed the 

feasibility of using sensors to measure groundwater 

quality parameters. However, both investigations were 

limited to laboratory-scale experiments, and to date, 

no field-based, real-time groundwater quality 

monitoring system has been implemented in 

Indonesia. The limited monitoring network restricts 

efforts to relate groundwater quality to spatial factors 

such as abstraction, land cover, and industrial 

pollution. A practical solution is installing multi-

parameter monitoring systems, which allow real-time 

data collection and more accurate interpretations of 

groundwater characteristics, particularly in data-

scarce regions. 

Therefore, this study aims not only to develop 

but also to evaluate the application of the Groundwater 

Live Observation for the Water Quality (GLOW) 

system in Indonesia. The GLOW system was deployed 

in Bojong District, Sukabumi Regency, where a web-

based platform continuously monitored groundwater 

quality parameters. Building on the success of 

previous studies (Yoon et al., 2024), which indicated 

that EC showed the closest agreement with field 

measurements among monitored parameters, this 

study focused on five other parameters: temperature, 

pH, EC, salinity, and total dissolved solids (TDS). 

These parameters were simultaneously measured in 

the laboratory through conventional sampling for 

comparison. Once the core parameters have been 

established, additional physicochemical parameters 

(Cl-, NO3-N, and NH4-N) will be incorporated into the 
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monitoring framework. Sensor-laboratory agreement 

is evaluated using uni-variate statistical metrics to 

validate the reliability of the GLOW system. Although 

no new sensor hardware is introduced, this study 

provides novel field-based evidence on the 

performance of real-time groundwater monitoring in 

data-scarce regions such as Indonesia. In future 

applications, the GLOW system may also be used to 

detect potential pollutant intrusion into water bodies. 

2. METHODOLOGY

2.1 Study location

The monitoring well, equipped with the 

aforementioned sensors, is located in the Sukabumi 

Regency, near the south coast of West Java Province, 

Indonesia. Figure 1 shows the Sukabumi Regency’s 

relative position and the exact position. Geologically, 

the northern part of the Sukabumi area is dominated 

by alluvium deposits and young volcanic deposits of 

the Quaternary Age. Considering their alluvial nature, 

the geologically young and unconsolidated soils 

should support productive aquifer potential in these 

areas. On the other hand, a high-water table might also 

leave the area prone to flooding without proper 

stormwater management. As the Sukabumi Regency is 

situated in a tectonically active region between the 

Indo-Australian and Eurasian plates, fractured tertiary 

rocks and volcanic structures may lead to amplified 

risk of seismic potential. The groundwater hydraulic 

head especially that from confined aquifers, is harder 

to qualitatively predict, as the fragility to seismic 

activities could coerce the aquifers to karsting and 

perching exposure. 

Figure 1. The monitoring well in Bojong District, Sukabumi Regency, Indonesia 

The geographical coordinates of the Bojong 

monitoring well are 106.82°E and 6.96°S. The 

planned design of the well is shown in Figure 2(a), 

where the borehole was drilled to a depth of 120 m. As 

illustrated, two types of PVC casing were installed. 

From the surface to a depth of 6 m, a non-perforated 

PVC pipe was used and reinforced with cement 

grouting. From 6 m down to 120 m, a perforated PVC 

pipe was installed to allow groundwater to enter the 

well. The perforated section was surrounded by 

gravel, sized 0.50-1.00 cm, to ensure the pipe 

remained stable and properly positioned within the 

borehole. During the drilling process, geophysical 

logging was conducted to determine the resistivity 

profile and classify subsurface lithology down to 120 

m. Based on resistivity values, the subsurface

materials can be categorized as tuff (1-10 Ω.m),

tuffaceous sand (10-50 Ω.m), and gravel (50-100 Ω.m)

(Palacky, 1998; Telford et al., 1990). The resulting

lithological classification is presented in Figure 2(b),

which shows that the subsurface is predominantly

composed of tuff layers. Geo-electric measurements

further indicate that the monitoring well intersects a

shallow aquifer between depths of 3 and 30 m.
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Figure 2. (a) Well construction design plan and (b) the soil stratigraphy of the Bojong Site 

2.2 The GLOW system 

The Aqua TROLL 500 sensor was selected for 

its proven effectiveness in monitoring water quality 

parameters (Acrohm, 2020; Snow et al., 2020). It 

comes in two main sondes, vented and non-

pressurized, whose specifications for measuring water 

quality parameters are presented in Table 1. Both 

sondes were installed at a depth of 30 meters, situated 

in the tuff layer in the well. The soil layer is 

characterized by soft, porous volcanic rock (Asniar et 

al., 2019), facilitating groundwater flow around the 

sondes. Nevertheless, the tuff layer is less permeable 

than the gravel layer (Siegesmund et al., 2023), 

resulting in more stable concentrations of water-

quality parameters within the well compared to those 

in the gravel layer. This consideration formed the 

primary basis for selecting a depth of 30 m as the 

installation level for both sondes. A gateway panel 

was also installed with a protective box, which 

safeguards the internal components from external 

elements such as extreme weather conditions and 

insects. A weather sensor is also integrated into the 

GLOW system to monitor ambient air temperature. 

The system is programmed to record all parameters at 

10-minute intervals. It has been maintained and 

calibrated monthly from June 2023 to March 2024. 

Table 1. The Aqua Troll 500 sensor specifications (Acrohm, 2020) 

Parameter Accuracy Range Methodology 

EC ±0.5% of reading plus 1 μS/cm* 0 to 350,000 µS/cm Std. Methods 2510, EPA 120.1 

TDS - 0 to 350 ppm - 

Salinity - 0 to 350 PSU Std. Methods 2520A 

pH ±0.1 pH units 0 to 14 pH units Std. Methods 4500-H+, EPA 150.2 

Temperature ±0.1ºC -5 to 50ºC EPA 170.1 

Within the box of the gateway panel, several 

components are installed to enable data visualization, 

sensor calibration, and automated data uploading to 

the website server. During the initial testing period, the 

system was powered by the state electricity grid (220V 

AC). This power was stored in an uninterruptible 

power supply (UPS) and then converted to 12V DC to 

meet the system’s operational requirements. A 

supporting 18 V DC solar panel was integrated, with 

its output regulated to 12 V DC via a 0.50. A solar 

charge controller (SCC). Unstable power supply may 

cause sudden spikes in the sensor readings. Therefore, 

(a) (b) 
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all sensor outputs must be verified manually before 

being accepted as valid final data. Wi-Fi connectivity 

is established to facilitate real-time data transmission. 

As a contingency measure, flash drives are employed 

for local data storage in the event of transmission 

failures. A complete schematic diagram of the GLOW 

system is presented in Figure 3, while the installed 

system is shown in Figure 4. 

Figure 3. The schematic diagram of the GLOW system 

Figure 4. The installed GLOW system at the Bojong Site 
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2.3 Conventional monitoring of water quality 

parameters 

In conventional monitoring, water samples are 

assessed using in-situ tools based on established 

physical principles (YSI Inc, 2021). The groundwater 

level within the well fluctuated between depths of 7 

and 10 m; therefore, water sampling was conducted 

within this interval. As shown in Figure 2(b), the 

groundwater is hosted within the tuff and tuffaceous 

sand layers. Although the water sampling depth and 

the sensor installation depth differ, the surrounding 

lithological units at these elevations are comparable. 

This approach was adopted to minimize variations in 

groundwater quality concentrations, as discussed in 

the previous section. pH is measured using an ion-

selective electrode (ISE), with an accuracy of ±0.2. 

Water temperature is monitored using a thermistor, 

typically covering a range from -5°C to 70°C, with an 

accuracy of ±0.2°C. EC is determined via a 

conductivity electrode sensor (conductometry), 

operating within a range of 0 to 200 μS/cm and with 

an accuracy of ±0.5%. Salinity and TDS are not 

measured directly but are calculated from EC values 

using the Practical Salinity Scale 1978 (PSS-78) and 

an empirical conversion factor, respectively. 

2.4 Statistical methods 

This study employed three methods to assess 

the performance of the GLOW system: normality 

tests, non-parametric statistical methods, and Bland-

Altman plots. The normality test was used to evaluate 

the sensor’s data distribution. One commonly used 

normality test is the Kolmogorov-Smirnov test, which 

is suitable for large sample sizes (n>5,000) (Ghasemi 

and Zahediasl, 2012). The characteristics of the 

Kolmogorov-Smirnov statistical test are well suited to 

this study, as the dataset analyzed can comprise tens 

of thousands of observations for a single parameter. If 

the p-value generated by the Kolmogorov-Smirnov 

test is less than 0.05, the data are considered not 

normally distributed. 

When data are not normally distributed, non-

parametric statistical methods are more appropriate for 

evaluating accuracy (Holmes, 2020). One such 

method is the Wilcoxon Signed-Rank Test, which 

assesses whether the differences between paired 

observations are statistically significant. The 

Wilcoxon Signed-Rank Test is specifically designed 

for paired observations collected at corresponding 

time points. Moreover, since it is based on median 

differences rather than means, this method is more 

robust to outliers and non-normal data distributions. 

Like the normality test, the Wilcoxon Signed-Rank 

Test evaluates its difference using p-values. If the p-

value in the Wilcoxon Signed-Rank Test is greater 

than 0.05, the parameter does not differ significantly. 

Since this study aims to evaluate the performance of 

the GLOW system, the laboratory-based 

measurements are considered the reference or “true” 

values. 

Finally, Bland-Altman plots were employed to 

visually examine the agreement between the sensor-

based and laboratory-based data at corresponding time 

points. These plots help identify the number of data 

points within an acceptable range, commonly defined 

as within 95% of the reference range (Mansournia et 

al., 2021). This analysis provides insight into the 

extent to which the sensor-based data either 

underestimates or overestimates the laboratory-based 

data. This method is highly relevant for 

instrumentation and sensor studies, as sensors may 

exhibit small but consistent differences that can be 

statistically significant yet remain acceptable from an 

operational perspective. 

3. RESULTS

3.1 The GLOW’s reading

The 10-minute interval sensor data were 

aggregated into daily averages before being plotted 

with the laboratory-based data. Sensor readings and 

laboratory analyses are divided into two periods. The 

first period, covering both sites, spans from 27 June 

2023 to 14 November 2023, as presented in Figure 5. 

The second period extends from 29 January 2024 to 15 

March 2024, as illustrated in Figure 6. As previously 

mentioned, this separation was necessitated by a 

maintenance interval caused by power fluctuations in 

late November 2023. Another distinguishing factor 

between the two periods is that the GLOW system 

operated solely on the state electricity grid during the 

first period. In contrast, it was powered by combining 

a solar panel system and the state electricity grid in the 

second period. 
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Figure 5. Time series of water quality parameters during the first monitoring period 

Figure 6. Time series of water quality parameters during the second monitoring period 

During the first period, a three-day data loss 

occurred in early October 2023. The data loss could 

not be recovered due to a complete shutdown of the 

GLOW system. As shown in Figure 5, the sensor 

readings for the five water quality parameters appear 

to be sufficiently accurate, although pH, salinity, and 

EC tend to be slightly overestimated. This discrepancy 

may also be attributed to the fact that the water 

samples were taken from a shallower depth, 

potentially resulting in higher laboratory-based values 

than sensor readings. Notably, the TDS parameter 

exhibited the most accurate agreement between the 

two data sources. In the second period, a one-day data 

loss still occurred at the beginning, as shown in 

Figure 6. Although data loss persisted, the duration of 

sensor data unavailability was significantly reduced. 
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The percentage of system uptime during both 

monitoring periods was quantified by calculating the 

difference between the total monitoring duration and 

the system downtime, divided by the total monitoring 

period. During the first monitoring period, the system 

experienced three days of downtime over 140 days of 

observation, while during the second monitoring 

period, one day of downtime occurred over 46 days of 

monitoring. Based on these values, the system uptime 

for the first and second monitoring periods was 

97.86% and 97.83%, respectively. Nevertheless, the 

GLOW system can still be further improved to ensure 

a more stable and continuous power supply. 

Based on the visual inspection of the time-series 

results from both monitoring periods, the sensor-

generated data can be considered sufficiently reliable. 

One or two parameters exhibited noticeable 

fluctuations, which posed challenges for data 

validation; however, highly fluctuating readings were 

carefully filtered prior to analysis to ensure data 

quality. Several field improvements were 

implemented, including the installation of a solar 

panel to supplement electricity demand and the use of 

an uninterruptible power supply (UPS) to stabilize 

grid-supplied power. Despite these efforts, power 

instability was not fully resolved, as the addition of 

only one solar panel during the second monitoring 

period was insufficient to meet the system’s energy 

requirements. Another limitation of this study relates 

to its location in relatively underdeveloped areas with 

limited internet connectivity, which occasionally 

disrupted data transmission to the web server. To 

mitigate this issue, flash drives were employed for 

local data storage, as described in the previous section. 

3.2 Outcomes of statistical analysis 

A Kolmogorov-Smirnov test for normality was 

applied to the sensor-based data with a temporal 

resolution of 10 minutes, and the results are presented 

in Table 2. Since all water quality parameters have a 

p-value of 0, the parameters are stated as not normally 

distributed. These findings indicate the Wilcoxon 

Signed-Rank Test is a suitable method for subsequent 

analysis. The results of the Wilcoxson Signed-Rank 

Test are shown in Table 3. Most parameters show no 

significant difference between the GLOW system and 

the laboratory-based data. The parameters with 

significant differences are TDS and salinity. However, 

one thing that might be considered is that our 

method’s precision in measuring the salinity is 

relatively low. The salinity value can only be detected 

with one significant number, either 0.20 or 0.30. This 

condition is undoubtedly affecting the Wilcoxson 

Signed-Rank Test results. 

Table 2. The Kolmogorov-Smirnov test results 

Parameter KS Statistic p-value

pH 0.23 0 

Salinity 0.19 0 

TDS 0.46 0 

EC 0.20 0 

Water Temp. 0.47 0 

Table 3. The Wilcoxson Signed-Rank test results 

Parameter Number of data used p-value Remarks 

EC 8 0.25 There is no significant difference 

pH 8 0.08 

Water Temp. 8 0.20 

TDS 8 0.02 There is a significant difference 

Salinity 8 0.02 

Next, the differences between the two types of 

data were visualized using the Bland-Altman Plot, as 

presented in Figure 7. The outcomes of these plots are 

consistent with those obtained from the Wilcoxon 

Signed-Rank Test. In the study location, as shown in 

Figure 7, the pH, EC, water temperature, salinity, and 

TDS parameters exhibited mean differences of 0.19, 

8.45 μS/cm, -0.34°C, 0.02 PSU, and 0.01 ppm, 

respectively. Despite being identified as having 

significant differences, the Bland-Altman plots of 

salinity and TDS parameters are still acceptable. 

Furthermore, all the sensor-based data remained 

within a safe reference range. These small differences 

suggest that, despite some inconsistencies, the GLOW 

system remains reliable for real-time groundwater 

quality monitoring purposes. 

Despite the operational challenges encountered 

in the field, the sensor-based data demonstrated 
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sufficient accuracy in providing reliable real-time 

measurements of groundwater quality parameters. The 

results of the Wilcoxon Signed-Rank Test for all 

parameters were statistically promising, except TDS 

and salinity. Furthermore, the Bland-Altman plots 

provided a complementary assessment, showing that 

all paired sensor and laboratory measurements for 

each water quality parameter fell within the 95% limits 

of agreement, indicating acceptable agreement 

between the two methods. In addition, this study was 

limited to eight water sampling events conducted over 

the eight-month system testing period. With such a 

small sample size, hypothesis-testing methods may 

place excessive emphasis on statistical significance 

and may not fully reflect practical sensor performance. 

Consequently, agreement-based approaches, such as 

the Bland-Altman limits of agreement, provide a more 

appropriate framework for evaluating sensor 

reliability. To strengthen future validations, more 

frequent or extensive laboratory measurements are 

recommended to better support the assessment of 

sensor-based data.  

Figure 7. Bland-Altman Plots for each water quality parameter 

4. DISCUSSION

The addition of one solar panel during the 

second monitoring period did not result in a significant 

improvement in the stability of the electricity supply. 

During this period, the system employed a 0.5 A SCC, 

for which the calculated power generation was only 

approximately 30 Wh per day. In contrast, the GLOW 

system requires 54.72 Wh per day to operate reliably. 

In evaluating the net energy balance between power 

consumption and power generation, state electricity 

was excluded from the analysis because frequent 

power outages rendered it unreliable. As the SCC 

capacity remained at 0.5 A, the addition of an extra 

solar panel did not increase the effective power output. 

Instead, increasing the SCC current rating represents a 

more viable solution. Therefore, an energy budget 

analysis comparing power consumption and power 

generation was conducted, as presented in Table 4. In 

this analysis, the solar panel was assumed to charge 

the battery for an effective duration of 5 hours per day. 

Power generation was estimated for SCC capacities of 

1.0 A, 1.5 A, and 2.0 A. The results indicate that the 

system’s energy demand can be met when an SCC 

with a capacity of at least 1.0 A is employed. However, 

as a precautionary measure, an SCC capacity of 1.5-

2.0 A is recommended to account for external factors 

such as prolonged cloudy or rainy conditions. This 

configuration is expected to provide a stable 12 V DC 

output to sustain continuous system operation. 

The results demonstrate that real-time 

groundwater quality monitoring using IoT-based 

systems is technically feasible and potentially scalable 

to other developing regions. However, a careful 

assessment of site-specific conditions is essential to 

ensure that the data produced is sufficiently reliable 

for decision-making. Collaborations with local 
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stakeholders could support such systems’ long-term 

sustainability and scalability. This study provides a 

foundational case for developing a nationwide 

groundwater monitoring network, which could inform 

both short-term groundwater pollution alerts and long-

term aquifer management strategies. Future efforts 

should focus on developing sensors capable of 

measuring additional chemical parameters, 

particularly nitrogen and phosphorus compounds. 

These parameters serve as direct indicators of water 

quality degradation, as their concentrations are strictly 

regulated to ensure the safety of human consumption. 

Including such indicators would significantly enhance 

the comprehensiveness of the monitoring system and 

support early detection of nutrient pollution, 

particularly in areas influenced by agricultural runoff 

or domestic wastewater discharge. 

Table 4. Energy budget comparing power consumption and power generation 

Parameter Power 

consumption 

Power generation 

SCC with capacity 

0.5 A 1.0 A 1.5 A 2.0 A 

Voltage (V) 12 

Electricity Current (I) [A] 0.19 0.50 1.00 1.50 2.00 

Power (P) [W] 2.28 6.00 12.00 18.00 24.00 

Time [hour] 24.00 5.00 

Energy [Wh] 54.72 30.00 60.00 90.00 120.00 

Net energy [Wh] -24.72 5.28 35.28 65.28 

Suffice? Not Sufficient Sufficient Sufficient Sufficient 

One of the parameters that can be directly 

compared with the previous study by Yoon et al. 

(2024) is EC. As mentioned earlier, sensor-based EC 

values in the prior study were 1.1 times higher than 

those obtained from laboratory measurements, with a 

reported correlation coefficient of 0.3834. However, 

this result alone does not provide sufficient evidence 

regarding whether the recorded values fall within a 

statistically acceptable confidence interval. In the 

present study, as shown in Figure 7, all paired 

comparisons between sensor- and laboratory-based 

EC measurements fall within the 95% confidence 

interval, with an average error of only 8.45 μS/cm. 

These finding underscores progress in the 

implementation of groundwater monitoring systems. 

Furthermore, other parameters showed a similar trend, 

with consistently small mean error values. 

5. CONCLUSION

The groundwater live observation for water-

quality (GLOW) system was successfully 

implemented in the Bojong study area to continuously 

monitor five groundwater quality parameters: pH, EC, 

temperature, salinity, and TDS. Comparative analysis 

between sensor-based and laboratory-based 

measurements demonstrated acceptable agreement, 

with most parameters showing no statistically 

significant differences based on the Wilcoxon Signed-

Rank Test. The Bland-Altman plots further confirmed 

the small magnitude of discrepancies, with mean 

differences of 0.19 for pH, 8.45 μS/cm for EC, -0.34°C 

for temperature, 0.02 PSU for salinity, and 0.01 ppm 

for TDS, underscoring the reliability of the system in 

capturing key physicochemical dynamics of 

groundwater. Nonetheless, data loss persisted even 

after solar panel installation, indicating insufficient 

power availability and the need for a more robust 

solution, such as increasing the SCC capacity to 1.5-

2.0 A. Despite this limitation, the GLOW system 

proved to be an effective tool for real-time 

groundwater monitoring and holds promising 

potential for early detection and management of water 

quality degradation in Indonesia. 
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HIGHLIGHTS 

• Positive salinity trends appeared at almost all stations in Binh Chanh District.

• The impact of precipitation on salinity was shown to be the most significant.

• Sobol sensitivity analysis was useful in assessing climate change’s effect on water salinity.

1. INTRODUCTION

Vietnam is one of five nations most severely 

impacted by climate change, with Ho Chi Minh City 

(HCMC) serving as a focal point of the country's 

economy. Further, due to its social, economic, and 

environmental characteristics, the World Bank 

identifies HCMC as one of the cities most vulnerable 

to climate change (World Bank Group and Asian 

Development Bank, 2021). Binh Chanh District, a 

suburban area of HCMC, boasts a strategic river 

network that supports both agricultural growth and 

waterway transportation. Nonetheless, being a low-

lying area near large rivers has led Binh Chanh to be 

among the districts most susceptible to climate 

change. Low-income households are particularly 

affected, as they have limited resources to cope with 

and adapt to climate-related challenges (Martin and 

Thanh, 2003). In recent years, natural disasters and 

rising sea levels have had a significant impact on the 

Binh Chanh District. Heavy rainfall has become more 

frequent and concentrated during the rainy season, 

reducing arable land and increasing the risk of 

flooding (Truong et al., 2022). The infrastructure 

system of the region’s industrial zones-including 

factories, internal traffic, drainage systems, and 

production equipment-has been severely inundated, 

which in turn has had a great impact on business 

productivity. Rising sea levels also cause aquaculture 

Citation: Ha PT, Khanh PQ, Ngan TTK, Hai LT, Loi NK. Exploring the relationship between climate parameters and water salinity fluctuations: A 
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ponds and rice-growing regions to become 

increasingly saline, which leads to further significant 

negative economic effects. 

Salinization is one of the most serious 

environmental risks in Vietnam and Southeast Asia, 

and one of the primary causes of desertification and 

soil degradation worldwide. Numerous scholars have 

examined long-term salinity changes using a variety of 

approaches. For example, several pertinent 

researchers have used both parametric and non-

parametric statistical tests to track and determine 

salinity changes. For example, to understand seasonal 

changes in the most heavily saline-intruded areas 

during the wet-monsoon seasons, the nonparametric 

Mann-Kendall and Sen’s slope tests were applied to 

detect historical trends in surface water salinity 

(Shammi et al., 2017), as well as seasonal 

characteristics of groundwater salinity in the coastal 

zone of Bangladesh (Meem et al., 2025). Also, the 

degree and temporal tendencies of salinization in 

inland rivers in China have been found to be severely 

aggravated (Meng et al., 2024). Thematic maps and 

GIS mapping were used to determine the regional 

variability and trends of groundwater salinity on 

Munda-Kachchh coastal aquifers over ten years (Shah 

et al., 2022). By using ANOVA variance analysis and 

frequency analysis based on data sets from 1996 to 

2018 at monitoring stations, Thanh et al. (2023) 

employed statistical techniques to evaluate salinity 

variations in the Mekong Delta. The findings indicate 

that salinity is on the rise (Thanh et al., 2023). Though 

research has produced significant findings, there are 

still many issues that need to be resolved. Reliable and 

long-term input data collection is a challenge in 

research, and the precision and quality of this data are 

critical to models' efficacy. For instance, whereas 

remote sensing methods provide a wide range of spatial 

coverage, their temporal resolution is constrained by 

weather and satellite orbital cycles, which lowers the 

accuracy and dependability of salinity intrusion 

simulations (Taghadosi and Hasanlou, 2017). 

Furthermore, parametric approaches have application-

related restrictions, such as the need for residuals in 

normal distributions (Kocsis et al., 2017). 

This study uses the non-parameter approach of 

Innovative Trend Analysis (ITA) to evaluate salinity 

variations at monitoring stations in order to overcome 

these problems. ITA has been used for a wide range 

of environmental parameters, such as temperature 

(Esit, 2023), precipitation (Caloiero et al., 2019),  and 

relative humidity (Esit, 2023), and it has numerous 

benefits over standard trend assessment methods in 

managing assumptions. Among the various tests, the 

Pettitt test is one of the most widely used in hydro-

climatological studies to detect abrupt changes at an 

unknown point in a time series to deal with extremes. 

For example, Villarini detected temporal trends in 

flood peaks and abrupt changes in the mean and 

variance of flood peak distributions by using the Pettitt 

test (Villarini and Smith, 2010). Another simulation 

was studied to examine the sensitivity of the Pettitt test 

when detecting abrupt changes in climate parameters, 

and it was found that the Pettitt test performed 

effectively (Mallakpour and Villarini, 2016). Hence, 

the strength of the ITA and Pettitt tests and their ability 

to become more effective for trend detection were 

integrated into what is known as the modified ITA 

method. These studies have provided convincing 

evidence of the effectiveness of the ITA method in 

exploring climate trends. However, most researches 

have analyzed salinity at regional or river-basin scales, 

with limited district-scale studies using advanced 

statistical methods. 

Sensitivity analysis is an important part of 

research on climate assessment, and currently a major 

interest in hydrometeorology, where it is used to detect 

correlations between relevant climatic factors (Haj-

Amor et al., 2023). A number of scholars have also 

detected and noted an association between 

temperature, precipitation, solar radiation, and 

evapotranspiration (Aizen et al., 2001; Danlu et al., 

2017; Gupta et al., 2020; Luo et al., 2023; Tyagi et al., 

2019). In sum, the global sensitivity analysis is a 

powerful tool that provides a complete and consistent 

sensitivity measure of climate variables, while also 

assessing a wide range of climate change possibilities 

for different models with varying data requirements 

(Wagener and Pianosi, 2019). However, there remains 

a lack of research concerning the applicability of SA 

methods for salinity in climate change conditions. 

Given the importance of salinity parameter 

assessment, our study aims to assess the tendencies of 

salinity and its correlations to temperature and 

precipitation in Binh Chanh District by applying the 

Modified Innovative Trend Analysis, and Sobol 

sensitivity analysis methods, respectively. These 

results have been anticipated to offer an overall view 

of salinity across various climatic scenarios, and to aid 

in water enhancement, management, and salinization 

prevention at both regional and global levels. 
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2. METHODOLOGY

2.1 Study area

Binh Chanh is a rural district located in the 

southwest of HCMC. It covers an area of 253 square 

kilometers. The Binh Chanh district borders the Binh 

Tan, Hoc Mon, and Nha Be districts (Figure 1). The 

landscape of Binh Chanh is relatively wide and 

elongated, with a substantial amount still dedicated to 

agricultural use. Serving as a gateway for trade with 

the Mekong Delta, a major economic region in the 

south, Binh Chanh has increasingly become a conduit 

for economic exchanges between the Mekong Delta 

and the key zones of the southeastern economic 

region. Binh Chanh is characterized by extensive 

agricultural land, and agricultural production 

constitutes a notably larger proportion of the economic 

framework when compared to the inner city districts 

(Prime Minister’s Office of Vietnam, 2023). 

Climate change impacts are another important 

consideration. Due to its lowland natural features and 

the terrain being divided by a system of rivers and 

canals, Binh Chanh district is heavily affected by 

climate change. Currently, the impact of saltwater 

intrusion on rivers and canals in Ho Chi Minh City has 

increased to an alarming level, and Binh Chanh is one 

of the most seriously affected provinces (Danh et al., 

2024). 

Figure 1. The geography and salinity monitoring stations of Binh Chanh Province in Ho Chi Minh City. 

This study used salinity data (g/L) from three 

monitoring stations, namely An Ha, Cong Kenh, and 

Ong Thin (Figure 1), along with weather variables, 

including rainfall (mm), average temperature (°C), 
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maximum temperature (°C), and minimum 

temperature (°C), obtained from the Tan Son Hoa 

station of the Meteorological Administration for the 

period 2007-2024. 

2.2 Modification of Şen-ITA method 

Trend detection investigations in hydro-

meteorological series have increasingly gained 

attention over the last few decades. The modification 

of ITA has produced several versions, including one 

known as the parameter trend test. In the original ITA, 

a time series was plotted in a two-dimensional 

Cartesian coordinate system after being split into two 

equal sub-series. This modification of ITA was 

defined as a way to demonstrate different types of 

trends, and depict the dimensions and quantity of time 

series data by combining with the Pettitt test to identify 

sudden change points (Mallakpour and Villarini, 

2016). 

In this study, the annual salinity dataset in Binh 

Chanh Province was divided into two halves in the 

coordinate system, with the horizontal axis 

representing the number of years of collection data 

(from 2007 to 2024) and the vertical axis representing 

the values of salinity (g/L) in Binh Chanh District. 

Values falling above or below the horizontal line (y=0) 

show an increasing or decreasing tendency. 

Furthermore, by combining the Pettitt tests, the 

quantitative salinity trends for low and high-value 

categories were computed, including the change 

magnitude, change point, and percentage of growing 

and declining trends.  

The Pettitt test is a non-parametric method 

derived from the Mann-Whitney two-sample test, and 

designed to identify a single change occurring at an 

unspecified point in time t (Anthony, 1979). The non-

change appears in the distribution of a sequence of 

random variables; the change point exists when the 

distribution function F1(X) of the random variables 

from X1 to Xt is different from the distribution function 

F2(X) of the random variables from Xt+1 to XT 

(Equation 1). 

Dij = sgn(Xi − Xj) = {

−1  (Xi − Xj) <  0

0  (Xi − Xj) =  0

1  (Xi − Xj) >  0

      (1) 

The next step involves computation of test 

statistic Uk by using the following (Equation 2) 

Ut,T = ∑ ∑ Dij
T
j=t+1

t
i=1  (2) 

Finally, the significant change point (KT) is 

selected (Equation 3) where the value of |Ut,T| and

each is the largest: 

KT = max|Ut,T|  (3) 

2.3 Sobol sensitivity analysis method 

For hydro-meteorological models, accurately 

estimating weather parameters can be challenging, 

especially when numerous parameters lack a distinct 

effect on the output variables-or when many 

parameters exhibit similar impacts on the output 

variables (Song et al., 2015). In such situations, the 

Sobol method is effective for identifying critical 

parameters. Specifically, this method analyzes the 

interactions of climatic factors (rainfall (R), maximum 

temperature (Tmax), minimum temperature (Tmin) 

and mean temperature (Tmean)) with average salinity. 

The results from Sobol’s analysis provide the first-

order (Si) and total sensitivity indices (STi), expressed 

in the respective equations (4) and (5) (Sobol, 1990). 

The first-order indices measure the direct individual 

influence of each temperature or precipitation 

parameter on salinity, while the total indices consider 

variance contributions from each input variable, 

including their interactions with other variables, 

concerning the overall variance of the salinity model. 

Si =
VXi

(EX~i
(Y|Xi))

V(Y)
(4) 

STi
=

EX~i
(VXi

(Y|X~i))

V(Y)
= 1 −

VXi
(EX~i

(Y|Xi))

V(Y)
  (5) 

3. RESULTS AND DISCUSSION

3.1 Salinity trend analysis results

One of our aims was identifying potential trends 

in salinity values recorded over 18 years at various 

stations in Binh Chanh Province. With this end in mind, 

a modified version of the ITA method was applied to 

the annual data for this parameter. The results, 

displayed in Figure 2, illustrated the findings from three 

stations: An Ha, Cong Kenh C, and Ong Thin. Most 

data from the selected stations exhibited positive trends, 

with variations extending up to 2.5 g/L per year. 

Notably, the An Ha station showed two distinct trends, 

according to the Pettitt test on the difference series; the 

modified ITA indicated a growth trend of 1.81% for the 

Low Values category, while the High Values category 
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demonstrated a 0.98% growth trend. Although all trend 

tests yielded the same conclusion for Ong Thin, the 

modified ITA indicated an increasing trend of 3.19% 

for Low Values and 8.12% for High Values (Figure 

2(c)). At the Cong Kenh C station, the High Salinity 

values exhibited a notable decreasing trend of -1.6%, 

whereas the trend for Low values showed a slight and 

insignificant increase of 0.79% (Figure 2(b)). 

Additionally, the change points identified by the Pettitt 

test in the alternative version of ITA revealed differing 

numbers for Low and High values. Figure 2 further 

illustrates the quantity and range of salinity data, 

reflecting variations in different salinity stations within 

a single scale. 

Figure 2. The results of salinity trend analysis in Binh Chanh province from 2007 to 2024. 

3.2 The association between climate variables and 

salinity changes 

One of the study’s key objectives was 

evaluating how climate variables affect salinity 

variations. In this regard, sensitivity analysis results 

for An Ha, Cong Kenh C, and Ong Thin were 

performed and designed to be analyzed separately. 

Figure 3 illustrates that both precipitation and average 

temperature positively impacted maximum salinity. 

The horizontal, blue, and red dash lines represent the 

upper boundaries of the STi and Si indices for the 

parameters. This study indicated which parameters 

influence the model output; when the Si and STi of 

parameters exceed the horizontal lines, they can be 

considered significant. The findings accurately 

identified the sensitivity parameters affecting salinity 

as R for both Ong Thin and Cong Kenh, with 

precipitation emerging as the most impactful (at 

69.6% and 77.2%, respectively), followed by mean 

and minimum temperatures (at about 20%). 

Conversely, maximum temperature had only a minor 

effect, remaining below the red and blue boundary 
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lines. At the An Ha station, however, among the 

climate variables, mean temperature was the most 

influential factor, accounting for 56.5% of the impact 

on salinity. 

Figure 3. Sensitivity of climate parameters on salinity in Binh Chanh Province (Si: grey color; STi: dark-grey color) 
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4. CONCLUSION

This research investigated the changes in 

salinity from 2007 to 2024 and responsiveness to 

climate factors in Binh Chanh Province. The findings 

indicated an increase in annual salinity at almost all 

monitoring locations, with the most significant 

upward trend observed at Ong Thin station, which 

showed approximately 8.12% growth. In contrast, 

Cong Kenh C, situated in the center of Binh Chanh 

district, was an exception and exhibited declining 

salinity within the higher value group, decreasing by 

about 16%. The outcome aligned closely with earlier 

research in Ho Chi Minh City (Danh et al., 2024; Hong 

and Dong, 2022), which showed that trends in salinity 

and their association with impacted areas differ, 

depending on both the geographical location and size 

of specific sluices, as well as the width of rivers where 

salinity exists upstream and is increasing by 0.002% 

(Hong and Dong, 2022). The salinity levels in stations 

were also influenced by flows coming from upstream. 

When the upstream flow decreases, it often results in 

a greater intrusion of saltwater into inland regions. 

Conversely, an increase in discharge helps mitigate 

this saltwater intrusion.  

Sensitivity analysis also showed that salinity 

was more heavily affected by precipitation and mean 

temperature. The flow and amount of fresh water from 

rainfall both increase upstream, and both are decisive 

factors in reducing salinity. This finding supports the 

broader argument that when freshwater flows are 

reduced, whether due to less rain or water exploitation, 

this in turn enables salinity to penetrate further inland. 

An increase in sensitivity can elevate crop water 

demands, exacerbate water loss (due to salinization in 

surface reservoirs), reduce agriculture productivity, 

and intensify competition among different water-use 

sectors (Leeuwen et al., 2016; Thien et al., 2015). 

Consequently, we recommend that the district explore 

strategies to minimize consumption where feasible, 

and optimize the distribution of available resources 

wherever possible. At the same time, it is essential to 

prioritize freshwater storage during the rainy season. 

These reserves serve many purposes, including for use 

during periods of salinity intrusion, as reservoirs, in 

underground tanks, and for water storage lakes.  

One final note, this study relied on an 18-year 

historical dataset, and the limited duration of climate 

data utilized may lead to drawbacks. Therefore, it is 

vital to extend the time series when future data 

becomes   accessible.  Additionally,  further   research 

could focus on assessing the influence of topography, 

land use dynamics, hydraulic infrastructure, and 

climate change on the salinity trends in Binh Chanh 

Province. 
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Gravity separation tanks are generally utilized to separate water and oil in treatment 

applications. The operating behavior of such tanks is likely to be sensitive to tank 

operation, as these factors will largely determine whether or not oil droplets stratify 

easily and float independently of water. Within the present investigations, the 

influences of several holes in the baffles on water and oil separation within a 

rectangular tank were explored through the utilization of a numerical model and the 

consequent simulation of fluid flow. Moreover, in order to ensure the credibility of 

the simulations, validation was carried out through utilization of a model based on 

work already conducted experimentally. FLOW-3D (version 11.04) software was 

applied to model a steady-state, incompressible flow within a two-dimensional (x-z) 

domain using the Reynolds Averaged-Navier-Stokes (RANS) equations. The RNG 

k-ε turbulence model was adopted to approximate the hydraulic behavior, while the

volume of fluid (VOF) approach was employed to capture the air-water interface. In

addition, the FAVOR (Fractional Area/Volume Obstacle Representation) technique

was used to represent the geometric details of the perforated baffles. 2 perforated

baffle geometry cases were explored: differing in the number of holes but with the

same hole diameter in both cases. Performance was strongly validated through

operational uniformity based on the standard deviation of horizontal velocity within

the tank, and the flow field pattern was utilized to determine the characterization of

the streamlines and recirculation areas. A kinetic energy analysis was carried out to

illustrate turbulence in the flow approximation. The results indicated that an inlet

baffle with fewer holes had significantly enhanced operating uniformity and lower

turbulence compared with more holes, and correspondingly, these flow field patterns

depicted more streamlined movement and lower recirculation areas.
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HIGHLIGHTS 

A CFD model was used to analyze flow behavior in a rectangular gravity separator. 2 perforated inlet baffles with equal hole diameter 

were numerically investigated. The 2-hole baffle improved flow uniformity, flow field pattern and reduced kinetic energy. Improved 

hydraulic characteristics enhances droplet coalescence and oil-water separation. Results support optimizing a perforated baffle design 

for enhanced separator performance. 

1. INTRODUCTION

Issues related to fats, oils, and greases (FOGs) in 

sewer infrastructure have generally not received 

adequate attention. However, from another perspective, 

these problems are part of the reasons for impediments 

and sewer discharges (Mattsson et al., 2014). FOG 

accumulation is the main contributor to sewer 

overflows, constituting 40%-50% of the total 

overflows. Nationally, the percentage of sewer 

overflows is between 10% and 25%, with about 

138,000 sanitary sewer overflow (SSO) events annually 

due to the obstruction brought about by the solid, 

undissolvable FOG material clogging the sewers in the 

country (Jameel et al., 2011; Keener et al., 2008). The 

sources of these wastes include residues from refining 

and processing of petroleum and petrochemicals, as 

well as tramp oil generated in mechanical repair 

facilities and utility operations, among others 

Citation: Resin MS, Hussein HA. A numerical investigation of perforated inlet baffle configurations on flow behavior in a rectangular oil / water 

separator using CFD. Environ. Nat. Resour. J. 2026;24(3):335-345.  (https://doi.org/10.32526/ennrj/24/20250221)
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(Southerland, 2002). Such challenges emphasize the 

urgency of developing reliable and efficient treatment 

and separation methods. Among the available 

techniques, gravity separation remains the most 

common and cost-effective method for removing 

dispersed oil droplets from wastewater in both 

municipal and industrial applications (Metcalf et al., 

2014; Aziz, 2010). Hydrodynamic conditions such as 

velocity distribution, turbulence intensity, and internal 

tank configuration strongly influence the performance 

of gravity separators. This highlights the necessity for 

design enhancements to boost flow stability and 

separation efficiency (Hussein et al., 2013). 

Equally, the separation of oil droplets from 

water is a basic operation used widely in industrial 

applications, especially within oil and gas industries. 

Moreover, this separation is crucial for separating free 

oil within products of water and for providing clean 

crude oil before processing or conversion into final 

products. Oil-water separators are essential equipment 

utilized within oil industries, and they help create 

efficiencies that lead to low oil transport expenses and 

meet all aspects of environmental regulations (Yu et 

al., 2017). Hafsi et al. (2020) performed a numerical 

simulation of two-phase flows through API-type 

separator systems. Their study aimed at investigating 

the oil droplets’ coalescence phenomenon and 

optimizing their performances, while paying close 

attention to the essential role that CFD techniques play 

in optimizing industrial separator system 

performances.  

Internal baffles have been widely recognized as 

effective and economical design features to improve 

the hydraulic performance of separation units (Akpan, 

2013; Nascimento et al., 2024). For instance, 

Efendioglu et al. (2014) reported that perforated plates 

and optimized diverters enhanced the separation 

efficiency of an oil-gas separator to above 99% using 

ANSYS CFX simulations, while Al-Yacouby and 

Ahmed (2022) showed that perforated baffles were 

most effective in mitigating sloshing pressure in 

rectangular tanks. Ibrahim et al. (2024) performed a 

CFD simulation using Flow-3D software on a three-

phase gravity separator for oil, gas, and water 

separation and showed that baffle design and number 

of perforations significantly and directly affected fluid 

distribution and separation, emphasizing that these 

could be optimized through CFD simulations for 

improved separator separation efficiency. These 

studies highlight the critical role of baffle 

configuration in controlling internal flow behavior.  

Advancements in computational fluid dynamics 

(CFD) have further enabled detailed investigations of 

flow fields and separator performance using tools such 

as Flow-3D, Ansys Fluent, COMSOL Multiphysics, 

and others (Yusuf and Micovic, 2020). Recent studies 

confirm that perforated baffles contribute to reducing 

recirculation zones and promoting more uniform 

velocity distributions, which in turn enhance droplet 

coalescence and rise (Mee and Nor, 2011; Kim et al., 

2025). In addition, hydrodynamic parameters such as 

kinetic energy (TKE) and velocity gradients have 

emerged as reliable indicators of separation efficiency. 

This advantage was also demonstrated by Joshy et al. 

(2022) in three-phase separators, where CFD was 

successfully applied to optimize internal baffles and 

perforated plates based on performance indicators 

such as KE, further confirming the relevance of CFD 

in design optimization. 

Although inlet baffles are commonly used to 

improve hydraulic conditions in gravity separation 

tanks, most previous studies have either focused on 

solid baffles or have examined perforated designs 

without considering how the numbers of openings at a 

fixed diameter influences internal flow. As a result, the 

effect of perforation number on flow stability and 

separation performance is still not well defined. In this 

study, 2 perforated baffle configurations, 1 with 2 

openings and another with 3 openings, each 6 cm in 

diameter, were evaluated numerically using FLOW-

3D under single-phase (water-only) conditions. Flow 

uniformity, recirculation regions, and kinetic energy 

with a velocity profile were analyzed to assess how the 

number of openings affects the hydraulic behavior of 

the separator. 

2. METHODOLOGY

2.1 Mathematical model

2.1.1 Equations of time-average flow 

 In the hydraulic numerical modeling, generally 

establish the flow conditions with the assumption of 

an incompressible, steady-state flow and consider the 

action of viscosity. The flow model of turbulence was 

employed in the estimation of the stresses of Reynolds 

and in the research of the tank of separation, assuming 

that the flow in the x and z coordinates was two-

dimensional, while the mass continuity and the 

momentum equations are generally employed in the 

research of the governing equations (Hussein et al., 

2013; Yakhot and Smith, 1992; Yakhot and Orszag, 

1986; Hirt and Sicilian, 1985). The general mass 

continuity equation is: 

336



Resin MS and Hussein HA / Environment and Natural Resources Journal 2026; 24(3): 335-345

Vf
∂ρ

∂t
+

∂

∂x
(ρuAx) +

∂

∂z
(ρuAz) = 0  (1)                                                                   

Here, ρ represents fluid density, 𝑢 and 𝑤 are 

velocity components along the 𝑥 and 𝒵 directions, 

respectively, and Vf represents the volume fraction of 

fluid within a computational cell. The momentum 

equations, taking into account a region that becomes 

two-dimensional, are given: 

∂u

∂t
+

1

Vf
{uAx

∂u

∂x
+ wAZ

∂u

∂z
= −

1

ρ

∂P

∂x
+ Gx + fx   (2) 

∂w

∂t
+

1

Vf
{uAx

∂w

∂x
+ wAZ

∂w

∂z
} = −

1

ρ

∂P

∂x
+ Gz + fz  (3)                                      

Where; viscous acceleration terms are given by 

fx and fz, and gravitational accelerations are given by 

Gx and Gz. The dynamic viscosity μ is defined by the 

formulas below: 

ρVffx = wsx − {
∂

∂x 
(Axτxx) +

∂

∂z
 (Azτxz)}    (4) 

ρVffz = wsz − {
∂ 

∂x
(Azτxz ) +

∂

∂z
 (Azτzz)}  (5)     

Where; τxx = −2μ
∂u 

∂x
, τzz =– 2μ

∂w

∂x 
, τxz =– μ{

∂u

∂z 
+

∂w

∂x
}       

Where; 𝑤s𝑥 and 𝑤sz are wall shear stress values 

applied in their directions. The air-water free-surface 

interface was modeled by implementing the volume of 

fluids (VOF) method so that the time evolutions of the 

interface could be calculated accurately (Azimi and 

Shabanlou, 2018). The volume fraction evolution that 

governs the equation is 

∂F

∂t
+

1

Vf
{

∂

∂x
(FAxu) +

∂

∂z
(FAzw)} =  0 (6) 

The intricate internal geometry, such as hole-

perforated baffles, was modeled using the Fractional 

Area/Volume Obstacle Representation (FAVOR) 

method. The method cleverly depicts solid boundaries 

using cell fractions as a function of porosity. 

2.1.2 Turbulence model 

The Renormalization Group (RNG) method is 

applicable to the governing equations of turbulence, 

utilizing difference equation methods to obtain both 

turbulent kinetic energy (k) and the turbulent 

dissipation rate (ε) (Selim et al., 2023; Adams and 

Rodi, 1990). The RNG method contains a statistical 

system with a systematic approach in identifying 

significant turbulent formulas, particularly those for 

turbulent kinetic energy and dissipation rate (ε). 

Further, mathematically modeled with eddy 

streamlining in tanks, this research presents insight 

that can be applied to a general situation relevant to a 

range of turbulence scales. Hence, RNG models have 

less dependency on a set of constant values obtained 

experimentally; hence, a unifying set of parameters 

emerges (Yakhot and Smith, 1992; Yakhot and 

Orszag, 1986). The RNG model demonstrates 

improved predicting capability regarding higher 

values, with functional shapes similar to those 

previously derived from standard models, hence 

allowing a comparative study regarding reasonable 

curvature and strain rate compared to a similar k-ε 

model. It’s worth noting that the RNG model 

reproduces constant values previously derived by 

experimentation from a standard k-ε model. The 

modeling regarding turbulent kinetic energy (k), 

together with the relevant dissipation rate for a two-

dimensional flow, is outlined as follows: 

∂k

∂t
+

1 

Vf
+ {uAx

∂k

∂x
+ uAz

∂k 

∂z
} = p + Diff − ℰ   (7) 

∂ℰ

∂t
+

1

Vf
{uAx

∂ ℰ

∂x
+ uAz

∂ℰ

∂z
} = C1ℰ

pℰ

k
+ DDif − C2ℰ

ℰ2

𝑘
  (8) 

The most significant parameters considered 

under this study are the dissipation rate (ε), turbulent 

kinetic energy (k), gravitational acceleration (G), and 

pressure (P). The RNG model, as expressed by Yakhot 

and Orszag (1986), contains constants given by 

C1ε=1.42, C2ε=1.68, C3ε=0.2.     

2.2 Numerical model 

In this work, computational simulations from 

the Navier-Stokes equations using the finite volume 

method (FVM) as given by Versteeg and Malalasekera 

(2007) provided the simulation of the steady-state, 

two-dimensional, incompressible flow. The 

simulation of the conservation of mass and momentum 

was done using viscous, pressure, and inertial terms. 

The FLOW-3D program employed the calculations by 

implementing the Volume of Fluid (VOF) technique 

included in it to simulate oil and water phase interfaces 

quite effectively (Hirt and Nichols, 1981). The 

technique is more effective at replicating multiphase 

flows and is widely used in separation studies because 

it successfully emulates the motion of the free surface. 

The RNG k-ε model has been utilized for the 

computational simulation of turbulent flow dynamics. 

The model is highly effective for the analysis of 
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detailed internal flow patterns and is widely adopted 

for simulating turbulent flow inside reservoirs. 

(Yakhot and Orszag, 1986; Hussein et al., 2013). Here, 

gravitational force is assumed to be the main 

responsible force of the separation process, whereas 

heat transfer and chemical reaction have usually been 

omitted with an assumption of incompressibility. It 

provides good representation of hydraulic 

performance as well as separation performance. It is in 

contrast with the specification of only general flow 

behavior, as it provides room for further evaluation of 

flow characteristics with hole arrangement geometries 

of varying natures with perforations. It can be utilized 

specifically for the purpose of evaluating the whole 

arrangement’s effect on velocity distribution and 

kinetic energy distribution, as well as the flow 

uniformity of the separation tank. 

2.2.1 Comparison test 

The obtained results are consistent with the 

findings of both experimental and numerical 

investigations. Shahrokhi et al. (2012) constructed a 

physical model in the hydraulic laboratory to examine 

the flow characteristics within a rectangular tank, as 

shown in Figure 1. The experiments were performed 

in a tank measuring 200 cm in length, 50 cm in width, 

and 50 cm in height, with an inlet opening of 10 cm 

and a discharge rate of 0.002 m³/s.  

Figure 1. Schematic representation of the physical model of the rectangular tank (Shahrokhi et al., 2012). 

The rectangular tank containing a single baffle 

was simulated in Flow-3D (v11.04) to replicate the 

experimental setup and define the computational 

domain, as illustrated in Figure 2(a). The model 

employed suitable boundary conditions, including a 

specified inlet velocity, a pressure-outflow boundary 

at the outlet, an open top surface, and no-slip 

conditions along the tank walls and bottom (Figure 

2(b)). A structured mesh with a uniform cell size of 

0.01 m was applied to achieve an optimal balance 

between computational efficiency and numerical 

accuracy, with aspect ratios evaluated to confirm mesh 

quality (Figure 2(c)-(d)). 

Figure 2. Numerical model: (a) model geometry, (b) boundary condition, (c) mesh block, (d) the computational cells 

(a) (b) 

(c) (d) 
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Velocity profiles were evaluated at three 

different set points, located 10, 46, and 82 cm away 

from the intake in the stream wise direction. As can be 

seen from Figure 3, by synchronizing the two sets of 

profiles with respect to inlet height (Z/H in) and 

horizontal velocity (U/U.), the results achieved by the 

model exhibited significant coincidence with 

experimental data. The numerical model effectively 

simulated velocity gradient in association with the 

general flow setup. A high correlation between 

numerical and experimental outcomes was noted, thus 

verifying the model, as can be seen from the statistical 

examination (R=0.98 and R²=0.96). 

Figure 3. Comparison between numerical model and experimental data 

2.2.2 Geometry generation 

The separation tank was modeled in two 

dimensions to minimize computational requirements. 

As illustrated in Figure 4, the tank has a horizontal 

rectangular shape with a uniform depth of 0.5 m and 

an overall length of 2 m. The inlet was specified on the 

left vertical boundary, where a constant horizontal 

velocity of 0.04 m/s was applied, equivalent to a total 

discharge of 0.002 m³/s. The outlet was defined on the 

right boundary at an elevation of 0.45 m above the tank 

bottom to allow the release of surface runoff. 

Figure 4. Longitudinal section for horizontal gravity separation tank (case study) 

The tank geometry was modeled using the 

FLOW-3D platform, while the perforated baffles were 

created in AutoCAD and subsequently imported in 

STL format. The inlet baffle consisted of a vertical 

steel plate spanning the separator width (W=50 cm) 

and located at a depth of 0.40 m above bottom. The 

choice of a thickness of 10 mm ensured that it 

remained stable. Two baffle arrangements were 

considered, having 2 and then 3 circular holes 

(diameter of 6 cm) that helped reduce the jet inlet and 

Numerical model (Muna model) 

Experimental Data (Shahrokhi model) 

Z/Hin 
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hence improve the velocity distribution. The baffle 

placement of 0.15 m away from the inlet kept the inlet 

flow steady into the separation region, as shown in 

Figure 5 below.  

Figure 5. Displays 3D models of a rectangular gravity separator tank, illustrating the inlet perforated baffles: (a) the baffle with 3 openings, 

and (b) the baffle with 2 openings 

Flow-3D models are capable of simulating the 

behavior of multiphase and turbulent flows using 

physical models. The model that I used includes the 

solution of the basic equations using Cartesian 

coordinates, while the gravity vector is set to the 

negative z-direction. The standard water property 

model includes a density of 1,000 kg/m³ and a 

viscosity of 0.001 Pa·s at 20°C, which corresponds to 

the SI units system of measurement (Sadiq et al., 

2025). The model I employed integrated the RNG k-ε 

model, which effectively simulates the dynamics of 

turbulent flows (Acharya and Potter, 2021; Laleh et 

al., 2012). The computational domain was discretized 

using a structured rectangular mesh, as shown in 

Figure 6(a). A base cell size of 0.03 m was applied, 

yielding 9,625 cells over the domain. To enhance 

resolution, the mesh was refined to 0.02 m around the 

inlet baffle (Figure 6(b), 1,150 cells) and further to 

0.015 m near the perforation openings (Figure 6(c), 

490 cells around 1 opening) to accurately capture the 

velocity gradients and shear layers in these regions. 

Figure 6. Mesh distribution and refinement in the numerical model: (a) Overall mesh domain, (b) around the inlet baffle, (c) the perforation 

openings of the baffle 

Case (a) 

Case (b) 

(a) 

(b) (c) 
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The boundary conditions are illustrated in 

Figure 7(a). No-slip boundary conditions were also 

applied on every immobile wall. The inlet was also 

defined as a specific velocity boundary in the x-

direction, the outlet was used as the outflow boundary 

condition, and the free surface on the top was modeled 

using the volume of fluid (VOF) method. 

Additionally, the FAVOR (Fractional Area/Volume 

Obstacle Representation) technique was used to 

accurately represent the internal geometry and the 

shape of the baffle within the computational domain, 

as seen in Figure 7(b). 

Figure 7. Numerical model of the gravity separation tank: (a) boundary condition, (b) FAVOR render 

3. RESULTS AND DISCUSSION

3.1 Flow field pattern

In the current study, as shown in Figure 8, 

streamline analysis identified significant differences 

in the recirculation zones for the two perforated baffle 

geometries, both measuring an equal hole diameter of 

6 cm. The recirculation area was calculated based on 

the total tank area using a numerical technique. In case 

(a), which represented the 3-hole baffle, the 

recirculation area covered about 59% of the tank area, 

reflecting a larger internal circulation area. By 

contrast, case (b), utilizing the 2-hole baffle, had a 

smaller recirculation area that covered about 45% of 

the tank area. A larger recirculation area is 

undesirable, as it represents stagnant regions and flow 

short-circuiting that decrease the effective separation 

zone. Conversely, smaller recirculation areas in case 

(b) indicate more stable flow patterns and enhanced

conditions for oil-water separation. Such flow

conditions are typically desirable for promoting the

coalescence and upward movement of oil droplets,

hence increasing the overall efficiency of FOG 

separation. 

3.2 Flow uniformity 

For maximum separation effectiveness, there is 

a need to have a low horizontal velocity in the tank 

since this facilitates oil droplet coalescence, resulting 

in a more balanced flow pattern. Vertical motion of oil 

droplets is controlled mainly by the density and 

viscosity of fluids, along with size (Hussein et al., 

2013). Droplets that are larger in size mostly rise faster 

than those that are small in size. It is, therefore, 

necessary to reduce horizontal velocity variations 

around the region near the inlet to improve internal 

flow structure. Consequently, the tank should be 

designed so that the velocity of the incoming flow is 

reduced to a minimum. The efficiency of the baffle 

with openings at the position of 0.15 m was analyzed 

through the comparison of the deviations of horizontal 

velocity (x-velocity) at various points across the 

longitudinal section. The standard deviations of the 

(a) 

(b) 
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horizontal velocity within the separation tank across 

the locations of x=0.2, 0.6, 1.00, and 1.60 are 

presented in Table 1 for both baffle arrangements at 

the measurement position of 0.15 m. 

The baffle arrangement case (b) showed the 

highest efficiency since it registered the smallest 

deviations in velocity. 

Figure 8. Streamline patterns in a rectangular gravity separator tank with inlet perforated baffles: (a) baffle with 3 openings, (b) baffle 

with 2 openings 

Table 1. Velocity deviation in the separation tank 

Cases Description of inlet 

perforated baffle 

SD of x-velocity (m/s)*E-02 

Sections x(m) 

0.20 0.60 1.00 1.60 

a 3 openings with a diameter 

of 6 cm 

5.22 8.06 8.43 4.06 

b 2 openings with a diameter 

of 6 cm 

1.55 0.49 0.25 0.41 

3.3 Kinetic energy and velocity profile 

Kinetic energy (KE) is a key parameter for 

evaluating the degree of turbulence within a separation 

tank. In this research, KE values have been calculated 

based on the horizontal velocity components measured 

at different points around the tank. In this research, 

two types of baffles have been considered, namely the 

two-hole and three-hole baffle types. When fluid flows 

through three holes created at one point on a baffle, 

three equal jets are generated, and then they meet, as 

observed from Figure 9(a). In this case, a large 

turbulent region is observed, situated above half of the 

tank volume. Two equal jets of fluid pass through 

holes situated on the boundary of the two-hole baffle, 

as observed from Figure 9(b). The shear layers around 

the jets create localized areas of increased turbulence. 

Downstream of the baffle, these jets expand and 

merge, forming a turbulent zone that extends through 

the upper part of the tank toward the outlet, while the 

lower region remains relatively calm, except for 

limited disturbances near the bottom. 

Lower turbulence levels in this case promote 

better conditions for oil droplet rise and coalescence. 

The two-hole baffle recorded a KE value of 4.24E-04 

m²/s², indicating a stable flow pattern, whereas the 

three-hole baffle showed a higher KE of 8.50E-03 

m²/s², reflecting stronger turbulence that can reduce 

separation efficiency. 

Case (a) 

Case (b) 
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Figure 9. The x-velocity contours in a rectangular gravity separator tank that uses inlet perforated baffles:( a) baffle with 3 openings, (b) 

baffle with 2 openings. 

As seen in Figure 10, the velocity distribution 

indicates the fact that the 2-hole baffle increases the 

tank’s flow stability by inducing a uniform flow 

profile at reduced velocities. The 3-hole baffle, 

however, produced higher relative velocities. Overall, 

the number of perforations had a marked impact on the 

hydraulic behavior of the separator, with a smaller 

number of openings being associated with enhanced 

separation efficiency and reduced turbulence intensity. 

Figure 10. Compares the x-velocity distribution for two different cases of perforated baffles: (a) baffle with 3 openings, (b) baffle with 2 

openings 

Case (a) 

Case (b) 
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Finally, the present results indicate that a 

reduced number of perforations is associated with 

improved separator performance, as indicated by 

reduced standard deviation in velocity, decreased 

kinetic energy, and reduced recirculation areas. The 

result supports the assertions made by Wilkinson et al. 

(2000) on the efficacy of perforated baffles in creating 

flow uniformity, and the optimal number of openings 

with the highest possible value of free area was also 

advocated to produce velocity uniformity with 

suppressed velocity variations. Moreover, Mee and 

Nor (2011) recognized that the greater the number of 

openings, the greater is the value of the free area, 

hence the reduction in the inlet velocity with 

turbulence. The variations may be due to geometric or 

operational considerations. In particular, Mee and Nor 

(2011) clearly support the importance of utilizing the 

perforated baffles in managing the dynamics of the 

flow process, leading to the intensification of 

separation efficiency. 

4. CONCLUSION

This work used numerical simulation to analyze 

the hydraulic performance of the rectangular gravity 

separator with the perforated inlet baffles. The CFD 

simulation was validated with the existing 

experiments, which ensured the simulation result’s 

accuracy for the simulation process. Although the 

opening diameter of both models was the same (6 cm), 

the number of openings had an effect on the flow 

inside. The outcomes of the study indicated that the 

2-hole baffle provided better hydraulic performance 

compared to the 3-hole baffle design. In particular, the 

2-hole design assisted in the reduction of the kinetic 

energy (KE) from 8.50E-03 to 4.24E-04, the standard 

deviation of velocity from 2.85E-01 to 2.71E-02, and 

the recirculation area from 59% to 45%. The observed 

improvements demonstrated a significant reduction in 

turbulence levels, which enhanced the uniformity of 

the velocity profile and increased the efficiency of oil 

droplet coalescence, rise, and oil-water separation. 

The study indicates that the fewer the number of inlet 

baffle perforations, the more efficient the gravity 

separation process will be. 
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Understanding land surface temperature (LST) change trend is very important in Eastern 

part of Maharashtra state, India as this region is undergoing rapid land-use change. 

Vegetation plays a critical role in regulating land surface temperature in such region. The 

main objective of this study is to analyze the vegetation change trend and investigate the 

seasonal relationship between vegetation variation and land surface temperature 

fluctuation from the years 2014 to 2022. Using Landsat 8 satellite imagery, the 

Normalized Difference Vegetation Index (NDVI) is derived to monitor vegetation 

variation and thermal infrared (TIR) bands is used to calculate LST. The methodology is 

divided into data collection, preprocessing, NDVI and LST calculation. Based on NDVI 

and adaptive vegetation classification, land use (LU) classification is carried out and 

finally correlation analysis between the various classes of LU, NDVI value with LST is 

calculated. The results suggest a clear seasonal pattern where the post-monsoon period 

has higher average NDVI values and lower average LST values as compared to the pre-

monsoon periods. There was a declining trend of overall vegetation health throughout the 

study period, although 2022 showed a slight recovery in pre-season NDVI and improved 

vegetative health in post-monsoon dense vegetation classes. Correlation analyses 

consistently indicated a moderate-strong negative association (~ -0.2 to -0.5) of LST with 

vegetation cover (vegetation cooling effect) and a positive association (~ 0.1 to 0.5) with 

built-up areas (urban heat island effect). It highlights the importance of vegetation cover 

for local temperature management and has significant implications for the assessment of 

recent changes in the local environment. 
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HIGHLIGHTS 

• Seasonal NDVI-LST dynamics were assessed using multi-temporal Landsat-8 data from 2014 to 2022.

• Adaptive NDVI percentile classification captured seasonal vegetation variability effectively.

• Post-monsoon periods showed higher NDVI values with consistently lower surface temperatures.

• NDVI showed a strong negative correlation with LST, confirming cooling effects.

1. INTRODUCTION

Ecologists and environmental scientists have 

consistently raised concern about global warming and 

its far-reaching effects (Li et al., 2025). Global warming 

leads to a temperature rise, which in turn causes the 

melting of glaciers, a rise in seawater levels, etc. 

(Venkataramanan and Smitha, 2011). While examining 

the adverse consequences of global warming, it is 

equally essential to analyze its anthropogenic and 

natural drivers. Out of all the driving factors, loss of 

vegetation is the primary cause of global warming 

(Longobardi et al., 2016). Plants and forests are crucial 

in regulating the Earth’s weather patterns, as they 

absorb carbon dioxide from the air through 

photosynthesis and act as a carbon sink (Nassif et al., 

2023). Expanding urban areas, infrastructure 

development, industrialization, and deforestation have 

had severe consequences on vegetation cover locally as 

well as globally (Pawade and Patil, 2025; Zhan et al., 

2013). From an environmental perspective, this 

mechanism leads to massive imbalances within local 

ecosystems while limiting the planet's natural ability to 

Citation: Pawade D, Patil S. Analyzing the seasonal relationship between vegetation variation and land surface temperature dynamics in Eastern 

Maharashtra. Environ. Nat. Resour. J. 2026;24(3):346-359.  (https://doi.org/10.32526/ennrj/24/20250231)
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capture carbon emissions (Psistaki et al., 2024). 

Moreover, this phenomenon simultaneously affects 

land surface temperature (LST) (Li et al., 2023). 

Through evapotranspiration, vegetation helps to 

moderate the land surface temperature. 

Evapotranspiration is a combination of two 

processes: evaporation of land water into vapor and 

transpiration, where water vapor is released from 

plants during photosynthesis. The vegetation loss 

diminishes the natural cooling mechanism, resulting in 

increased heat absorption by bare soil and built-up 

surfaces, which typically have lower albedo and higher 

heat retention (Islam et al., 2024). Consequently, areas 

with sparse vegetation tend to experience significantly 

higher land surface temperatures, especially during the 

day (Wei et al., 2025).  

Many studies have been done focusing on local 

as well as global changes in the temperature and its 

driving factors (Bandh et al., 2021; De Frenne et al., 

2021; Yuxi et al., 2024). In that regard, (Rahimi et al., 

2025) derived the global correlation between 

Normalized Difference Vegetation Index (NDVI) and 

LST, using Moderate Resolution Imaging 

Spectroradiometer (MODIS) satellite data. While 

offering valuable global insights, the research 

identifies the need for higher-resolution data, an 

understanding of seasonal variations, and the 

assessment of extreme climate event impacts to 

provide better analysis. (Kumar and Shekhar, 2015) 

investigated the similar relationship for Kalaburagi 

City, India. Finding highlighted a negative correlation 

with green spaces and a positive correlation with the 

Normalized Difference Build-up Index (NDBI). The 

study acknowledged the unavailability of in-situ LST 

measurements as limitation. Another study (Ullah et 

al., 2023) comprehensively analyzes the relationships 

between LST, Land Use Land Cover (LULC), NDVI, 

and topographic elements in the Lower Himalayan 

region. This study is focused on a multi-dimensional 

spatial analysis. The key finding underscores the 

relationship between elevation and LST. The LST 

decreases with elevation while built-up areas 

exhibiting the highest LST. LULC misclassification 

errors inherent by Maximum Likelihood 

Classification (MLC) method hampered the accuracy 

for few classes, despite its overall good accuracy. 

Researchers (Alademomi et al., 2022) further 

investigated the interrelationship between LST, 

NDVI, NDBI, and land cover changes in Amuwo-

Odofin, Lagos, Nigeria, using Landsat imagery from 

2002 to 2019. The study showed a negative correlation 

between LST and NDVI and between NDVI and 

NDBI. The analysis reviled that the NDVI and LST 

changes are driven by the built-up area expansion. 

(Ferreira and Duarte, 2019) studied the correlation of 

urban morphology (Local Climate Zones (LCZ)) and 

LST in Sao Paulo. The study revealed an inverse 

relationship between day and night LST with 

vegetation. It also emphasised that building area and 

impervious surface have a positive relationship with 

LST at night, but pervious surface is negatively 

related. This study has effectively operationalized 

LCZ in a subtropical context and provides key lessons 

for the climate-sensitive urban design. Yet the 

accuracy of the LCZ map was 68% but several LCZ 

classes were estimated with much error which could 

lead to biased correlation findings. Zhibin et al. 

(2015) demonstrate the effect of spatial arrangement 

of urban greenery on LST. The study suggests that 

even the green patches are not increased in number but 

greater aggregation and cohesion of vegetation 

patches reduce the LST. Anbazhagan and 

Paramasivam (2016) explored the statistical 

relationship between LST and NDVI in India’s Salem 

magnesite mining zone, using Landsat TM data from 

1992, 2001, and 2010. Their key contribution 

revealing an inverse correlation where increased 

emissivity coincided with negative NDVI anomalies. 

B values for NDVI and LST were consistently 

negative across the all the years studied (-0.209 in 

1992, -0.143 in 2001, and -0.190 in 2010), confirming 

high LSTs in mining areas due to sparse vegetation 

and high soil emissivity. Anbazhagan and 

Paramasivam (2016) validated the satellite-derived 

LST results against India Meteorological Department 

(IMD) ground observations. This study does not 

address the effects of variables such as rain, 

urbanization on NDVI. The paper by Zhan et al. 

(2013) critically reviews disaggregation of LST, 

identifying Thermal Sharpening (TSP) and 

Temperature Unmixing (TUM) as primary subtopics. 

A key contribution is its comprehensive taxonomic 

classification of existing research and insights into 

future research directions. However, limitations 

include the field’s disorderly development, a lack of 

citation for foundational works, and challenges arising 

from unrealistic assumptions regarding surface 

properties and aggregation patterns, which 

collectively hinder algorithm improvement and the 

accuracy of disaggregated LST products. 

While numerous studies assess the association 

between vegetation indices (VI) and land surface 
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temperature (LST), most work is constrained by fine-

resolution data, limited temporal coverage or a single 

season analysis especially in monsoon-dominated 

regions. Further, long-term and seasonally-specific 

investigation on the mining and urbanization affected 

landscapes of eastern Maharashtra is still limited. This 

study fills this gap by applying a multi-temporal 

(2014-2022) vegetation dynamics and LST analysis 

over part of eastern Maharashtra which is not yet 

considered for study, with an explicit separation of the 

pre- and post-monsoon stages. 

The eastern part of Maharashtra, particularly 

around Chandrapur, comprises a diverse and resource-

rich landscape, including a wildlife sanctuary, 

extensive forest cover, mining zones, urban and rural 

settlements, etc. This area has undergone extensive 

ecological transformations over the past few decades, 

largely due to mining, industrialization, urbanization, 

etc. Therefore, a thorough investigation is required to 

analyze the correlation between the vegetation cover 

changes and the LST dynamics. These statistical 

insights will be advantageous for formulating effective 

strategies for future vegetation ecosystem restoration 

and management planning. This study aims to assess 

the trend of vegetation change and its temperature 

implication in the Eastern Maharashtra region (2014-

2022). The novelty of the study is to apply LULC 

transition analysis combined with adaptive NDVI-

based vegetation classification for studying 

vegetation‐temperature dynamics. Based on 

combination of seasonal NDVI, LST and land-use 

classes, the vegetation cooling effect is characterized 

specifically for the region and urban heat dynamics. 

The study advances the knowledge of surface 

temperature and vegetation interaction within the 

research area. The primary objectives are to 

1. Evaluate the seasonal variation in vegetation

dynamics using NDVI 

2. Compute the change in LST between 2014-

2022 

3. Estimate the correlation between vegetation

and LST fluctuation for the study area over the period, 

considering seasonal variation 

These objectives lay the foundation for the 

following hypothesis: 

H0: There is a negative relationship between 

vegetation changes and LST variations during the 

study period. 

H1: There is a no/positive correlation between 

vegetation dynamics and LST over the study period. 

The major contribution of this study is to 

analyze temporal variation in vegetation and assess 

their potential correlation with fluctuations in LST for 

the study area during pre- and post-monsoon seasons. 

2. METHODOLOGY

Figure 1 shows the high-level implementation 

overview of the proposed workflow. For the time 

series analysis of the vegetation and LST change 

detection, Landsat 8 OLI satellite images are retrieved 

from the Google Earth Engine (Kumar and Mutanga, 

2018). The initial phase of the study involves defining 

the spatial and temporal parameters. The spatial 

parameters include selection of the study area, and the 

temporal parameter includes selection of study 

duration. 

The study area shown in Figure 2, includes the 

eastern part of the Maharashtra state bounded by 

19°40’48″ N to 20°18’1″ N latitude and longitude 

from 78° 52′ 12″ E to 79° 37′ 48″ E, which is imported 

by considering a geospatial boundary from Google 

Earth Engine. Concurrently, the temporal window is 

established between 2014-2022 with an interval of 4 

years. 

Vegetation and surface temperature behaviour 

differ for post- and pre-monsoon seasons (Sinha et al., 

2019). Hence, to capture medium-term changes, GEE’s 

Landsat 8 Surface Reflectance Tier 1 Image Collection 

images for the month of May are considered for pre-

monsoon analysis, while November images are 

considered for post-monsoon analysis. Table 1 gives the 

detailed information about the collected Landsat 8 

images. The area of interest is delimited by the study 

area boundary polygon. Theses satellite images 

undergo various pre-processing techniques like 

Filtering, Radiometric Correction, Spectral Band 

selection, NDVI calculation, Mosaicking. 

Landsat-8 Collection-2 Tier-1 Surface 

Reflectance imagery, used for this study incorporates 

Land Surface Reflectance Code based atmospheric 

correction scheme. This corrects the effects of 

atmospheric gases, aerosols, and water vapor using 

auxiliary atmospheric data. This preprocessing step 

ensures radiometric consistency across multi-temporal 

observations and is particularly suitable for long-term 

vegetation and surface temperature analysis. 

Radiometric calibration is applied to convert the raw 

digital numbers (DN) into top-of-atmosphere (TOA) 

reflectance. Pixel-level quality control was performed 

using the QA_PIXEL band. QA_PIXEL band is a bit-

encoded quality assurance layer that flags cloud, cloud 
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shadow, and cirrus contamination. Cloud-affected 

pixels were identified through bitwise evaluation of 

cirrus (bit 2), cloud shadow (bit 3), and high-

confidence cloud flags (bit 5) and were excluded from 

further analysis. Based on these criteria, a binary cloud 

mask M(x) indicated by Equation 1 was generated for 

each pixel 𝑥, retaining only clear-sky observations and 

thereby minimizing atmospheric artefacts. This mask 

minimizes cloud-induced radiometric distortion. This 

conservative masking strategy is particularly 

important for monsoon-affected regions such as 

eastern Maharashtra, where residual cloud 

contamination can significantly bias surface 

reflectance and land surface temperature estimates. 

M(x) = {
1 if bits cirrus (bit 2), shadow (bit 3), and cloud (bit 5)all are 0

0  Othereise
   (1) 

Figure 1. Overview of implementation 

Figure 2. Study area covering eastern part of the Maharashtra state 

1 if bits cirrus (bit 2), shadow (bit 3), and cloud (bit 5) all are 0 

0 Othereise 
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Table 1. Data description of Landsat 8 remote sensing data acquired for study area 

Season Year Date of acquisition Path-row Resolution of visible and 

near infrared band (m) 

Resolution of 

TIR (m) 

Pre-Monsoon 2014 2014-05-11 143-045 30 100 

Post-Monsoon 2014 2014-11-19 143-045 30 100 

Pre-Monsoon 2018 2018-05-13 143-045 30 100 

Post-Monsoon 2018 2018-11-14 143-045 30 100 

Pre-Monsoon 2022 2022-05-17 143-045 30 100 

Post-Monsoon 2022 2022-11-16 143-045 30 100 

This excludes pixels of the mask and improves 

data quality for further analysis. To cover the large 

study area, through mosaicking images are stitched 

together to provide complete study area. Landsat 8 

imagery has total 11 bands and each band contain the 

specific information. For the study, careful band 

selection is carried out and specific spectral bands like 

band 4 (red), band 5 (near-infrared (NIR)), and band 

10 (the thermal infrared (TIR)) are extracted. The TIR 

band is used for estimating Land Surface Temperature 

(LST), while the reflectance of red and NIR bands are 

used to calculate Normalized Difference Vegetation 

Index (NDVI), which is utilized to estimate the 

vegetation cover. Equation 2 is used to calculate the 

NDVI index (Hutayanon and Somprasong, 2023). 

Later, NDVI is stacked as a new band in the image. 

NDVI =
NIR−RED

NIR+RED
  (2) 

Where; NIR: Reflectance of the NIR band; 

RED: Reflectance of the Red Band. 

The value of NDVI ranges between -1 and +1. 

The non-positive NDVI value is indicative of a non-

vegetated surface, while a positive value corresponds 

to the vegetated area (Garai et al., 2022). The 

increasing value of NDVI reflects greater vegetation 

density (Gandhi et al., 2015).  

Equation 3 specifies the criteria to perform 

adaptive classification using NDVI values. Adaptive 

classification applies percentile-based thresholds to 

classify vegetation into categories such as no 

vegetation, sparse, moderate, and dense cover. The 

method allows context-sensitive interpretation that 

adjusts to each image’s NDVI distribution. 

C(x, y) =

{

 C1  if NDVI(x, y) ≤ P10       
C2   if P10 < NDVI(x, y) ≤ P50
C3  if P50 < NDVI(x, y) ≤ P85 

  C4  if NDVI(x, y) > P85       

 (3) 

Where; C(x,y): Classified output at pixel (x,y); 

NDVI(x,y): NDVI value at Pixel (x,y); P10 , P50, P85: 

10th, 50th, 85th percentiles of the NDVI array; C1: No 

vegetation class, C2: Sparse vegetation Class, C3: 

Moderate vegetation Class, and C4: Dense vegetation 

class.  

This NDVI value is further used for land use 

classification and classified the region in three classes 

namely Water, Vegetation and Built-up land. Equation 

4 represents the classification function L(x,y). 

L(x, y) =

{

1  if NDVI(x, y) < 0     (Water)       

2   if NDVI(x, y) > 0.2   (Built − up)       

3   if 0 ≤ NDVI(x, y) ≤ 0.2 (Vegetation)       
NaN  if NDVI(x, y) = Undefined or masked value

   (4) 

Where; NDVI(x, y) ∈ R denotes the NDVI at 

the spatial location (x, y). R is a set of real number. 

L(x, y) ∈ {1, 2, 3} ∪ {NaN}, denotes land use function 

where 1 represents water, 2 represents vegetation, 3 

represents built-up / bare Land, NaN indicates 

undefined or masked values. 

Further, the land surface temperature is 

calculated using the TIR band (García-Santos et al., 

2018). The emitted thermal radiations are represented 

by the pixel-level digital numbers (DN) of this band. 

After calibration, these DNs are converted into the 

surface temperature values using a scale factor and 

additive offset. This transformation is applied using 

Equation 5. 

LSTKELVIN = (T_B10 × Scale_Factor) + Offset      (5) 

Where; ST_B10: Landsat 8 satellite images’s 

Band 10 pixel value represented as digital number. 

Scale_Factor=0.00341802; Offset =149.0. 

The scale factor adjusts the magnitude of DN to 

align with radiometric calibration, while the offset 

corrects the baseline to reflect absolute temperature 

values. Once the temperature values in Kelvin are 

obtained, they are converted to degrees Celsius using 

Equation 6. 
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LSTCelsius = LSTKELVIN − 273,15  (6) 

To understand the correlation between various 

land covers and LST, correlation is calculated using 

Equation 7. 

Cr =
Cov(a,b)

σaσb
(7) 

Where; a: the land class value array; b: LST 

value arrays; Cov(X,Y): the covariance between land 

cover class and LST; σa, σb: the standard deviations of

land cover class and LST respectively. 

The present study relies exclusively on data 

derived from the Landsat 8 satellite imagery. No in-

situ temperature measurements, field-based vegetation 

assessments, or meteorological station records were 

available for direct validation of the NDVI and LST 

products used in this analysis. Hence to explore sensor 

or algorithm-dependent bias, a cross-sensor evaluation 

is caried out with MODIS land surface temperature 

products (Meshesha et al., 2024). The MODIS 

MOD11A2 data set provides 8 days composite 

daytime LST at 1 km spatial resolution, retrieved using 

a split-window algorithm, and was used as an 

independent reference to assess the robustness of the 

Landsat-derived LST estimates. LST of Landsat 8 was 

acquired from its thermal infrared band using a single-

channel method, then resampled and aggregated 

spatially to the MODIS scale (1 km) in order to 

minimize the differences caused by scales. A pixel-

wise statistical comparison was carried out over the 

entire study area for a pre-monsoon period (May 

2022). The corresponding Pearson correlation 

coefficient was 0.72, representing a strong positive 

linear relationship and the presence of high-level 

consistency in spatial temperature patterns among 

sensors. The average bias was 1.6°C point out a small 

systematic shift and Landsat-derived LST values are 

slightly higher on average. The RMSE of 2.4°C 

belongs to the uncertainties that are frequently 

reported for cross-sensor LST comparisons. Taken 

together, these statistics enforce that the LST estimates 

derived from Landsat data are not dominated by 

sensor or algorithm specific artifacts and provide 

confidence in their use for subsequent NDVI-LST 

relationship analysis. 

3. RESULTS AND DISCUSSION

The first objective of this study is to analyse the 

vegetation dynamics from 2014 to 2022 using the 

vegetation index. Figure 3 represents the NDVI 

analysis for the study area for pre- and post-monsoon 

seasons.  

Figure 3. NDVI map for the study area for the year 2014, 2018, and 2022 

The statistical NDVI information derived from 

remote sensing data for the post-monsoon and pre-

monsoon periods for the years 2014, 2018, and 2022 

is included in Table 2. For each year, the average, 

minimum, and maximum values for the pre- and post-

monsoon periods are considered for further analysis. 
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The average NDVI value for the pre-monsoon was 

0.145810 (range: -0.146479 to 0.450364) in 2014, 

and the average NDVI value for the post-monsoon was 

0.264453 (range: -0.205797 to 0.5131). In 2018, the 

pre-monsoon NDVI mean was 0.121021 (range: 

-0.136576 to 0.480856), and the post-monsoon NDVI

mean increased to 0.246208 (range: -0.194962 to

0.491923) similarly. In 2022, the NDVI value was

averaged to 0.127531 (range: -0.064556 to 0.386672)

during the pre-monsoon period and 0.255649 (range:

-0.233793 to 0.508318) during the post-monsoon

period. Across all three years, average NDVI values

during post-monsoon are consistently higher than their

pre-monsoon counterparts. This observation justifies

the natural vegetation trend of a rise in the sprawl

following the monsoon season.

Figure 4 give details about the temporal analysis 

of vegetation change dynamics based on average 

NDVI value for years 2014, 2018, and 2022 during 

pre- and post-monsoon season. 

Figure 4. Average NDVI pre Vs post monsoon season analysis 

from 2014 to 2022 

Table 2. Statistical comparison of pre- and post-monsoon NDVI values 

Year Pre-Monsoon Post-Monsoon 

Maximum Minimum Average Standard 

deviation 

Maximum Minimum Average Standard 

deviation 

2014 0.450364 -0.146479 0.145810 0.049396 0.513100 -0.205797 0.264453 0.071778 

2018 0.480856 -0.136576 0.121021 0.038752 0.491923 -0.194962 0.246208 0.066222 

2022 0.386672 -0.064556 0.127531 0.045665 0.508318 -0.233793 0.255649 0.083301 

The pre-season NDVI, representing vegetation 

conditions before the growing season, shows a 

noticeable decline in 2018, followed by a slight 

recovery in 2022. This trend suggests increasing 

environmental stress during this period. The post-

season NDVI, indicating the status of vegetation after 

the monsoon season, exhibits a constant decline. 

Though post-season NDVI values are higher than pre-

season values (in accordance with seasonal growth), 

the overall decrease in both indicates a decrease of 

vegetation productivity and health over time. Such a 

decline could be related to reasons like land 

degradation, climatic stress, and agricultural 

intensification. A decreasing trend in the difference 

between pre- and post-season NDVI implies 

decreasing seasonal vegetative cover recovery, which 

may affect ecosystem functions like soil retention, 

evapotranspiration, and carbon storage. 

The adaptive NDVI percentile value-based 

classification maps for the years 2014, 2018, and 

2022, shown in Figure 5, use a consistent colour 

scheme to highlight spatial and temporal patterns of 

vegetation cover. Context-sensitive assessments of 

vegetation cover are possible using dynamic percentile 

thresholds (P10, P50, and P85) based on vegetation 

classification. Seasonal transitions are distinctly 

highlighted in all three years, where sparse to 

moderate vegetation dominates during pre-monsoon 

periods with considerable areas devoid of vegetation 

cover, which was predominant in 2014 and 2022. Post-

monsoon maps show substantial increases in moderate 

and dense vegetation classes compared to pre-

monsoon sparse vegetation dominance. Also, the 

landscape greening observed from pre- to post-

monsoon periods is supported by significant rises in 

percentile value such as P50 and P85. As depicted in 

Figure 5, the extended range of dense vegetation 

compared to moderate vegetation observed in the 2022 

map indicates improved vegetative health for that 

year, likely due to better land management. These 

maps emphasize interannual variability with 

intraseasonal change while demonstrating adaptive 

classification’s advantages for monitoring dynamics 

of vegetation cover over time. 
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Figure 5. Vegetation distribution analysis using NDVI based adaptive classification for the years 2014, 2018, and 2022 

This spatial interpretation of vegetation 

dynamics is further supported by the transition 

matrices shown in Figure 6. It quantifies changes in 

different vegetation classes from pre- to post-monsoon 

seasons. This helps in understanding the extent of 

vegetation cover change across years. For all three 

years, the common pattern is followed where a large 

part of the low vegetation area during the pre-monsoon 

turns into a moderate vegetation area post-monsoon. 

In 2014, 47.0% of the region was converted from low 

to moderate vegetation. 

Figure 6. Year wise pre vs post monsoon transition matrix for different vegetation classes 

353



Pawade D and Patil S / Environment and Natural Resources Journal 2026; 24(3): 346-359

The conversion level improved in 2018 and 

showed a 68.9% transition from low to moderate 

vegetation, representing a more intense greening 

effect. The year 2022 has also shown a strong low-to-

moderate transition (50.2%) and an interesting 

appearance of 2.9% transitioning from moderate to 

high vegetation, which was very low in 2018. Overall, 

these matrices confirm the expected seasonal 

vegetation dynamics, where NDVI values increase 

after the monsoon, and also highlight an encouraging 

shift in 2022 toward higher vegetation classes. 

To understand transition of vegetation class 

with other LULC classes, LULC classification is 

carried out. As mention in the Table 3, overall 

accuracy of the LULC classification was 89.04% and 

Kappa coefficient was 0.86, indicating strong 

agreement. Vegetation and water classes are highly 

reliable, whereas the user’s accuracy for the built-up 

class is lower indicating it’s confusion with  bare land 

and sparsely vegetated areas. This may add some 

noise to NDVI based classification but does not affect 

the general seasonal trend. 

Table 3. Accuracy assessment for LULC classification 

Class User’s accuracy (%) Producer’s accuracy (%) 

Vegetation 88.70 90.21 

Built up 84.64 87.01 

Water 90.42 92.36 

Overall accuracy (%) 89.04 

Kppa coefficient 0.86 

Figure 7 presents pre- and post-monsoon LULC 

transitions for the years 2014, 2018, and 2022, 

expressed as a percentage change. A substantial 

proportion of built-up land areas identified during the 

pre-monsoon season transition to the vegetation class 

in the post-monsoon period across all three years 

(68.95% in 2014, 75.27% in 2018, and 71.18% in 

2022). This shift reflects a pronounced post-monsoon 

greening effect rather than actual anthropogenic land-

cover change.  

Figure 7. Year wise pre vs post monsoon transition matrix for different LULC classes 

The overall vegetation analysis ascertains that 

in monsoon-influenced environments, seasonal 

vegetation growth over bare soils, mining spoils, road 

margins, and peri-urban vacant land increases surface 

greenness and leads to spectral mixing at the 30 m 

spatial resolution of Landsat. Consequently, mixed 

pixels containing impervious surfaces partially 

obscured by seasonal vegetation are frequently 

misclassified as vegetation during the post-monsoon 

season. This phenomenon represents seasonality-

driven vegetation obscuration of built-up surfaces and 

is a well-documented limitation in medium-resolution 
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optical remote sensing analyses (Arij et al., 2025). The 

low values for the Water class to/from status in all 

years indicate stable water bodies. The vegetation-to-

vegetation class change is especially important, 

moving from 14.49% in 2014 to 2.49% in 2018, to 

then increase back to 6.07% in 2022, which suggests 

the temporal variability of the persistence of vegetal 

cover, probably. Investigations into the underlying 

climatic or anthropogenic factors responsible for the 

temporal pattern are therefore necessary.  

The identified interannual trend in NDVI, for 

the period 2014-2018, is indicative of anthropogenic 

activity and other climatic drivers (Rahimi et al., 2025; 

Zhang et al., 2022). The increasing mining activities, 

industrial infrastructure and expanded urbanization 

have transformed the vegetated area into built-up and 

bare land. This observed a trend in study area has been 

regularly recorded in minerally-dominated and 

rapidly developing landscapes (Anbazhagan and 

Paramasivam, 2016). These changes of land cover 

decrease the grass cover, exposing the surface for 

evapotranspiration and promote the rise in LST 

(Zhibin et al., 2015; Ferreira and Duarte, 2019). 

Moreover, frequent pre-monsoon heat stress limits the 

vegetation growth (Nassif et al., 2023; Sinha et al., 

2019). This act as strong evidence for the finding for 

this study stating vegetation declination and LST rise in 

pre-monsoon season. Despite the fact that post-

monsoon NDVI values are higher than pre-monsoon 

ones because of season-based greening, such a steady 

long-term decrease suggests a slow deterioration in 

vegetation productivity and ecosystem resilience 

(Psistaki et al., 2024). The partial recovery in 2022, 

especially in dense vegetation classes, might be owing 

to favourable monsoon conditions and local land 

administration practices but even such short-term 

improvements are not enough to counteract the long-

term degradation (Gandhi et al., 2015; Ullah et al., 

2023). Moreover, frequent pre-monsoon heat stress and 

enhanced variability in rainfall restrict growth of 

vegetation while keeping a check on the seasonal 

recovery as well (Nassif et al., 2023; Sinha et al., 2019). 

Figure 8.  LST map for the study area for the years 2014, 2018, and 2022 

The objective 2 focuses on computing LST. 

Figure 8 represents the LST map for the study area, 

while Table 4 presents statistics for the average, the 

minimum, and the maximum pre-monsoon-post-

monsoon LST for 2014, 2018, and 2022. The average 

LST for the pre-monsoon in 2014 was 49.73 (range: 

26.09-63.84) and for the post-monsoon average was 

lower than that, at 33.24°C (range: 23.91°C-48.42°C). 

In 2018 the same trend was followed: pre-monsoon 

mean LST was 44.70°C (range: 28.82°C-59.87°C), 

which reduced in post-monsoon to 35.20°C (range: 

3.98°C-50.30°C). In 2022, the pre-monsoon mean was 
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46.91°C (range: 22.78°C-60.22°C), and post-monsoon 

decreased to 32.21 (range: 25.02°C-47.47°C). 

Between the three years, post-monsoon mean LST is 

always less than pre-monsoon mean LST. This means 

there has been a significant decrease in LST following 

the monsoon season. 

Table 4. Statistical comparison of pre- and post-monsoon LST values 

Year Pre-monsoon LST (°C) Post-monsoon LST (°C) 

Maximum Minimum Average Standard 

deviation 

Maximum Minimum Average Standard 

deviation 

2014 63.84 26.09 49.73 4.86 48.41 23.91 33.24 3.66 

2018 59.87 28.82 44.70 4.49 50.30 3.98 35.20 3.81 

2022 60.22 22.78 46.91 3.93 47.47 25.02 32.21 3.68 

Figure 9 shows a time series analysis of LST for 

2014, 2018, and 2022 and depicts the comparison of 

the LST just before and just after monsoon. The pre-

season LST in 2014 was high, hinting that the 

ground was much hotter than usual for that stage of the 

year. By 2018 that same early figure dropped, pointing 

to a brief cooling spell probably linked to kinder 

weather. Yet 2022 brought the pre-season LST back 

up, suggesting renewed heating likely caused by tree 

loss, spread of pavement, and other signs of growing 

development. The post-monsoon LST creeps up in 

both 2014 and 2018 before sliding down in 2022.  

Even so, every year, the early-season 

temperature is still above the late-season figures by a 

healthy margin. That pattern fits what we expect—

gaps in vegetation at the start of the season let sunlight 

warm the ground more, while denser post-season 

plants cool things down through evaporation. Oddly 

though, those post-season readings in 2014 and 2018 

lingered a bit above the long-term average before the 

slight drop seen in 2022. 

The third study objective is inclined toward 

investigating the potential relationship between 

vegetation change and land surface temperature 

fluctuation over the study period. Table 5 presents the 

relation between land cover classes and LST by 

considering the correlation of LST with land cover 

classes (water, vegetation, and built-up) and the 

overall correlation of NDVI-LST for the pre-monsoon 

and post-monsoon seasons for 2014, 2018, and 2022. 

Vegetation cover has a consistently moderate to strong 

negative relationship with LST, indicating the cooling 

effects due to evapotranspiration. The urban buildup 

and LST showed a positive correlation with higher 

surface temperatures in built-up areas, indicating the 

urban heat island effect. Water does exhibit weak 

negative correlations, which may result from localized 

extents or mixed pixels. The overall correlation of 

NDVI-LST is still strongly negative, indicating that 

increased vegetation density is correlated with reduced 

surface temperature. 

Figure 9. Average LST pre- Vs post-monsoon season analysis from 2014 to 2022 
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Table 5. LST Correlation between LULC classes and overall NDVI values for pre and post monsoon season 

Season-year Water vs. LST 

correlation 

Vegetation vs. LST 

correlation 

Built-up vs. LST 

correlation 

Overall NDVI vs. LST 

correlation 

Pre-monsoon 2014 -0.170594 -0.446206 0.470401 -0.603048

Post-monsoon 2014 -0.113006 -0.382907 0.414315 -0.557735

Pre-monsoon 2018 -0.060394 -0.143083 0.152460 -0.253942

Post-monsoon 2018 -0.058556 -0.411356 0.420279 -0.569535

Pre-monsoon 2022 -0.019580 -0.313470 0.314058 -0.513839

Post-monsoon 2022 -0.127817 -0.457682 0.500331 -0.530829

This observed inverse pattern does support the 

null hypothesis (H₀), which states that higher levels of 

vegetation lead to decreasing LST and vice versa. The 

results shows empirical evidence that the change in 

vegetation causes cooling of the surface temperature 

in the study area. We reject the alternative hypothesis 

(H₁), which says there is a positive relationship. 

These findings have direct policy relevance, 

underscoring the need for vegetation-centered land-

use planning, afforestation initiatives, mine 

reclamation strategies, and the integration of green 

infrastructure into regional development frameworks. 

The results provide a quantitative basis for promoting 

nature-based solutions aimed at mitigating heat stress 

and enhancing climate resilience in rapidly 

transforming landscapes. 

4. LIMITATIONS AND FUTURE DISCUSSION

A key limitation of this study is the absence of 

ground-based or station-based validation data. NDVI 

and LST estimates were derived solely from Landsat 

8 satellite imagery, and no site-specific land 

temperature observations, field-based vegetation 

measurements, or meteorological station records were 

available for direct verification. This limitation may 

introduce uncertainty in the absolute accuracy of the 

NDVI values. Despite this limitation, satellite-derived 

NDVI and LST products have been extensively 

validated in previous studies and are widely accepted 

for regional-scale environmental monitoring and trend 

analysis.  

Future extensions of this work will aim to 

integrate meteorological station air temperature data, 

field-based vegetation indicators to further strengthen 

confidence in absolute estimates. The current study is 

based on the 30m spatial resolution imagery which 

may contribute to mixed pixels, and classification 

errors. In future finer spatial resolution can be used for 

better results. 

5. CONCLUSION

The present study analysed vegetation 

dynamics and land surface temperature change taking 

place in Eastern Maharashtra during the period of 

2014-2022 with the help of Landsat 8 imagery queried 

from Google Earth Engine. Inline to the first study 

objective, the results consistently reveal the higher 

average NDVI values of post-monsoon periods that 

yield lower LSTs than pre-monsoon periods, 

reconfirming the seasonally predictable growth 

patterns and the cooling nature of vegetation. 

Although a general pattern of negative vegetation 

productivity and health over the study period was 

observed, but as per the Figure 5 a remarkable 

improvement of dense vegetation classes was 

observed in 2022, possibly a positive influence 

resulting from improved land management or 

favourable climatic conditions. Addressing Objective 

2, the temporal assessment of LST revealed a clear 

seasonal and interannual variability over the study 

period. Consistent with objective 3, the correlation test 

supported the null hypothesis (H0) and showed a 

negative moderate to strong relationship between 

NDVI and LST, thus emphasizing the important role 

of transpiration in mitigating surface temperatures. In 

contrast, the built-up land areas were positively 

correlated with LST, reflecting the urban heat island 

effects. The transition matrices were informative as to 

discovering land cover changes, although this did pose 

questions about possible spectral confusion. This 

study provides insight into the vegetation-thermal 

environment relationship at a regional scale in a 

tropical area, which gives important insights for 

environmental monitoring and management strategy 

in such regions. Future investigations could entail 

integrating more climatic variables, seeking out finer 

spatial-temporal scales, and conducting more 

localized studies to identify specific anthropogenic 

and natural drivers of observed changes. 
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Aceh has abundant natural resources, including oil and natural gas. One of these resources 

is located in Ranto Peureulak, East Aceh Regency. This area has abundant crude oil 

reserves. However, due to the lack of government permits, the local community relies on 

traditional oil drilling methods. The purpose of this study is to assess the impact of 

traditional oil drilling carried out by the local community in Ranto Peureulak, East Aceh, 

in terms of both occupational safety and environmental impact. This study was conducted 

at 20 drilling sites in Ranto Peureulak, East Aceh. Occupational safety risk data was 

obtained through direct observation and analysis. In addition, physicochemical analysis 

was also carried out by comparing the analysis results at the drilling sites with the standard 

quality values set by Government of Indonesia Regulation No. 22 of 2021. The results of 

this study indicate that traditional crude oil drilling poses an extreme level of risk to 

occupational safety and the environment. Physicochemical analysis shows that several 

drilling sites have test values exceeding the established thresholds. Therefore, it can be 

concluded that traditional oil drilling activities have a very serious impact, both on human 

health and the surrounding environment. 
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HIGHLIGHTS 

- This study highlights the traditional crude oil drilling significantly degrades environmental quality

- Traditional oil drilling poses severe threats to both human health and environmental

- Occupational safety risk assessment reveals predominantly extreme risk levels

1. INTRODUCTION

Petroleum is one of the most important natural 

resources in Indonesia. Its utilization began 

approximately 5,000 years ago and has continued to 

evolve alongside modern technological advancements 

and the rapid growth of industries. As petroleum 

serves as a primary fuel for operating machinery in 

transportation and industrial sectors, consumer 

demand for oil remains constant and tends to increase 

annually (Olah et al., 2018). 

Aceh is rich in oil and natural gas, which may 

possess one of the Indonesia’s largest reserves 

(Budiana and Dalimi, 2021). One of the regions with 

abundant natural resources is East Aceh, which has 

extensive agricultural land, forests, marine resources, 

fisheries, plantations, and oil and gas deposits. Among 

these, the most prominent natural resource is the oil 

reserves located in Peureulak. However, local 

communities still rely on drilling methods because 

they lack official government permits.

The drilling process involves inserting pipes 

encased in a protective casing, similar to drilling a 

clean water well. The community’s drilling apparatus 

requires at least 60 pipe sections to extract crude oil 

(Kroepsch et al., 2019). From a well, residents can 

produce between 5 and 20 large barrels of oil per day. 

Oil plays a significant role in the local economy; 

however, accidents frequently occur during 

production. The primary cause is the community’s 

inadequate skills in managing oil and gas resources 

properly and accurately (Mahmood et al., 2023). 

Numerous incidents of fire and explosion during 

Citation: Muchlis, Aflah N, Lubis MR. Geological analysis and occupational safety risks in traditional oil drilling in Ranto Peureulak, East Aceh, 

Indonesia. Environ. Nat. Resour. J. 2026;24(3):360-370.  (https://doi.org/10.32526/ennrj/24/20250087)
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drilling have been reported in the media. One such 

incident occurred in Peureulak on April 25, 2018. 

Explosions occurred at 10 illegal oil wells, causing 

significant material losses and potentially endangering 

the safety of residential areas around the location. This 

case exemplifies the severe consequences of oil 

production conducted without proper extraction 

techniques for petroleum and natural gas (Khaidir et 

al., 2024). 

Drilling not only poses occupational safety risks 

but also negatively impacts the environment. The area 

is known for its oil drilling activities due to frequent 

mixing of oily and clean water, leading to the 

continuous expansion of traditional extraction and 

processing. The mixture of water and drilling mud is 

hazardous if ingested, and the contaminated mud 

pollutes the soil. Given the environmental and safety 

risks associated with drilling in Peureulak, research is 

needed to map the distribution of oil wells in the 

region. Such mapping will help estimate the potential 

scale of disasters and environmental impacts resulting 

from extraction activities. 

2. METHODOLOGY

2.1 Research location

This research was conducted in Ranto 

Peureulak, East Aceh, Indonesia. This area has many 

drilling activities and small-scale oil processing. 

Samples were collected from 20 locations, as shown 

in Figure 1. This study was conducted from September 

1 to 10, 2023. Sample collection was carried out 

between 08:00 and 18:00 WIB under relatively clear 

weather conditions. 

Figure 1. Sample point map of Ranto Peureulak 

The research was conducted by visiting oil 

drilling locations marked on the map above. In 

addition, wells at the research locations varied in depth 

and were predominantly water wells. The coordinates 

of traditional oil drilling sites in Ranto Peureulak are 

shown in Table 1. 

2.2 Hazard risk analysis in traditional oil drilling 

The identification of hazards in traditional oil 

drilling activities is carried out by looking at several 

types of hazards to humans, materials, and the 

environment in the traditional oil drilling process, as 

presented in Table 2. 
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Table 1. The coordinates of traditional oil drilling sites in Ranto Peureulak 

No Locations Conditions Wells depth 

X Y Water well Oil well 

P1 4 49’ 14” 97 47’ 43” Close to residential areas 20 m (drilled well) 480 m 

P2 4.81'8886 97.79398 Open land and far from 

residential areas 

15 m 480 m 

P3 4.82445 97.79024 Close to residential areas 300 m 

P4 4.81353 97.79858 Open land adjacent to residential 

areas 

Flowing water 98 m 

P5 4 49’ 32” 97 47’ 42” Rubber tree plantations adjacent 

to residential areas 

20 m (drilled well) 

P6 4 49’ 46” 97 47’ 20” Open land with oil palm 

vegetation adjacent to residential 

areas 

Flowing water 180 m 

P7 4 49’ 37” 97 47’ 13” Rice fields adjacent to residential 

areas 

Flowing water 480 m 

P8 4.80958 97.81806 Close to residential areas 20 m (drilled well) 

P9 4.81621 97.82506 Close to residential areas 12 m 

P10 4.79966 97.8148 Open land with oil palm 

vegetation adjacent to residential 

areas 

288 m (former oil well) 240 m 

P11 4.81887 97.81636 Rice field area 8 m 

P12 4 49’ 18” 97 48’ 48” Rice field area 12 m 

P13 4 47’ 57” 97 48’ 13” Open land with sedimentary rock 

conditions and adjacent to 

residential areas 

Flowing water 

P14 4 48’ 32” 97 47’ 33” Open land with sedimentary rock 

conditions and adjacent to 

residential areas 

7 m 

P15 4 48’ 37” 97 48’ 9” Open land with sedimentary rock 

conditions 

20 m (drilled well) 300 m 

P16 4 48’ 55” 97 48’ 14” Open land with oil palm 

vegetation 

18 m 372 m 

P17 4 49’ 3” 97 48’ 7” Open land with sedimentary rock 

conditions 

Flowing water 500 m 

P18 4 49’ 22” 97 48’ 14” Open land with sedimentary rock 

conditions 

24 m 

P19 4 48’ 37” 97 48’ 9” Open land with sedimentary rock 

conditions 

Flowing water 

P20 4 48’ 20” 97 48’ 57” Close to residential areas 25 m 480 m 

Table 2. Hazard identification in traditional oil drilling 

Activity Sources Emerging hazards 

Traditional oil drilling Humans Smoking while working 

Environmental Slippery and wet ground due to oil drilling residue 

Materials Direct exposure to crude oil on workers’ bodies 

Humans Performing tasks that generate flames near crude oil drilling 

activities 

Humans Operating oil pipes 

Tools Condition of the drilling rig structure 

Environmental Flowing waste fluid from drilling activities 

This analysis uses a matrix to assess the 

likelihood of risk occurrence and the resulting impact. 

The risk levels can be seen in Table 3. 

2.3 Analysis of risk assessment and risk level in 

Ranto Peurelak 

The risk assessment method used in this study 

is a qualitative risk assessment. Qualitative risk 
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assessment results from multiplying the 

consequence/impact level parameter by the likelihood 

parameter for occupational risks in Drilling areas. 

The risk levels based on this analysis are grouped into 

four categories: extreme, high, medium, and low.   

2.4 Analysis of water and soil at traditional oil 

drilling in Ranto Peurelak 

The analysis conducted involved measuring 

the supporting physical and chemical parameters 

tested in this study, including depth analysis, water 

temperature, water and soil pH, salinity, TDS, COD, 

BOD, DO, oil and grease, lead (Pb), NH4, NO2, 

alkaline hardness (CaCO3), and total organic matter.  

Total Dissolved Solids (TDS) in Ranto 

Peureulak, East Aceh Regency, were analyzed using 

the gravimetric method in accordance with SNI 

6989.27:2019. Chemical Oxygen Demand (COD) was 

determined according to SNI 6989.2:2009, using the 

UV-Vis spectrophotometry method for analysis. 

While Biochemical Oxygen Demand (BOD) was 

measured by the titrimetric method, specified in SNI 

6989.72:2009. Dissolved oxygen (DO) determined by 

the Winkler titration based on SNI 06-6989.14.  

Table 3. Risk levels 

Risk Effects 

Insignificant Minor Moderate Major Catastrophe 

Opportunity 1 2 3 4 5 

Almost certain 5 Medium High Extreme Extreme Extreme 

Likely 4 Low Medium High High Extreme 

Possible 3 Low Medium Medium High Extreme 

Unlikely 2 Low Low Medium High Extreme 

Rare 1 Low Low Medium High High 

Oil and grease concentration were analyzed 

gravimetrically extracting water-soluble oils and fats 

with organic solvents, such as n-hexane in accordance 

with SNI 6989.10:2011. Lead (Pb) concentration in 

water samples were measured using Atomic 

Absorption Spectrophotometry (AAS) following SNI 

6989.46-2009. Nitrite (NO₂) concentrations were 

analyzed by spectrophotometry using SNI 06-6989.9-

2004, while Ammonium (NH₄) was determined by 

spectrophotometry using the Fenat method according 

to SNI 06.6989.30-2005. Alkalinity was measured by 

the titrimetric method as specified in SNI 06-2420-

1991, and total organic matter (TOM) was determined 

by potassium permanganate (KMnO4) titration 

following SNI 06.6989.22-2004.  

The physicochemical analysis was conducted in 

accordance with the quality standards stipulated in 

Government Regulation No. 22 of 2021, which are 

listed in Table 4. 

Table 4. The quality standards stipulated in Government Regulation No. 22 of 2021 

No Parameters Quality standards 

1 Water temperature 26-31ºC

2 Water pH  6-9

3 Soil pH  6-9

4 Total dissolved solids (TDS) 1,000 mg/L 

5 Chemical oxygen demand (COD) 25 mg/L 

6 Biochemical oxygen demand (BOD) 3 mg/L 

7 Dissolved oxygen (DO) 4-10 mg/L

8 Oil and grease 1 mg/L 

9 Lead content (Pb) 0.03 mg/L 

10 NO₂ concentration (Nitrite) 0.06 mg/L 

11 NH₄ (Ammonium) 0.2 mg/L 

12 Alkalinity 500 mg/L 

13 Total organic matter (TOM) 10 mg/L 
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3. RESULTS

3.1 Hazard risk analysis in traditional oil drilling

The risk value is determined by the frequency 

of the work and its impact on workers. The risk 

assessment and the percentage of danger, ranging from 

low to extreme, are shown in Table 5 below. 

Based on traditional oil drilling operations, the 

risk associated with drilling activities is shown in 

Figure 2. 

After hazard identification, risk assessment is 

carried out, and the risk level for each hazard is 

determined. The risk level assessment analysis is 

presented in Table 6. 

Table 5. Risk assessment in traditional oil drilling in Ranto Peureulak 

No Potential hazards Potential risks Risk assessments Risk matrixs 

L S 

P1 Waste from crude oil drilling 

operations 

Environmental pollution 5 1 M 

P2 Slippery and wet work floors Slipping or sprains 5 1 M 

Drilling rig foundations Collapse and potential injury to 

workers 

5 5 E 

P3 Drilling rig foundations Collapse and potential injury to 

workers 

5 5 E 

Exposure to crude oil Symptoms of bumps on exposed areas, 

and if it gets in the eye, it causes 

stinging. 

5 2 H 

P4 Well no longer producing 

P5 Waste from crude oil drilling 

operations 

Environmental pollution 5 1 M 

P6 Waste from crude oil drilling 

operations 

Environmental pollution 5 1 M 

P7 Waste from crude oil drilling 

operations 

Environmental pollution 5 1 M 

P8 Slippery and wet work floors Slipping or sprains 5 1 M 

Exposure to crude oil Symptoms of bumps on exposed areas 

and if it gets in the eye, it causes 

stinging. 

5 2 H 

Operating drilling equipment Collapse and potential injury to 

workers 

3 5 E 

Smoking while working Fire hazard 5 5 E 

P9 Well no longer producing 

P10 Waste from crude oil drilling 

operations 

Environmental pollution 5 1 M 

Drilling rig foundations Collapse and potential injury to 

workers  

5 5 E 

P11 Operating drilling equipment Potential injury to workers 3 5 E 

P12 Well no longer producing 

P13 Well no longer producing 

P14 Well no longer producing 

P15 Well no longer producing 

P16 Waste from crude oil drilling 

operations 

Environmental pollution 5 1 M 

P17 Well no longer producing 

P18 Well no longer producing 

P19 Well no longer producing 

P20 Exposure to crude oil Symptoms of bumps on exposed areas 5 2 H 

Slippery and wet work floors Slipping or sprains 5 1 M 

Smoking while working Fire hazard 5 5 E 

Operating drilling equipment Potential injury to workers 3 5 E 
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Figure 2. Percentage of risk levels in traditional oil drilling activities 

Table 6. Risk assessment analysis results 

No Activities/conditions Risks L S Risk value Risk level 

1. Oil spills or other hazardous material

leaks

Environmental 

pollution 

5 4 20 Extreme 

2. Air and water pollution caused by drilling

activities

Environmental 

pollution 

4 3 12 High 

Health issues 4 4 16 High 

3. Gas or oil leaks leading to explosions and

fires

Explosions and fires 4 5 20 Extreme 

4. Extreme weather conditions near drilling

areas

Environmental 

damage 

3 3 9 Medium 

5. Noise pollution from drilling machinery Health issues 5 4 20 Extreme 

6. Community activities near drilling sites Disruptions to 

community life 

4 4 16 High 

7. Soil erosion Environmental 

damage 

4 4 16 High 

8. Residential areas located near drilling

sites

Health issues 3 3 9 Medium 

9. Oil refining operations near residential

areas

Health issues 3 3 9 Medium 

Environmental 

damage 

3 4 12 High 

10. Community Environment Located Far

from the Drilling Area

Environmental 

pollution 

2 2 4 Low 

Based on the risk assessment results, the overall 

distribution of risk levels in the drilling area is shown 

in Figure 3. 

3.2 Results of physicochemical analysis 

The results of physicochemical parameter 

measurements are presented in Table 7. Based on the 

analysis results, the water temperature at the study site 

ranged from 29 to 34ºC. Furthermore, water pH 

measurements indicated that the site’s water ranged 

from 6.3 to 8.9. Meanwhile, the soil pH value ranged 

from 4.2-8.0. Table 3 shows that several locations do 

not meet the quality standards, namely P2, P3, P4, P5, 

P6, P7, P8, P9, P12, P14, P15, P16, and P17. These 

results suggest that the northern part of the study area 

is predominantly acidic. According to Singh et al. 

(2022), low pH levels in water bodies increase the 

toxicity of heavy metals. This interpretation is also 

supported by the salinity analysis data, which show 

that the sample locations have high salinity values, 

ranging from 4,606.76 to 5,115.28 ppm.  

The TDS analysis conducted shows that the 

TDS value meets the Class IIm quality standard of 

1,000 mg/L. However, there were three samples with 

the highest TDS values, namely P2, P7, and P17, at 

4968 mg/L, 3151 mg/L, and 2461 mg/L, respectively, 

which exceeded the permissible quality standard. 

Meanwhile, the Chemical Oxygen Demand (COD) 

values obtained showed that there were two samples 

with high COD values, namely samples P4 and P6. 

BOD analysis showed that samples P13, P20, P6, 

and P4 exceeded the established quality standard of 

3 mg/L. 
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Figure 3. Percentage of risk level 

DO shows values that meet the quality 

standards set by Regulation No. 22 of 2021 concerning 

the Implementation of Environmental Protection and 

Management, namely a Class II quality standard of 3 

mg/L. According to Government Regulation of the 

Republic of Indonesia No. 22 of 2021 on 

Environmental Protection and Management, the oil 

and grease standard for Class II water bodies is 1 

mg/L. A total of 11 out of 20 samples contained 

detectable levels of oil and grease. Based on the test 

results for Pb, only 5 out of 20 samples had detectable 

Pb levels. The Pb concentrations in samples P4, P8, 

P12, P18, and P20 were <0.0002 mg/L, indicating that 

these values are below the regulatory threshold set by 

Government Regulation of the Republic of Indonesia 

No. 22 of 2021, which establishes a Class II Pb water 

quality standard of 0.03 mg/L. 20 sample data points, 

only 14 samples showed measurable NO₂ levels. The 

NO₂ concentrations in samples P1, P2, P4, P3, P5, P6, 

P8, P10, P12, P15, P16, P17, P18, and P20 complied 

with the Class II quality standard of 0.06 mg/L. Based 

on the results of the NH₄ analysis, the lowest NH₄ 

concentrations were found in samples P9, P12, P16, 

P15, P20, and P14, all of which remained below the 

quality standard stipulated in Government Regulation 

No. 22 of 2021 on Environmental Protection and 

Management. The Class II quality standard for NH₄ is 

0.2 mg/L. Alkalinity levels in samples P12, P19, P13, 

P11, P9, P8, P6, P3, P5, P14, P18, P15, P16, and P1 

met the established quality standard of 500 mg/L. 

However, higher alkalinity values were recorded in 

samples P17, P4, P7, P10, and P2, exceeding the 

permissible limit. Meanwhile, Total Organic Matter 

analysis showed that samples P14, P20, P6, P13, P19, 

P2, P9, P7, P4, and P17 exceeded the established 

quality standard of 10 mg/L. 

4. DISCUSSION

This research was conducted at the oil 

production well drilling site in Ranto Peureulak, East 

Aceh, Aceh. Based on the hazard identification results 

at each stage of traditional oil drilling activities, 

several factors contribute to workplace accidents, 

including human factors, machinery and equipment, 

materials, and environmental conditions (Benson et 

al., 2021). Therefore, raising awareness of potential 

risks, developing more effective control measures, and 

enhancing operational safety in drilling activities are 

crucial. After identifying hazards and the risks they 

pose, the next step was to assess the level of risk. In 

this study, the assessment method is qualitative. The 

method of determining control in Ranto Peureulak was 

to manage and take corrective actions on existing 

risks. Risk control in traditional oil drilling areas 

follows SNI ISO 3100:2018 on risk management and 

SNI ISO 45001:2018 on occupational health and 

safety management systems. 

The physicochemical analysis conducted shows 

that certain locations do not meet the quality standards 

set out in Government Regulation No. 22 of 2021. This 

may be influenced by the weather or season at the time 

the samples were taken, the interaction between air 

and water, cloud conditions, wind gusts, and the 

geographical location of a well. In addition, high 

sunlight intensity can affect the temperature in the 

well. This is in line with the location of the water 

sampling, which is an open space and very accessible 

to sunlight entering the water body. Sunlight exposure 

is a major factor that affects temperature changes in 

water bodies (Nimma et al., 2025). 

Based on the results of this study, soil samples 

from the study site were predominantly acidic or failed 

to  meet the  quality  standard. Low  pH  values can be 

25%

42%

25%

8%

Extreme High Medium Low
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influenced by the presence of microorganisms or 

heavy metal contamination in the samples. This aligns 

with Singh et al. (2022), who found that low pH levels 

in water bodies increases the toxicity of heavy metals, 

making them more bioavailable and hazardous to 

aquatic life. Metallic elements dissolved in the soil can 

also cause low TDS values. Such conditions are likely 

due to the proximity of residential areas to and 

underground water contaminated with oil, both of 

which negatively affects water quality. Additionally, 

the use of fertilizers and pesticides in agriculture may 

also contribute to TDS levels. According to Mushtaq 

et al. (2020), the primary sources of TDS in water 

bodies include runoff from agricultural activities, 

household wastewater, and industrial effluents. When 

a water source exhibits high TDS levels, it can be 

classified as contaminated (Mushtaq et al., 2020). 

Based on observations at the research site, 

samples with high COD values were collected from 

locations with various community activities that 

generated organic waste. The organic waste produced 

caused low oxygen concentrations in the water 

(Amoatey and Baawain, 2019). This finding aligned 

with Byliński et al. (2019), who stated that COD levels 

can indicated the extent of organic pollutants present 

in a well. Therefore, immediate actions are required to 

reduce COD, restore groundwater quality to normal 

levels, and ensure the surrounding community can 

safely use it. In addition to organic waste, the 

extensive agricultural land surrounding these wells 

contributed to water contamination, reducing water 

quality. According to Jiao et al. (2021), low dissolved 

oxygen levels in water suggested that organic matter 

in the water requires a high oxygen demand due to 

increased oxygen consumption. 

Low oxygen concentrations in water also affect 

DO values. DO values in this study tended to be low 

or close to the minimum quality standards set. These 

low DO levels are likely due to water flow during the 

dry season, which lowers water quality. Additionally, 

the presence of settlements and agricultural activities 

around the wells may further contribute to pollution 

through. Waste disposal and runoff according to 

Breitburg et al. (2018), a decrease in DO levels in 

water indicates a decline in water quality. 

The oil and fat content on the water surface can 

also reduce dissolved oxygen concentration by 

inhibiting oxygen fixation (Saravanan et al., 2021). 

Based on the results of the study, almost all well 

locations had oil and fat levels exceeding established 

quality standards and had the potential to cause water 

pollution. In addition, based on test results from oil 

wells in Ranto Peureulak, Pb metal pollution has 

already occurred. This pollution was caused by 

untreated drilling mud that was piled up. To address 

this drilling mud waste, it was necessary to treat it 

using specific techniques. Katipana (2015) stated that 

aquatic plants can contribute approximately 0.200 to 

0.553 ppm of lead (Pb) content in water. In addition, 

household waste, such as peeling residues from 

cookware and paint from water pipes can increase lead 

contamination in water bodies (Kumar et al., 2020). 

The results of NO₂ testing showed that the 

average sample NO₂ values remained within the 

quality standard threshold. According to Tadesse et al. 

(2018), NO₂ levels in aquatic environments are 

typically low, with natural waters generally containing 

around 0.001 mg/L. Ideally, the NO₂ concentration 

should not exceed 0.06 mg/L to maintain 

environmental safety. However, several locations had 

NO2 levels exceeding the permissible quality 

standards. These elevated NO2 levels are thought to 

originate from agricultural activities, especially the 

fertilization process, in which water in the area flows 

out at the outlet or observation point.  

NH₄ testing showed that locations near 

residential areas have higher NH₄ levels. According to 

Yang et al. (2025), ammonium in water comes from 

the reaction between household organic waste and 

organisms. High concentrations of NH₄⁺ (ammonium) 

in water can caused an unpleasant taste and adverse 

effects on humans. Ammonia in water can affect is 

vertebrates, invertebrates, algae, and microbes, 

potentially altering the structure and function of 

aquatic ecosystems (Zhang et al., 2018). 

Alkalinity analysis showed high values in 

locations with sedimentary rock conditions. The 

elevated alkalinity may be due to contamination of the 

wells in Ranto Peureulak, which caused minerals to 

seep into the soil, and increasing water hardness. In 

addition, the soil in this area contained minerals that 

caused hardness, such as limestone and magnesium. 

This interpretation is in line with what Ahn et al. 

(2018) that water will have high hardness levels when 

it encounters limestone in the soil layer. 

Furthermore, total organic matter values 

exceeding quality standards were observed in open 

areas with sedimentary rocks and adjacent to 

residential areas. The elevated organic matter levels 

are attributed to liquid, solid, and gaseous waste 

discharges from human activities, industrial 

operations, agriculture/forestry, transportation, and 
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mining, among others. Excessive or insufficient total 

organic matter can affect the fertility of aquatic 

environments. Good water is characterized by organic 

material concentrations that meet established water 

quality standards. This characterization aligns with the 

statement by Rahmawati et al. (2023), who argue that 

an excess of organic material can lead to 

eutrophication, which is the excessive growth of 

aquatic organisms. Eutrophication, in turn, can 

negatively affect aquatic life and overall water quality. 

5. CONCLUSION

Based on qualitative hazard and risk assessments 

in the transitional oil drilling area, the risk level is 

classified as extreme. This activity has a serious impact 

on the environment, human health, and the lives of 

communities around the site. Quantitative analysis of 

water and soil showed that the physicochemical 

parameters at several drilling sites exceed the quality 

standards set out in Regulation No. 22 of 2021. These 

exceedances may occur due to community activities 

that produce organic waste, agricultural activities, and 

mineral content from sedimentary rocks that seep into 

the soil. Therefore, the government needs to conduct 

regular monitoring and further improve waste 

management to reduce pollution. 
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This study examines ecological outcomes of small-scale community-based mangrove 

management (SSCM) in three locations in East Java: Clungup Mangrove Conservation 

(CMC, south coast), Penunggul (north coast) and Hijau Daun (small island). The primary 

objective is to evaluate the impacts of local community initiatives on mangrove ecosystem 

recovery over the past decade. Methodology combined remote sensing and field-based 

approaches. Machine learning google earth engine (GEE) was applied to assess past 

decade vegetation recovery using Normalized Difference Vegetation Index (NDVI), while 

raster analysis processed using R software to obtain net value change. To ensure 

compatibility between datasets, spatial harmonization was performed by resampling and 

aligning Sentinel-2 imagery to match Landsat 7 resolution using QGIS software. Field 

observations were conducted to assess the current ecological metrics, and descriptive 

analysis was carried out to connect restoration outcomes with management practices. 

Research findings indicate notable increases in net value change, with CMC showing the 

most substantial recovery (0.2-0.3), shifted from predominantly open or sparse areas to 

moderate or dense vegetation. Mangrove in Daun and Penunggul have ΔNDVI of 0-0.1, 

reflecting mild improvement in vegetation cover. Ecological assessments further revealed 

variation among sites. In Penunggul, diameter at breast height (DBH) of mangrove ranged 

from 2-16 cm (mean 7.70±3.34 cm), with average tree density of 2,300 ind/ha. CMC has 

mangrove density from 1,200-3,600 ind/ha and mean DBH 5.70±2.20 cm (range from 

3.00-10.00 cm). Hijau Daun exhibited the lowest average density at 1,333 ind/ha, with 

DBH range from 2.00-37.00 cm (mean 9.27±7.24 cm). 

Keywords: 

Ecological monitoring/ Ecosystem 

services/ Mangrove conservation/ 

Mangrove rehabilitation/ 

Vegetation index  
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HIGHLIGHTS 

Small scale community-based initiatives (SSCM) are creating sustainable mangrove management models. GEE-based NDVI analysis 

and net value change indicate increasing vegetation cover and density in restored areas, while field surveys show enhancements in 

terms of mangrove ecological quality. However, lacks of seaward expansion in most restoration sites despite decadal consistent 

management, highlights limitations in biophysical support. This should be considered by government and stakeholders when 

proposing mangrove restoration programs. 

1. INTRODUCTION

Indonesia has 3.44 Mha of mangrove (Ministry 

of Forestry, 2021), representing one-fifth global 

mangrove areas, as well as the most diverse mangrove 

species (Arifanti et al., 2022b). This ecosystem  

provides at least 26 ecosystem services: supporting, 

provisioning, regulating, and cultural services 

(Bimrah et al., 2022). Mangrove also plays an 

important role in carbon sequestration in marine 

systems (Kathiresan and Bingham, 2001; Donato et 
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al., 2011; McLeod et al., 2011), forming the 

foundation of “Nature-based Solutions (NbS)” 

(Cohen-Shacham et al., 2016).  

East Java has 27,221 ha of mangrove (Ministry 

of Forestry, 2021), making it the largest in Java, most 

populated Island in Indonesia. Majority mangrove in 

East Java categorized as converted mangrove, located 

in high intensity use of coastal areas. North coast of 

East Java provides an ideal habitat for mangrove, 

dominated by Avicennia and Sonneratia spp. (Asadi et 

al., 2019; Saputra et al., 2022b). South coast is 

geologically uplifted region dominated by sand and 

carbonate deposits. Lagoon mangrove in this region 

are found in river mouths affected by tides, behind 

sandy coastlines, protecting vegetations from high 

wave energy of the Indian Ocean (Saputra et al., 2020; 

Winarso et al., 2023; Sidik et al., 2025). Mangrove in 

East Java are utilized in various ways, providing a 

range of services that can be categorized into 

provisional, regulatory, and socio-cultural functions. 

 Provisional function: mangrove-associated

fish (Harahab, 2009; Saputra et al., 2022a) and various 

derivative products (functional-food, medicine and 

natural dyes for clothing) (Hardoko et al., 2015; 

Hardoko et al., 2020). 

 Regulatory function: blue carbon ecosystem

(Donato et al., 2011; Alongi, 2012; Asadi et al., 2018), 

protect coastal settlements and aquaculture from 

damaging storm, waves, and floods (Bimrah et al., 

2022). 

 Socio-cultural function: recreational sites

(Hakim et al., 2017; Harahab and Setiawan, 2017; 

Arsad et al., 2021; Intyas et al., 2021; Abidin et al., 

2023). 

In contrast, mangrove ecosystems are among 

the most vulnerable habitats in Indonesia, with total 

net deforestation or the net loss of mangrove forest 

area from 2001-2020 at 193.37 ha (Sasmito et al., 

2023), contributing CO2 emission factor (EF) of 

24.0±5.4 - 92.3±15.7 Mg CO2e/ha/year (Arifanti et al., 

2022a). Over decades, mangrove deforestation is 

estimated at around 637,000 ha or 10-33% of total 

mangrove area (Arifanti et al., 2022b), including 

mangrove in East Java (Saputra et al., 2022a).  

Local communities play a pivotal role in the 

success of sustainable mangrove management (Susilo 

et al., 2015; Arifanti et al., 2022b; Quevedo et al., 

2023). In East Java (outside national parks), existing 

mangrove stands outside national parks largely result 

from local conservation and restoration initiatives by 

local community (Susilo et al., 2015; Hakim et al., 

2017). Mangrove in East Java is the prime examples 

of how small scale community-based mangrove 

management (SSCM) efforts become backbone to 

mangrove existence. SSCM is closely related to 

community based mangrove management terms 

(Tacconi, 2007), aimed at restoring important services 

and conserving biodiversity, with heavy involvement 

of local communities in various forest activities such 

as planting, monitoring and nursery establishment. 

Despite these promising results, there is a research gap 

in understanding the impacts of SSCM on the 

ecological and socio-economic outcomes of mangrove 

ecosystems. Comprehensive research focusing 

specifically on East Java is still lacking.  

The advancement of technology provides new 

opportunities to evaluate SSCM initiatives. 

Combination of ecological assessment (plot-based 

field measurement) and remote sensing provides key 

information related to SSCM results. This study aims 

to (1) Quantify current mangrove condition after more 

than one decade of restoration, (2) Identify long-term 

changes in mangrove cover using multi-temporal 

satellite data, and (3) Integrate both approaches to 

evaluate SSCM effectiveness in East Java. 

2. METHODOLOGY

This research covers primary SSCM areas, 

representing all geomorphological regions in East 

Java. South coast of East Java represented by CMC 

(Clugup Mangrove Conservation) in Malang, north 

coast of East Java represented by Penunggul in 

Pasuruan, while small islands represented by 

Mangrove Hijau Daun in Bawean Island, 60 nautical 

miles from Gresik Regency (Figure 1). A total of 15 

plots 10×10 m were deployed using stratified 

random sampling to obtain community structure data. 

Field observations carried out in 2023-2024 for each 

location. 

2.1 Temporal analysis of mangrove cover 

Change in mangrove cover within last decade 

(2012-2024) processed using google earth engine 

(GEE), which supports geospatial processing, cloud 

computing and provides vast number of satellite 

datasets (Gorelick et al., 2017). Landsat 7 Collection 2 

Level-2 imagery was filtered for the period Jan 1 - Dec 

31, 2012, while Sentinel-2 Surface Reflectance imagery 

was filtered for the period Jan 1 - Dec 31, 2024. Both 

satellite imageries prepared with a max cloud cover of 

20%. Median composite imagery was generated to 

minimize the influence of atmospheric conditions and 
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ensure high data quality. Due to Landsat 7 SLC failure 

(which affecting up to 22% results), gap filling 

algorithms were implemented during median 

composite processing (Chen et al., 2011).

Figure 1. Map of research locations 

NDVI values were computed using the 

(normalized Difference) function in GEE. NIR 

represents the near-infrared reflectance (Landsat 7: 

Band 4, Sentinel-2: Band 8), and RED represents the 

red reflectance (Landsat 7: Band 3, Sentinel-2: Band 

4). Normalized Difference Vegetation Index (NDVI) 

was calculated for each year using the following 

formula (Pettorelli et al., 2005): 

NDVI =
(NIR − RED)

(NIR + RED)

NDVI rasters derived from Landsat 2012 and 

Sentinel 2024 satellite imagery. To ensure 

compatibility between datasets, spatial harmonization 

were performed to obtain comparable pixels. Sentinel-

2 NDVI raster was resampled and aligned to Landsat 

7 (30 m resolution) using Qgis software.  The NDVI 

values for 2024 and 2012 then compared on a pixel-

by-pixel basis to assess temporal changes in 

vegetation cover. This comparison was performed 

using the QGIS raster calculator, with the net NDVI 

value change (∆NDVI) calculated as: 

∆NDVI =  NDVI2024 − NDVI2012

Positive values of ∆NDVI represent increase in 

vegetation cover, while negative values suggest a 

decrease. The resulting raster file was exported in 

GeoTIFF format and imported into R software using 

Terra package (Hijmans, 2020). ∆NDVI was derived 

by subtracting baseline from recent NDVI, which 

theoretically ranges between -2 and 2. For 

classification and visualization, ∆NDVI values were 

normalized to a 0-1 scale. ∆NDVI values were further 

reclassified into predefined ranges (0-1) to facilitate a 

deeper understanding of vegetation dynamics as a 

result of rehabilitation efforts. 

2.2 Present ecological mangrove condition 

Mangrove ecological quality consists of 

mangrove density, important value index (IVI) and 

mangrove health index (MHI). Field data collection 

was carried out at three locations, namely Penunggul, 

CMC and Hijau Daun. Primary variable of community 

structure represented by mangrove DBH size (cm) at 

1.3  m height, mangrove density (ind/ha) and IVI. IVI 
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is widely used to explain ecological dominance of a 

species within forest community (Darmawan and 

Pramudji, 2017). It is calculated using the relative 

density (RD), relative frequency (RF) and relative 

dominance (RD), as explained from following 

equations: 

RDi = (
Ni

Ntot
) × 100     

RFi = (
Fi

Ftot
) × 100   

RDomi = (
BAi

BAtot
)  ×  100   

BAi = π(
DBHi

2
)2

IVI = RDi + RFi + RDomi

MHI model was generated by combination of 

vegetation indices algorithms (NBR, GCI, SIPI, and 

ARVI) (Nurdiansah and Dharmawan, 2021). Mangrove 

health index (MHI) represents the condition of healthy 

and productive mangrove ecosystem, supported by 

adequate natural regeneration to ensure the 

sustainability of the mangrove community. It calculated 

from canopy cover, sapling density and sapling-tree 

diameter (Nurdiansah and Dharmawan, 2021). MHI 

categorized mangrove condition into three categories: 

Poor (MHI ≤ 33.33%), Moderate (33.33% < MHI ≤ 

66.67%) and Excellent (MHI > 66.67%). MHI values 

were used to determine the placement of sampling plots 

for field sampling, representing the poor, moderate, and 

excellent categories. 

2.2 Stakeholder analysis 

Semi-structured interviews were conducted 

with key local stakeholders in the study areas to obtain 

information related to motivations, activities and 

challenges of their initiatives. A descriptive analysis 

was performed to understand the impact of SSCM 

activities on mangrove ecosystem quality. This 

analysis can inform the development of strategies for 

mangrove conservation and restoration. 

3. RESULTS AND DISCUSSION

3.1 Results

3.1.1 Temporal changes of mangrove cover 

In the 1980s, coastal area of Penunggul Village 

experienced significant degradation due to land 

conversion. In response, local community initiated 

voluntary mangrove replanting in 1985, using 

propagules of Rhizophora spp. (Sofian et al., 2012). 

Restoration site focused in abandoned farms and 

sedimentation zone surrounding Lewean rivermouth. 

This initiative marked the beginning of small-scale, 

community-based mangrove restoration in East Java.  

Existing mangrove area in Penunggul Village 

spans approximately 31 ha, with a stable shoreline 

trend observed in the restored mangrove area, while 

the Lewean rivermouth continues to expand seaward. 

Temporal analysis using NDVI over the past decade 

(Figure 2) shows increase in maximum NDVI values 

(from 0.42 in 2012 to 0.60 in 2024) and a reduction in 

open areas, particularly in former abandoned farms. 

This reflects improvement in vegetation cover, driven 

by both replanting efforts and natural mangrove 

regeneration. 

Figure 2. Temporal change of mangrove area in Penunggul, Pasuruan 
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Clungup mangrove conservation (CMC) 

represents inland mangrove in uplifted region, south 

coast of Malang. This area experienced severe 

deforestation from 1998 to early 2000s. Started in 

2012, small-scale restoration initiatives were initiated 

voluntarily by local community (Antyo et al., 2018). 

The establishment of the Supervisory Community 

Group (POKMASWAS) GOAL played a pivotal role 

in enhancing the restoration efforts. From 2012-2024, 

CMC gradually experienced significant improvements 

in mangrove cover. NDVI analysis revealed notable 

changes. In 2012, NDVI scores ranged from 0-0.4, 

representing majority of open areas and sparse 

transitioned into moderate vegetation cover. By 2024, 

NDVI values mostly range between 0.3-0.6, indicates 

moderate to dense vegetation cover (Figure 3). 

Figure 3. Temporal change of mangrove area in CMC, Malang 

Hijau Daun in Bawean Island has a coastal area 

dominated by fringing mangroves, with a tidal inlet 

that drains the tides into the back mangroves, 

protecting vast area of rice fields behind mangrove 

stands. In the 1990s, mangrove along the coast of 

Hijau Daun, Bawean, suffered extensive damage due 

to overharvesting for firewood and the use of 

destructive fishing. These activities led to 43 ha 

coastal erosion in 2004, inundating productive rice-

fields and severely affected the village’s economy 

(Saputra et al., 2024). In response, a local youth group 

in 2008 initiated voluntary activities to restore 

mangrove ecosystem. Temporal analysis using NDVI 

revealed significant shifts in vegetation cover classes 

during last decade. In 2012, NDVI values ranged from 

0-0.44, indicating the dominance of sparse to 

moderate vegetation cover. By 2024, NDVI values 

had shifted to 0.30-0.66, signifying a majority of 

moderate to dense categories (Figure 4). However, 

there has been no significant seaward mangrove 

expansion due to the characteristics of small island 

beaches, which receive minimal sediment input from 

terrestrial sources.  

Figure 4. Temporal change of mangrove cover in Hijau Daun, Bawean Island 
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Analysis of NDVI value change (∆NDVI) performed 

by reclassifying pixel value 0-1, divided into equal 

interval.  With the temporal observation spanning over 

one decade, value ∆NDVI less than 0.3 can be 

categorized as mild improvement in mangrove cover, 

while more than 0.4 considered as significant change. 

Based on pixel count of ∆NDVI, Bawean and 

Penunggul has the highest pixel count within 0-0.1 

class, while CMC has the most value in 0.2-0.3 class.  

This difference can be attributed to the varying starting 

points of rehabilitation efforts. Penunggul began its 

rehabilitation activities since 1980s, allowing ample 

time for vegetation to recover and establish in early 

decade of restoration. Similarly, Hijau Daun in 

Bawean Island initiated its rehabilitation efforts in 

2008, benefiting from over a decade of both 

replantation and natural regeneration. Moreover, both 

locations using fast growing Rhizopora spp. as 

primary replanted species, which will produce 

significant canopy density after five years of 

plantation. In contrast, CMC started rehabilitation 

initiatives in 2012, which consequently, temporal 

analysis spanning last 10 years reflects significant 

changes in vegetation cover, encompassing almost 

entire CMC area (Figure 5). 

Figure 5. Net change of NDVI values (∆NDVI) from each location over the last decade 

Mangrove in Penunggul supported by favorable 

coastal characteristic that naturally promote mangrove 

growth (muddy substrate and high sediment input, 

particularly surrounding Lewean rivermouth in 

Penunggul). In contrast, CMC (uplifted south coast) 

and Hijau Daun (carbonate small island) tend to stable. 

These two locations faces biophysical limitations due 

to its predominantly sandy substrate and the lack of 

organic matter input from terrestrial sources.  

3.1.2 Present ecological status of mangrove 

After more than one decade, restoration 

inititatives by local communities shows clear 

ecological recovery. Sampling plots in Penunggul 

dominated by tree category (mean DBH 7.70±3.34 

cm), dominated by Rhizopora spp. In CMC, 

restoration in the karstic environment produced 

diverse species and mangrove stands. There are eight 

species recorded within plot, with mean DBH is 
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5.70±2.20 cm. Plots in Hijau Daun, Bawean, consists 

of six mangrove species with various DBH size. 

Mixed replanted Rhizoporaceae combined with old 

natural Sonneratia stands contribute wide DBH range 

(2-37 cm) with mean of 9.27±7.24 cm. All three sites 

has average density more than 1,000 ind/ha, 

categorized as moderate to good condition, according 

to Ministry of Forestry standard (Darmawan and 

Pramudji, 2017). DBH distribution and mangrove 

density presented in Figure 6.  

Figure 6. DBH distribution and mangrove density from each location 

Most of mangrove area in CMC categorized as 

excellent MHI (38.4 ha, represents 69.3% of total 

area), while most of mangrove areas in Penunggul and 

Hijau Daun, dominated by moderate class of MHI. 

Penunggul has 12.5 ha of mangrove in moderate 

category (represents 57.5% of total area), while Hijau 

Daun has 61.5 ha of mangrove within moderate 

category (62.2% of total area). All three locations have 

less than 10% of “poor” category MHI (Figure 7).  

Present ecological condition of the three SSCM 

sites are summarized in Table 1. Ecological variables 

determine mangrove status under Min. Decree of 

Indonesia No. 201/2004. 

Table 1. Present ecological condition as resulted from SSCM initiatives 

RestorationSite Dominant species (IVI) DBH (cm)/ 

mean±SD 

% Trees 

(DBH≥5 cm) 

Density (ind/ha, 

mean±range) 

Category 

Penunggul 

(Pasuruan) 

R. mucronata (155.63),

R. apiculata (144.37)

2-16/7.70±3.34 87.5% 2,300 (low variability) Good 

CMC 

(Malang) 

R. apiculata (196.99-231.66),

C. tagal (208.81-300),

S. alba, B. gymnorrhiza

3-10/5.70±2.20 66.7% 2,155 (1,200-3,600) Good 

Hijau Daun 

(Bawean Island) 

R. stylosa (151.94),

A. marina (91.84),

S. alba (123.58)

2-37/9.27±7.24 70.9% 1,333 (700-2,100) Moderate 
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Figure 7. MHI value shows good condition of restored mangrove areas 

4. DISCUSSION

∆NDVI analysis confirms that SSCM increased 

canopy cover significantly at all sites. CMC, 

rehabilitated since 2012, has the highest ∆NDVI (0.2-

0.3), which suggests rapid change due to fast-growing 

Rhizophora spp. Penunggul (since the 1980s) and 

Bawean (since 2008) both have small ∆NDVI (0-0.1). 

Penunggul indicates old stable maturity stands, where 

biophysical constraints in Bawean limit the mangrove 

growth. Restoration age thus controls canopy 

dynamics considerably, such that early-stage 

restoration exhibits fast increases, whilst older 

systems register stability more than growth (Lovelock 

and Brown, 2019; Sasmito et al., 2019; Sasmito et al., 

2023; Howard et al., 2023). 

A single NDVI reading can’t solely determine 

restoration effectiveness. Negative results can signify 

conversion for agriculture or aquaculture uses. Static 

change in NDVI values can be a sign of location-

specific biophysical constraints, and drastic NDVI 

improvement can sometimes be indicative of invasive 

species growth. Other algorithms (Baloloy et al., 2020; 

Nurdiansah and Dharmawan, 2021; Winarso et al., 

2023) and in-field ecological information are needed 

for proper assessment. 

Stakeholder interviews highlight community 

motivation as the key driver for long-term success. 

Many villagers who, since childhood, had witnessed 

mangrove decline, were deeply motivated to restore 

them. Early restoration efforts were carried out 

voluntarily, despite social tensions, lack of funding 

and technological constraints. Sustained efforts over 

more than five years led to ecological recovery, the 

return of bird populations, and increased productivity 

of mangrove crab and fisheries. This strong 

community incentive distinguishes SSCM from large-

scale restoration programs, which are often driven by 

regulatory objectives (Arifanti et al., 2022b; Friess et 

al., 2022; Quevedo et al., 2023). On the densely 

inhabited coast of Java, there is very limited space 
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available for large-scale restoration (Worthington and 

Spalding, 2018), as many biophysically suitable areas 

area already used for fisheries and coastal activities 

(Saputra et al., 2022b; Saputra, 2023). Tenure 

conflicts regarding the land contribute to another 

barrier (Lovelock and Brown, 2019). In contrast, 

small-scale conservation of existing mangrove stands 

is often more feasible and cost-effective. SSCM, when 

adapted to the local conditions, provides pragmatic 

and sustainable solutions (Sasmito et al., 2023). 

Another benefit of SSCM is a strong connection 

with local livelihoods. Ecotourism and aquaculture 

activities generate income that complements 

conservation efforts. For example, Penunggul and 

CMC programs promote ecotourism (Sofian et al., 

2012; Harahab and Setiawan, 2017), while in Bawean, 

restoration with crab aquaculture (Saputra et al., 

2024). Such activities help alleviate poverty while 

strengthening local ownership of conservation 

outcomes.  

5. CONCLUSION

This study reveals that SSCM has effectively 

enhanced mangrove canopy cover and ecosystem 

quality over the past decade. Change detection 

analysis using ∆NDVI shows positive trends across all 

three sites, with CMC recording the most ∆NDVI 

values in the 0.2-0.3 range, reflecting rapid recovery 

due to its early restoration phase. In contrast, 

Penunggul and Hijau Daun-both with longer 

restoration histories-display smaller ∆NDVI changes 

(0-0.1), reflecting their mature and stable ecosystems. 

However, ∆NDVI alone cannot fully capture 

restoration success, as it is shaped by factors such as 

biophysical conditions, invasive species, and land-use 

changes. All sites demonstrated improved ecological 

quality, indicated by increased mangrove density and 

mangrove health index (MHI) values. Our findings 

demonstrate strong relations between SSCM 

interventions and the observed improvements in 

vegetation cover and ecological quality. The temporal 

alignment between restoration activities and positive 

∆NDVI trends, combined with field evidence of 

improved mangrove condition, supports this 

interpretation. Overall, the results highlight the value 

of SSCM as a practical and adaptive approach to 

mangrove conservation and recovery. 
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