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PREFACE

It is with great pleasure that we present the proceedings book for the 2™ International
Conference on Resource Efficiency Towards Sustainability (ICRES) 2026, taking place on 14"
March 2026. Building on the success and impactful discussions of the inaugural ICRES, this
year’s conference continues our commitment to advancing global conversations on resource
efficiency, sustainable development, and the circular economy. As an extension of our
extensive experience in organizing high-profile academic conferences, including the
International Conference on Sustainable Built Environment (ICSBE), ICRES 2026 provides a
platform for cutting-edge research and innovation in sustainable resource management across
various disciplines. This program book reflects a collection of high-quality research papers and
case studies that will be presented in parallel sessions, fostering meaningful interdisciplinary
dialogues and collaborations. We extend our deepest gratitude to the distinguished keynote
speakers for sharing their valuable expertise, helping us address the urgent sustainability
challenges of our time. A heartfelt thanks also goes to the authors for their exceptional
contributions and to the panel of academic and professional reviewers who have rigorously
evaluated the manuscripts, ensuring their academic rigor. We are especially thankful to INSEE
Ecocycle for their generous support and for hosting this conference, which has been
instrumental in making ICRES 2026 a reality. We hope that this proceedings book will serve
as an invaluable resource for researchers, practitioners, and policymakers engaged in
sustainable resource management, and we eagerly anticipate the enriching discussions and
collaborations that will emerge, guiding us toward innovative solutions for a more sustainable
future.

Editors

Prof. Ranjith Dissanayake
Dr. Pradeep Gajanayake
Eng. Sujith Gunawardhana

The 2" International Conference on Resource Efficiency towards Sustainability
14" March 2026 | Online
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MESSAGE FROM THE CONFERENCE CO- CHAIRS

We are delighted to welcome you to the 2" International Conference on Resource Efficiency
Towards Sustainability (ICRES) 2026. This inaugural event brings together a global
community of experts, innovators, and leaders committed to addressing the critical challenges
of resource efficiency and sustainability in today’s world.

The theme of ICRES 2026, Resource Efficiency Towards Sustainability reflects the urgent
need for advancing solutions that balance human development with environmental
stewardship. As we face an ever-growing demand for resources, it is imperative that we explore
and implement strategies that promote sustainable resource use across all sectors.

The conference focuses on a broad range of topics that are key to advancing the agenda of
sustainability, including advanced waste management technologies, the role of artificial
intelligence in driving resource efficiency, the circular economy’s role in urban planning, and
the integration of life cycle assessment in industrial manufacturing. These discussions will
provide invaluable insights for shaping future policies and practices in resource management,
with a focus on reducing environmental impacts while fostering economic growth and societal
well-being.

We extend our sincere gratitude to INSEE Ecocycle Lanka (Pvt) Ltd for their invaluable
support as the host of ICRES 2026. Their commitment to sustainability and resource
management has played a pivotal role in making this conference possible. Our heartfelt thanks
go to the keynote speaker, authors, reviewers, and all those who have worked tirelessly to make
this event a success. We look forward to the exciting exchange of ideas, the development of
innovative solutions, and the collaborations that will shape a more sustainable future.

We trust that ICRES 2026 will inspire meaningful discussions, forge lasting partnerships, and
contribute to the global effort in advancing resource efficiency and sustainability for
generations to come.

Prof. Ranjith Dissanayake
Prof. Ajith De Alwis

Prof. Jose Arturo Garza-Reyes
Prof. Usha Iyer- Raniga

Eng. Sujith Gunawardhana
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OPTIMIZING EFFICIENCY IN DAIRY PROCESSING: A CASE OF A SET
YOGHURT MANUFACTURING SECTION
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!Department of Agribusiness Management, Faculty of Agricultural Sciences. Sabaragamuwa University of Sri
Lanka
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*Correspondence E-mail: thathsaraniel@gmail.com, TP: +94718917892

Abstract: Efficient manufacturing processes are vital for transforming raw materials into
finished products with minimal waste, reduced time, and optimized resource utilization.
This study investigated the milk processing value stream for the set yoghurt products,
focusing on a detailed analysis of value chain functions. It aimed to identify and quantify
waste hotspots and assess inefficiencies within the production process. Based on the
findings, targeted optimization strategies were recommended to enhance overall efficiency
by reducing wastage. Data collection involved a combination of direct observations,
interviews with machine operators, focus group discussions with cross-functional teams,
and review of production records. Production activities across the set yoghurt production
were systematically modelled using Value Stream Mapping (VSM) and detailed loss
mapping techniques. Material losses were quantitatively assessed over a 12-month period
through the application of descriptive statistics. The findings revealed that product mix
wastage emerged as the most significant, consistently exceeding acceptable thresholds of
key performance indicators. Waste hotspots were predominantly observed during batch
startups, changeovers, and production end stages, with human errors and machine
malfunctions further exacerbating inefficiencies. Instrumental to the reduction of these
inefficiencies, proposed process improvement strategies include the provision of Brix
refractometers, accompanied by operator training to ensure accurate usage, the
development of comprehensive Standard Operating Procedures (SOPs) for batch
changeovers, the introduction of visual management systems to enhance human accuracy,
and machine enhancements, such as prioritizing and continuing preventive and
autonomous maintenance for the set yoghurt filling machine, were identified as critical
strategies to minimize material losses and optimize overall efficiency.

Keywords: Manufacturing Efficiency; Process optimization; Product Mix; Value Stream
Mapping; Waste Hotspots



1. Introduction

Optimizing production efficiency and minimizing waste are critical for dairy manufacturers seeking to
enhance their competitiveness within the industry. Waste in production encompasses any activities,
time, or resources that do not contribute value to the final product (Karida, Treptow, & Windmark,
2023). Addressing inefficiencies and waste in the dairy processing industry is imperative for both
economic and environmental reasons. Inefficient operations lead to increased costs, reduced
competitiveness, and a negative impact on key performance indicators (KPIs). Key Performance
Indicators (KPIs) are essential for assessing and tracking performance in industrial settings. They help
pinpoint areas of inefficiency and highlight opportunities for improvement. KPIs can be applied at
different levels, such as individual equipment, specific processes, or overall plant operations. (Lindberg
etal., 2015).

Waste in dairy production, which includes product loss, energy inefficiency, and water wastage,
represents a significant challenge that not only leads to higher operational costs but also negatively
impacts sustainability goals. (Ramirez et al., 2006). Despite the recognition of these inefficiencies, there
remains a gap in detailed studies examining the specific causes of waste and the strategies for addressing
these issues within the dairy production sector. Minimizing waste is a crucial aspect of implementing
lean production in manufacturing processes.

This research is mainly lie around a leading dairy manufacturer in Sri Lanka. The cultured products
manufacturing section of this dairy plant was identified as a major source of inefficiency, with
significant levels of waste impacting production costs and performance metrics. Key challenges
included product mix losses during the transition from pasteurization to final product formation, as well
as material wastage in packaging. These inefficiencies increased operational costs and adversely
affected critical key performance indicators (KPIs), such as Yield Loss Percentage and Overall
Equipment Effectiveness (OEE). The analysis of the Absolute Material Variance revealed that product
mix wastage was the primary contributor to material loss within the plant. KPIs, such as Yield Loss
Percentage and OEE, were crucial in evaluating and monitoring the plant's overall efficiency. Over the
observed period, wastage levels consistently exceeded acceptable thresholds for these KPlIs.
Specifically, the Yield Loss KPI was exceeded in 11 out of 12 months, while the OEE KPI was
surpassed in 7 out of 12 months, underscoring significant areas for improvement in operational
performance. (Tablel)

Table 1: Analysis of the Ke

Key
Performance

performance indicators August to Jul

Target | Average | Aug Sep Oct Mar Apr May June July

Indicator
(2023-2024)

Yield loss % | 0.72% | 1.23 1.3 1.7 2.6 0.96 | 297 | 1.65 | 1.32 0.72 11 0.99 1.67 i

OEE 81.3% | 7864 | 746 | 68.0 | 71.4 | 72.80 |74.68| 82.28 | 82.22 | 73.11 | 82.21 | 82.24 | 82.29 |82.29

Addressing these challenges required a systematic analysis of the production processes, including the
identification of waste hotspots, root causes of inefficiency, and areas for improvement. The objectives
of this research are to identify key stages and functions involved in the processed milk value chain,
identifying primary waste hotspots located within the production process, and the magnitude of waste
generated at these spots and to develop and propose strategies and recommendations for reducing
wastage and improving efficiency.



2.1 Conceptual Framework

The conceptual framework of this study focused on analysing key variables to improve operational
efficiency in cultured product manufacturing. Independent variables included value stream functions,
comprising value-adding, essential non-value-adding, and non-value-adding activities, and specific
types of waste, such as product mix, packaging material, fruit pulp, and machine downtime.
Contributing factors to waste, including line losses, machine faults, and human errors, were also
examined. These variables were analysed for their impact on the dependent variable, Overall Production
Performance. This structured framework facilitated a comprehensive evaluation of the factors
influencing manufacturing efficiency.

Value Stream functions
(value-adding activities, essential
non-value-adding activities, and non-
value-adding activities)

Overall Plant

Waste Elfﬁlzieany

Product Mix, Packaging Material, [ (Yield Loss
Percentage,

Fruit Pulp, Machine Downtime) Overall Equipment

Effectiveness — OEE)

Causes of waste generation Dependent Variable

(Line losses, machine faults, and
Human Errors)

Independent Variables
Figure 1: Conceptual Framework

2. Research Methodology

This study utilized a case study approach to analyse real-world practices in a dairy manufacturing
facility, aiming to generate insights and support informed decision-making. Archival analysis of
administrative records and surveys were incorporated to supplement data collection and provide a
comparative perspective.

The facility produces set yoghurt, stirred yoghurt, drinking yoghurt, and set curd, with product mix
wastage identified as the primary source of inefficiency, significantly affecting overall plant efficiency.
"Product mix" refers to losses occurring between the mixing step and the final production stage.
Purposive sampling was employed to focus on set yoghurt production, which accounted for the highest
production volume and waste generation. The facility produces three set yoghurt varieties: two vanilla-
flavoured and one strawberry-flavoured. Analysis of 12 months of production data confirmed set
yoghurt as the most frequently produced product, followed by drinking yoghurt.
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Figure 2: Total Product-Wise Production (in Kg) Over a 12-Month Period

2.2 Value Stream Development

The first objective involved analysing the milk processing value stream to classify key functions and
identify waste generation points. Primary data were collected through direct observation and operator
interviews, while secondary data were derived from Standard Operating Procedures (SOPs). Value
stream map, developed from five production cycles per product, provided insights into the production
chain, from raw milk unloading to final product preparation. This structured analysis facilitated the
creation of lead time ladders and enabled targeted strategies to enhance efficiency and minimize waste.

2.3 Identifying and Quantifying Wastage

The second objective focused on identifying and quantifying waste across production stages. Secondary
data, including 24-hour production records, SAP ERP reports, and material variance analyses, provided
insights into plant efficiency and material wastage. Primary data from process observations identified
specific waste types, such as product mix, fruit pulp, and packaging materials. Comprehensive loss
maps were created to visually analyse waste hotspots and quantify wastage.

2.4 Root Cause Analysis of Inefficiency

The third objective involved uncovering root causes of waste and inefficiencies through in-depth
interviews and focus group discussions with team members from engineering, food safety, quality, and
production. Brainstorming sessions, cause-and-effect diagrams, and the "Five Whys" technique were
employed to systematically identify underlying issues contributing to production inefficiencies.

2.5 Strategies for Waste Reduction and Efficiency Improvement

The final objective developed strategies to address inefficiencies through focus group discussions and
benchmarking against industry best practices. Recommendations were formulated using insights from
engineering, food safety, and production teams, along with secondary data.

2.6 Data Analysis

A mixed-method approach combined quantitative and qualitative techniques. Value stream maps were
created using Microsoft Visio, and data from a 12-month period were analysed using IBM SPSS 25 and
MS Excel 2016 to identify waste trends and quantify losses. Comprehensive loss maps were designed
in Canva to visualize waste hotspots, while insights from interviews and focus groups informed cause-
and-effect analysis and "why-why" evaluations.



3. Results and Discussion

A standard batch size for set yoghurt is 9,000 litres, and production typically involves four consecutive
9,000-liter batches. The cultured section produces three different set yoghurt varieties: two vanilla-
flavoured lines and one strawberry-flavoured line. All three products are processed on the same
production line using the same filling machine, with the primary difference being the ingredients added,
such as the flavouring.

3.1 Value Stream Map

3.1.1 Information Flow

Using data and sales records collected from retailers, the Sales and Marketing and planning departments
create a demand plan for the product. Based on this demand plan, the Planning department prepares a
corresponding supply plan. Following the supply plan, the Procurement team places orders for
ingredients and packaging materials from selected suppliers. There is also a dedicated Milk
Procurement section responsible for sourcing raw milk in line with the supply plan, initiating the process
with approved suppliers. Additionally, the Production Planning section creates weekly production plans
to align with the supply chain. The SAP Enterprise Resource Planning (ERP) system is essential in
managing the supply of ingredients, packaging materials, and bacterial cultures for production. It
ensures that the right quantities are efficiently sourced from the stores, supporting the smooth flow of
the production process. (Figure 2)

3.1.2 Material Flow

The production process for set yogurt begins with milk unloading, pasteurization, and cooling, followed
by transfer to holding tanks after completing the CIP procedure. After a 20-minute waiting period, the
mix is tested for quality, and starter culture is added, with another 20-minute waiting period before
filling. The filling machine is then prepared, and the product is heated to 42°C, filled into cups, sealed,
and transferred to the packing section. In the packing area, products are inspected, packed, and
palletized before being sent for incubation. After incubation, products are stored in cold storage for
seven days for quality testing. Once approved, the products are distributed to retail outlets.

3.1.3 Lead Time Ladder

The total production lead time is 11,305 minutes, with several key stages involved. These include 40
minutes for milk sample testing, 45 minutes for thermization, and 90 minutes for Cleaning-in-Place
(CIP). The mixing and flavouring process takes 30 minutes, followed by a 15-minute waiting period
and 15 minutes for pasteurization. After a 10-minute transfer to storage, a 40-minute quality check is
performed before filling, which takes 390 minutes. The products then undergo a 480-minute incubation
period before being stored for seven days for quality approval. Once approved, the products are
distributed based on demand.
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Figure 3: Value stream map of the set yoghurt production

3.2 Identification of Activities

Activities within production can be understood as the specific actions or steps carried out at each stage
of the process. Value-added activities are those that directly enhance the final product from the
customer’s perspective. Meanwhile, essential non-value-added activities do not add direct value to the
product but are necessary to facilitate the process. Non-value-added activities contribute no value and
represent inefficiencies. (Karida &Treptow, 2023) The table categorizes the activities observed in this
production line. Non-value-adding activities are recognized and should be prioritized for elimination.

The production process of the set yoghurt production encompasses a series of value-creating activities
crucial for achieving high product quality, consistency, and readiness for the market. These activities
include thermization, mixing and flavoring, deaeration, homogenization, pasteurization and cooling,
culture inoculation, filling, labeling, and incubation. Each of these steps directly contributes to the value
of the final cultured milk product. Essential non-value-creating activities include Clean-in-Place (CIP)
procedures to uphold hygiene standards, lab sample testing for quality assurance, ingredient weighing,
and the transferring of ingredients using equipment such as a reach truck. Additionally, tasks like
updating formulations in the computer, loading packaging materials into machines, and pallet
transportation to storage support production continuity. Conversely, non-value-creating activities
deplete resources without enhancing product value and should be minimized for greater process
efficiency. Examples include the disposal of product mix and packaging materials, downtime during
production, unnecessary extended production time, batch holds for prolonged periods, and garbage
disposal. Among these activities, the disposal of the product mix emerged as a significant area of
concern. Reducing or optimizing these non-value-creating activities is essential for boosting overall
production efficiency and reducing waste. (Table 2)

Table 2: Classification of Activities in the set yoghurt production process

Value-Creating Activities Essential Non-Value-Creating Non-Value-Creating
Activities Activities
Thermization Clean-in-Place (CIP) Disposal of the product
mix
Mixing, flavoring, and Ingredient weighing Disposal of packaging
standardization material




Deaeration Lab sample testing Downtime during
production
Homogenization Updating formulation in the | Added production time
computer (Fat and SNF values)
Pasteurization and cooling Transferring ingredients using the
reach truck
Culture inoculation Packaging and labelling material
loading into the machine
Filling Pallets transporting into storage
Labelling and packaging Cold storage
Incubation Batch hold for 7 days
Garbage disposal
3.3 Product Mix Wastage

By analyzing the value stream map of the production line, the product mix is identified as one of the
main wastages which is faced by the plant. In accordance with the Standard Operating Procedure (SOP)
manuals, a standardized scrap factor is implemented for each product type to account for unavoidable
wastage inherent in the production process. The scrap factor is expressed as a percentage of the total
production volume in kilograms, reflecting the expected material loss due to processing steps.
Specifically, the scrap factor for set yoghurt is 0.96% for the product mix. It is around 90 liters per set
yoghurt batch. Figure 8 shows product mix wastage over a 12-month period, totaling 34,394 kg across
all batches. On average, each batch incurred a wastage of 148.25 kg. (Figure 4)
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Figure 4: Product mix wastage in kilograms

3.4 Production Flow: An Account of Losses

3.4.1 During Batch Startup

During batch startup, milk is combined with major and minor ingredients, mixed, heat-treated, and
transferred to storage tanks. Product mix wastage occurs when the product mix contacts residual water
in transfer lines following the Clean-in-Place (CIP) process. This water-product mixture is drained at
several points to ensure the desired consistency, resulting in significant losses. Key waste hotspots
include Point A at the flow plate, where approximately 5 liters are drained; Point D at the balance tank,
with around 90 liters lost due to the line’s length; and Point E at the filling machine nozzles, where an
average of 65 liters is wasted. These losses are influenced by operator judgment during draining,
emphasizing the critical role of expertise in minimizing waste and maintaining product quality.
(Figure 5)
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Figure 5: The Loss Map of the Set Yoghurt Manufacturing Process

3.4.2 During Batch Changeover
Scenario 1: Similar Product Line
When transitioning to a similar product, the mix is transferred to a new holding tank (Holding Tank 2).
Water in the transfer lines is drained at Point A, resulting in 5 liters of product mix wastage. After
sampling and adding culture, the filling process can be started. Since the batch type is the same, no
further flushing is required, with Point A being the only waste hotspot.

Scenario 2: Different Product Line
For different product batches, a new holding tank is used. Initial line flushing at Point A causes 5 liters
of waste. Additionally, the balance tank at Point C and the filling machine nozzles at Point E have been
identified as critical waste hotspots, where residual product must be removed to clear the lines for the
next batch. This process involves draining portions of both mixes, leading to an average product mix

loss of 100 liters.

Table 3: Summary of Product Mix Wastage at a batch changeover

Scenario Waste Hotspot Waste Amount Cause/s
When the Next Point A (Flow Plate) SL Mix with water presence from
Batch is a Similar CIP
Set Yoghurt Batch
Point A (Flow Plate) 5L Mix with water presence from
CIP
When the Next
Batch is a Different | Point D (Balance Tank) Mix with residual product
Set Yoghurt Batch 100 L mix of the previous batch,

Point E (Filling Machine
Nozzles)

operator handling variations




3.4.3 Final Stage of Production

After the product mix is pushed by pump (P1/P2) to its maximum capacity, the operators will fill the
hopper and proceed with the filling process until the hopper is cleared. Once the filling is complete, lab
tests are conducted on the final products. These last-filled products often exhibit issues such as lower
fill levels, underweight, or substandard texture. Testing continues until a product meets the required
standards. All products produced after this point are considered wastage, resulting in approximately 10
liters of product mix loss. Despite the pump operating at maximum capacity, a portion of the product
mix remains in the lines and cannot be recovered. This unrecoverable product is considered wastage. In
each production cycle, the line loss typically averages between 70 to 100 liters.

The waste hotspots for product mix at the end of the production, along with their corresponding wastage
amounts and potential causes, can be summarized as follows:

Table 4: Summary of Product Mix Wastage at the end of the production

Waste Hotspot Waste Cause/s
Amount
At the end of the 10L Last-filled products which exhibit issues such as lower fill
production levels, underweight, or substandard texture
At the end of the 100 L Product mix remaining in the lines, known as line loss, is
production considered unrecoverable

3.5 Losses Due to Machine Faults

Machine faults significantly contribute to product mix wastage, alongside waste hotspots in the
processing steps. An analysis of 12 months of data and discussions with operators identified the most
frequent faults and their associated wastage levels. Among these, the low temperature issue causes the
highest wastage, with 70 liters lost per occurrence due to extended downtime exceeding 30 minutes,
leading to temperatures dropping below the required 42°C standard between the plate heat exchanger
(Point C) and the filling machine (Point E). Lid eye mark deviation, where misaligned lid markings
render products non-compliant, and cup blast, caused by cups getting stuck in the machine, each result
in 30 liters of wastage. Minor faults such as red label joint defects, cup bottom issues, and weak sealing
contribute an additional 5 liters of wastage per incident. These faults collectively represent a significant
source of inefficiency in the production process.

Table 5: The summary of machine-related production mix losses

Machine Fault Amount of Product Mix
Wastage
Red label joint 5L
Lid eye mark deviation 30L
Low temperate 70L
Cup blast 30L
Cup bottom issues 5L
Weak sealing 5L

3.6 Losses Due to Human Errors

Human factors also contribute to product mix wastage alongside process and machine-related losses.
Operators play a key role during the draining process, relying on their experience to determine when
the product mix reaches the correct texture and ensuring water residue is removed. Out of caution, they
may occasionally drain correctly textured product mix to avoid lab test failures. This process also
involves connecting lines at multiple flow plates, which must be carried out with utmost precision. Even
a single error can result in the wastage of an entire batch. During tea breaks, operators often close the
valve at the holding tank, allowing the hopper to fill with the remaining product mix and continuing
production until the mix in the lines is used. They clear the hopper and the line between the plate heat
exchanger and the filling machine because, during the break, the product mix experiences a temperature

9



drop below the required 42°C standard. When production resumes, approximately 70 liters of product
mix must be drained due to the temperature issue. Despite efforts to clear the lines beforehand,
additional wastage occurs at the end of production due to low-volume filling and underweight issues.
These actions collectively result in product mix losses attributed to human factors.

3.7 Minimizing Waste and Improving Efficiency

3.7.1 Process Improvements and Practice Changes

Dairy processing waste can be broadly categorized into physical waste (including product and
packaging material loss), energy waste, and water waste. Identifying waste hotspots is fundamental for
enhancing efficiency and sustainability (Ramirez et al., 2006). This research aligns with these findings,
revealing that product mix wastage represent significant physical waste within the production plant.
Outdated equipment, suboptimal process control, and human factors as common sources of inefficiency
(Kalla et al., 2019). Consistent with these insights, this research also identified suboptimal processes,
machine malfunctions, and human errors as primary root causes of product mix wastage.

Following the development of a loss map and a thorough analysis of wastage points, a focus group
discussion was conducted involving a cross-functional team from manufacturing, food safety and
quality, finance, and engineering. These discussions, along with input from operators and employees
directly involved in daily production processes, highlighted the potential benefits of providing operators
with a Brix meter. Brix indicates the number of dissolved solids in a liquid, measured via its specific
gravity (SG). This measurement is particularly relevant in the food and beverage industry, where it is
used to assess product quality. Sample-based Brix measurement is commonly applied in commercial
settings, such as wineries, to monitor and maintain product consistency (Jaywant, Singh, & Arif, 2022).
This tool would allow operators to pinpoint the exact moment when the actual product begins to drain,
thereby reducing wastage at key points in the process, specifically at points A, D, and E (Figure 12).

To ensure operators can effectively utilize the Brix meter, it is recommended to organize targeted
training sessions. These sessions should focus on interpreting Brix values and recognizing the correct
product texture, enabling operators to make informed decisions during production.

Another suggestion raised during the discussion focuses on revising the batch changeover procedure.
Standardization is a crucial tool for driving continuous improvement in manufacturing operations. By
capturing and documenting the best current practices, standardized work provides a foundational
baseline for ongoing enhancement. This iterative process not only minimizes process variability but
also enhances product and process quality, ensuring sustained operational excellence (Mikva et al.,
2016). In a batch changeover, instead of halting production and draining the system after the final filling
of the hopper, it was proposed to continue production. The products produced after this final hopper
filling would be isolated in a separate area for laboratory testing, starting with the last produced product
and moving backward, to determine the point where no defective products are present. This approach
minimizes product mix wastage typically discarded during changeovers, as production continues using
the mix remaining in the lines.

Another suggestion is to revise the operator practice during tea breaks. Currently, when operators go
for a break, they close the valve at the holding tube and fill the hopper with the product mix remaining
in the line from the holding tank. They continue production until the hopper is emptied, treating it as
the end of the batch. However, this leads to wastages at the end including low volume fills, underweight
products, and texture inconsistencies, increasing overall batch waste. The proposed improvement is to
alternate tea breaks between the two operators managing the filling process. Instead of both operators
taking a break at the same time, one can go for a break while the other continues managing the machine.
Once the first operator returns, the second can take their break. This approach ensures continuous
machine operation and reduces the wastage associated with product mix and packaging materials that
occurs during stoppages.
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The use of visual management (VM) can significantly enhance communication among participants in
the work process. By employing a range of visual tools and techniques, companies can ensure that
processes are carried out smoothly and efficiently. Tailoring visual management methods to suit specific
operational needs helps streamline workflows, reduce misunderstandings, and improve overall process
transparency, thereby fostering a more cohesive and productive work environment (Matysa & Furman,
2021). The use of color-coded flow plates and indicator boards can significantly help in highlighting
high-risk areas that require focused attention from operators. This visual management tool reduces the
likelihood of human errors and minimizes mistakes in line connections, contributing to smoother
operations.

3.7.2 Machine Improvements

The filling machine itself plays a significant role in contributing to product mix as outlined in previous
sections, certain unavoidable situations, such as machine startup and shutdown, red label joints, and
batch changeovers, lead to product mix wastage that cannot be easily recovered or reduced. Other
issues, such as cup blasts, weak sealing, reel melting, and lid eye mark deviations, result in unplanned
machine downtime and further contribute to waste in terms of product mix, packaging materials, and
time. Addressing these faults is critical for improving overall equipment efficiency.

Preventive maintenance (PM) is a proactive strategy in asset management that involves scheduled
activities such as inspections, cleaning, lubrication, adjustments, repairs, and part replacements. Its
primary objective is to prevent unexpected equipment failures and extend the operational lifespan of
assets. Calibration, on the other hand, involves comparing an instrument's measurements against a
traceable reference standard of known accuracy to ensure precision. Both preventive maintenance and
calibration play crucial roles in maintaining asset reliability, ensuring that equipment operates at optimal
performance and accuracy (Genest, 2024). This research found that implementing scheduled preventive
maintenance and calibration for each machine is essential for minimizing machine errors.

Autonomous maintenance is a tool which stems from the eight foundations of the lean philosophy tool
of the Total Productive Maintenance structure (TPM). Its aim is to eliminate all the forms of time
expenditure associated to stoppages in the productive system due to machine breakdowns, which
invariably produce a direct impact on process performance (Wakjira, Workneh & Ananth, 2014)
Autonomous Maintenance is, therefore, essential to the implementation of TPM; it enables greater
production throughput and includes the support of the company’s employees (Kiran, 2016). To
implement these targets, greater responsibility must be given to the operators: these must be made fully
aware of their role in ensuring both the quality of the product, as well as the efficient running of
machines to achieve significant improvement in equipment performance (Womack, James & Jones,
2003)

The manufacturing facility has implemented seven key steps of autonomous maintenance. These steps
aim to gradually strengthen the operators' ability to maintain and troubleshoot equipment, ensuring

long-term reliability and minimizing waste.

The seven steps of autonomous maintenance are as follows:

. Step 0: Preparation

. Step 1: Cleaning to Find Problems

. Step 2: Address Sources of Problems (contamination/hard-to-reach areas)

. Step 3: Establish Cleaning, Inspection, and Lubrication Standards (CIL)

. Step 4: Equipment Component/Process Inspection (Define the zero-loss state)
. Step 5: Address System Problems

. Step 6: Address Product Quality Problems

. Step 7: Practice Continuous Improvement

The set yoghurt filling machine is currently at Step 3 of the autonomous maintenance process.
Following focused group discussions, the decision was made to advance to Step 4: Equipment
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Component/Process Inspection, with the objective of defining the “zero loss state.” This initiative aims
to significantly reduce wastage in the form of product mix.

In Step 4 of autonomous maintenance, implementation can be started by identifying the various types
of losses associated with the machine. This analysis encompasses several categories, including minor
stops, breakdowns, process failures, safety losses, quality losses, material losses, and energy losses.
Once these losses are identified, they are prioritized to develop a machine transformation matrix and
conduct a work point analysis. This process helps pinpoint the most impactful areas of the machine that
contribute to these losses. Following this analysis, necessary corrective actions will be taken to address
the identified faults and minimize the associated losses.

4. Conclusion and Recommendations

This study provides a comprehensive analysis of the production process for set yoghurt within a cultured
product manufacturing plant. The primary objective of investigating the value chain of set yoghurt
production line and developing a value stream map has yielded significant findings that address key
areas of waste hotspots, inefficiencies, and opportunities for improvement within the production
process. The research identified product mix wastage as the major type of material waste. Waste
hotspots were most pronounced during batch startups, changeovers, and at the end of production, where
human errors and machine faults were found to exacerbate the losses. In addition, the study revealed
that machine malfunctions and operator errors are major contributors to inefficiency. The findings of
this study are consistent with existing literature on inefficiencies in dairy production, highlighting the
importance of addressing process, technical and human factors to reduce waste and enhance overall
production performance. To overcome the identified inefficiencies, several strategies are recommended.
These include providing operators with a brix meter and proper training in its usage, standardizing best
practices through detailed Standard Operating Procedures (SOPs), and implementing visual
management systems in the production area to minimize human errors. Additionally, establishing
preventive maintenance and autonomous maintenance routines will help maintain machine efficiency,
The implementation of Autonomous Maintenance Step 4 in the set yoghurt filling machine, with a focus
on addressing major losses. These combined strategies will significantly minimize waste, improve
efficiency, and contribute to cost savings and sustainability in the production of cultured dairy products.

Drawing from the key insights of this study, it is recommended that the proposed solutions be
implemented in order of ease and feasibility. Initial priorities should focus on internal initiatives that
can be facilitated with existing resources and collaborative efforts. Providing brix meters along with
comprehensive training for operators, revising practices, and standardizing procedures through
enhanced SOPs, as well as implementing visual management systems to mitigate human errors, can be
prioritized as these can be accomplished with the support of the liquid manufacturing, food safety and
quality, and continuous improvement departments.

From a machine-centric perspective, initiating the implementation of Autonomous Maintenance (AM)
Step 4 for the three filling machines is advised. This process, which unfolds over an extended period,
can be rolled out progressively in a step-by-step manner. The successful execution of this initiative will
require close collaboration between the manufacturing, food safety and quality, engineering, and
continuous improvement teams.
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Abstract: Petroleum-based plastic waste, especially short-lifetime packaging, has become
an overwhelming source of environmental degradation and resource inefficiency.
Polymers made from petroleum-based materials like polyethylene and polypropylene last
for decades and contribute to landfills, ocean pollution, and greenhouse gases. In response
to this crisis, this review examines the need for biodegradable, renewable alternatives
based on polysaccharides from plants (starch, cellulose), sea creatures (alginate, chitosan)
and microorganisms (pullulan). This study reviews literature on the polysaccharide film
products of the past 25 years to evaluate structure-property relationships, physical-
chemical properties, modification strategies, uses and life-cycle sustainability issues.
Mechanical properties of polysaccharide-based films vary greatly depending upon
crystallinity, hydrogen bonding, molecular weight and degree of substitution; mechanical
properties range from 5-20 MPa for plasticized starch films to 45-90 MPa for cellulose-
based films. However, all polysaccharide-based films exhibit high water vapor
permeability due to their high levels of inherent hydrophilicity; this may cause
performance to degrade at humidity > 60-70 % RH. Several methods, such as controlled
plasticization, green cross-linking (citric acid and Ca*" networks) and nanocomposites
containing cellulose nanocrystals, have been used to improve tensile strength of
polysaccharide-based films by up to 100 % and reduce water vapor transmission rates
through these films by up to 60 %. In addition, life-cycle analyses indicate a reduction in
the use of fossil fuels and greenhouse gases compared to conventional petroleum-based
plastics, especially if the polysaccharide films are produced from waste-based feedstock.
There are still many barriers to the widespread adoption of polysaccharide films, including
moisture resistance, scale-up of manufacturing processes, standardizing test protocols and
long-term durability. In conclusion, polysaccharide-based films are a viable path forward
toward a bio circular economy, if advances are made in both polysaccharide-based material
development and comprehensive life-cycle assessments to support large-scale, resource
efficient production.

Keywords: Biodegradable; Circular economy; Nanocomposites; Polysaccharide films
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1. Introduction

Plastic waste is a global environmental problem, primarily due to the long-lasting nature of plastics and
how they accumulate in the world's ecosystems. According to PlasticsEurope (2023), plastic production
in 2022 was at 400 million metric tons, with packaging accounting for about 36-40% of all plastic used.
Since the 1950s over 8.3 billion metric tons of plastic have been produced, and although less than 9%
of the plastic produced has been recycled, the majority of it has either ended up in landfills or has been
discharged into the environment (Geyer et al., 2017). It is believed that inadequately managed waste
systems allow for about 8-12 million metric tons of plastic to enter marine environments each year
(Jambeck et al., 2015). Chemical breakdown of macro-plastic waste products by means of exposure to
sunlight (UV light) and physical fragmentation, also degrades larger plastic debris into smaller pieces
called microplastics (less than Smm). Microplastics have been found in almost every type of ecosystem
(marine, freshwater, soil, atmospheric deposits, and human biological samples) and could potentially
serve as vectors for contaminants as well as have the ability to negatively affect both ecological and
human health (Thompson et al., 2004; Andrady, 2011; Wright et al., 2013; Leslie et al., 2022).

As a result of the long-lasting carbon-carbon backbone structure of conventional petroleum-based
plastics (such as polyethylene (PE) and polypropylene (PP)) there is very little degradation of these
types of plastics by microbes. Therefore, developing biodegradable and bio-based plastic alternatives
based on renewable biomass feedstocks has become a top research priority in terms of reducing the
amount of plastic waste generated and increasing the sustainability of material cycles (European
Commission, 2018).

Biopolymers, specifically those made from plant-derived polysaccharides, are considered to be among
the most common and structurally varied natural macromolecules available for conversion into
commercially viable polymers. Worldwide, cellulose is synthesized at a rate greater than 10'! tonnes
per year and represents the greatest abundance of biopolymer on earth (Klemm et al., 2005).
Polysaccharides are composed of sugar units bonded together via glycosidic linkages and may form
linear or branched configurations based on the biological source of the polymer (Tharanathan, 2003).
Hydrogen-bonded interactions facilitated by the many functional groups present on polysaccharides
(hydroxyl, amino, carboxyl, etc.) enable extensive structural modification of polysaccharides that can
significantly increase their mechanical and barrier properties (Rhim et al., 2013).

Films prepared from polysaccharide-based polymers have attracted considerable interest in recent years
as possible materials for developing sustainable packaging applications. Biopolymer films have shown
great promise in terms of their mechanical properties, exhibiting tensile strength values as high as 100
MPa and as low as 3 MPa, depending upon the formulation and processing conditions employed. These
tensile strengths are comparable to those exhibited by certain commercial packaging materials,
including low-density polyethylene (LDPE) (8-25 MPa) (Avérous, 2004; Siracusa et al., 2008).
Unfortunately, biopolymer films are typically highly hydrophilic, leading to relatively high water vapor
transmission rates when exposed to humid conditions (Bourtoom, 2008). To overcome the limitations
inherent in polysaccharide films, researchers have employed a variety of methods to modify the
mechanical properties and barrier performance of biopolymer films, including cross-linking,
plasticization, and incorporation of nanofillers (nanocomposites). Although numerous approaches have
been developed to enhance the performance of biopolymer films, a number of barriers still exist,
including issues related to moisture sensitivity, the wide range of test protocols employed, the lack of
an adequate understanding of the extent of biodegradation following chemical modification of
polysaccharides, and challenges related to the large-scale production of polysaccharide-based films.

Given the need for a comprehensive and critical assessment of polysaccharide-based films as a
sustainable alternative to conventional plastic packaging materials, this review will focus on examining
the chemical structures and functional properties of the most common polysaccharides, comparing the
physicochemical properties of polysaccharide-based films to those of traditional plastics, evaluating the
effectiveness of the current modification strategies employed to enhance the performance of
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polysaccharide-based films, and identifying areas of needed research to advance the large-scale
industrial use of polysaccharide-based films.

2. Methodology

This review was carried out in accordance with the guidelines of the Preferred Reporting Items of
Systematic Reviews and Meta-Analyses (PRISMA) 2020 which offer a clear and methodological
system of identifying, filtering and choosing the appropriate literature. Though PRISMA was initially
designed to be used in clinical research, it is also being used in materials science and engineering
reviews to enhance the methodological transparency and reproducibility, especially when systematizing
experimental studies of physicochemical, mechanical, and barrier properties of biomaterials like
polysaccharide-based films. The exhaustive literature search involved the use of Scopus, Web of
Science, ScienceDirect and Google Scholar with a mix of key words such as polysaccharide-based
films, biodegradable packaging materials, biopolymer films, cellulose films, chitosan films, starch-
based films, mechanical properties, barrier properties and sustainable packaging. The search was
restricted to publications published in the 2000-2025 to identify the latest technological innovations in
the field of biodegradable polymers research, especially the advancement of film processing,
nanocomposite reinforcement (e.g., nanocellulose), and chemical modification of polysaccharides,
which have become predominant within the last 20 years.

The choice of the study was in line with the PRISMA phases of identification and selection, screening
and inclusion. Eighty-two articles were first identified. The articles that survived title and abstract
screening to eliminate duplicates and irrelevant articles were then subjected to full-text review to check
the eligibility in terms of having clear experimental methodologies and quantifiable physicochemical
data on polysaccharide-based films. Eventually, the review involved 68 studies. Research works were
considered to be included in case they examined polysaccharide-based biodegradable films used in
packaging or reported mechanical, thermal, or barrier properties and detailed experimental procedures.
They had filtered out 14 articles they deemed insufficiently detailed in their methodology, such as lack
of information regarding film preparation techniques, tensile test conditions, barrier testing conditions,
or incomplete characterization data.

The methodological quality of the included studies was determined by the completeness of the reporting
in terms of the use of experimental procedures, the use of standardized methods of mechanical testing,
the specification of the conditions of environmental tests, and the reporting of results of replicates or
statistical analysis. Research papers that were deficient of methodological transparency were eliminated
so that the reliability and comparability of the reviewed data would be ensured.

3. Structural Classification and Molecular Determinants of film performance

Plant derived polysaccharides include starch, cellulose, and nanocellulose, and have been explored as
biodegradable components of film systems. The mechanical properties and environmental responses of
these materials are determined by their macromolecular architectures, crystallinity, hydrogen bonding
densities, degrees of substitution, and molecular weight distributions. In addition to the inherent
material properties, the structural properties of starch and cellulose may be altered by various processing
methods such as plasticization, chemical modification, and mechanical deformation

3.1 Plant-Derived Polysaccharides

Starch is a widely available polysaccharide that has been studied extensively as a potential film forming
material due to its thermoplastic behaviour when plasticized. Structurally, starch is composed of
amylose (a-1,4-linked D-glucose) and amylopectin (a-1,4 and a-1,6 linkages). Amylose is responsible
for the majority of the structural cohesion that develops during film formation due to the ability of its
linear chains to organize themselves and crystallize through hydrogen bonding. Studies conducted by
Pelissari et al. (2017) demonstrate that an increase in amylose content results in a significant
improvement in tensile strength and reduction in solubility of starch films resulting from enhanced
molecular organization and development of crystalline domains. Similar research by Ballesteros-
Martinez et al. (2020) reported tensile strengths for plasticized starch films, which were found to be
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significantly affected by the concentration of glycerol used as a plasticizer and humidity of the
environment. Increased levels of plasticizers interfere with hydrogen bonding networks causing
reductions in tensile strength but increases in flexibility.

The balance of crystalline and amorphous regions also plays a key role in determining how well a
starch-based film will perform under different conditions. Priyadarshi and Rhim (2020) noted that
increased crystallinity provides improved tensile strength and rigidity, however, this comes at the cost
of reduced elongation due to restricted chain mobility. Research has confirmed that both the
composition of starch and the molecular weight distribution of starch affects physical properties, with
higher amylose content typically providing improved mechanical properties (Domene-Lopez et al.,
2019; Zhang et al., 2024). However, starch films inherently provide high levels of water vapor
permeability, due to the hydrophilic nature of hydroxyl groups allowing for the passage of moisture.
Both the type and amount of plasticizer used in starch film processing influences moisture sensitivity
and barrier characteristics (Tarique et al., 2021). Therefore, the performance of starch films is heavily
dependent upon the molecular structure and plasticization method utilized in their production, therefore,
there is a need to tailor structural aspects of starch films for specific uses in packaging applications

3.2 Cellulose and Nanocellulose

Cellulose is made up of repeating units of D-glucose molecules that are -1,4 linked, which assemble
into highly ordered crystalline microfibrils held together by strong intra- and inter-molecular hydrogen
bonding and electrostatic forces (Jarvis, 2022; Beckham et al., 2011). The rigid packing of cellulose
confers it high stiffness, low solubility, and resistance to enzymatic degradation, primarily due to the
limited mobility of chains in crystalline regions compared to most other polysaccharides. Chemical
modifications, including etherification to create hydroxypropyl methyl cellulose (HPMC) and
carboxymethyl cellulose (CMC), substitute some of the hydroxyl groups of cellulose and disrupt the
native hydrogen bonding networks of cellulose, resulting in lower crystallinity and higher solubility in
water and improved processability (McMullen et al., 2022). The degree and types of substitution
influence the viscosity and water affinity of solutions containing derivatives of cellulose, enabling the
use of these derivatives as film formers and as delivery vehicles for bioactive agents (Wang et al., 2023).
Addition of 2-4 wt.% CMC or HPMC to alginate matrices resulted in tensile strengths that were
significantly greater than those without added cellulose derivatives, with CMC exhibiting decreased
water solubility and HPMC exhibiting increased water solubility, likely due to the difference in
hydrophilicity (Abdul Hadi et al., 2022).

Tensile strengths of regenerated cellulose films range from 90-155 MPa and are influenced by the extent
of alignment of polymer chains and restriction of mobility of non-crystalline regions, as opposed to
crystallinity alone (Wang et al., 2024). Moisture acts as a plasticizer to reduce tensile strength and
Young's modulus, while increasing elongation and water vapor permeability (Cazon et al., 2020).
Reinforcement of nanocellulose further improves stress transfer through hydrogen bonded networks
(Gupta et al., 2022; Zhang et al., 2024), and failure mechanisms involve rupture of glycosidic bonds
(Beckham et al., 2011).

3.3 Marine derived Polysaccharides

Although numerous types of marine-derived polysaccharides exist, this review will focus on two of the
most studied: chitosan and alginate. Chitosan has been extensively studied as a potential antimicrobial
agent and biodegradable material used for packaging.

Chitosan is the result of partial deacetylation of chitin, the second-most abundant natural polymer after
cellulose (Kumar et al., 2009). It is a cationic polysaccharide that contains reactive amino (-NH2)
groups along its backbone. These reactive amino groups enable it to form electrostatic interactions and
have inherent antimicrobial activity. The mechanical and functional properties of chitosan films depend
on the molecular weight, degree of deacetylation (DD), and amount of plasticizer added to the films
(Bonilla et al., 2018). Glycerol is commonly used as a plasticizer for chitosan films (Bonilla et al.,
2018;Jahan and Haroon,2025). As a general rule, tensile strength values for glycerol-plasticized
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chitosan films range from 28-46 MPa and provide adequate mechanical strength for use in flexible
packaging applications (Bonilla et al., 2018). Molecular weight affects the mechanical properties of the
film. At higher molecular weights, the number of intermolecular hydrogen bonds increases and the
chains become more entangled, thus increasing the tensile strength of the film, but decreasing its
elongation and flexibility (Ahmed et al., 2016). In addition to modifying the mechanical properties of
the film, chitosan incorporated into polylactic acid (PLA) matrices creates less rigid and less stretchy
materials than pure PLA, while providing a significant increase in antimicrobial activity (Bonilla et al.,
2020).

The mechanism of action of chitosan in exerting antimicrobial activity is generally believed to involve
the protonation of the amino groups present on the molecule at low pH, producing —NHs* moieties that
interact electrostatically with negatively charged components of bacterial membranes, creating a
pathway for increased membrane permeability and subsequent cell lysis (Mufioz-Bonilla and
Fernandez-Garcia, 2013; Kong et al., 2015). Furthermore, blended systems utilizing chitosan have
demonstrated enhanced performance over single component systems. For example, films comprising of
gelatine-chitosan composites that were activated with plant extracts exhibited both improved
antimicrobial and antioxidant stabilities and acceptable mechanical properties (Bonilla et al., 2018).
Studies assessing the compost ability of chitosan films indicate that these films undergo complete
degradation within controlled composting environments, providing evidence for their potential
environmental compatibility (Bonilla et al., 2020).Therefore, chitosan films provide a unique
combination of mechanical strength, antimicrobial functionality and biodegradability, where the
performance of the films are dictated by molecular properties and interactions with the surrounding
matrix, providing a basis for consideration as potential active biodegradable packaging materials.

3.4 Alginate

It is a linear block copolymer composed of beta-D-mannuronic (M) and alpha-L-guluronic (G) acid
residues arranged in homopolymer (poly-M, poly-G) and heteropolymer (poly-MG) sequences (Draget
et al., 2005). Alginate's ability to undergo gelation is determined by the sequence of mannuronic and
guluronic acid residues in the polymer and by the presence of divalent metal ions such as calcium,
magnesium and strontium. In particular, calcium ions tend to bind to guluronic rich regions of the
polymer forming "egg box" type structures, which create a three-dimensional network of polymer
chains that provides mechanical strength (Draget et al., 2005). Alginates with higher guluronic contents
produce stronger and more elastic gels than those with lower guluronic contents because of the greater
degree of crosslinking that occurs (Draget et al., 1994). Conversely, alginates that contain a higher
proportion of manuronic acid tend to produce softer gels (Draget et al., 1994). Crosslinking alginate
films with calcium ions results in a significant increase in tensile strength and decrease in solubility
compared to uncross linked films (Rhim, 2014).

However, if too many crosslinks are created in the alginate network, then the resulting gel can become
brittle and lose elasticity. The structural characteristics of the alginate network can be further modified
by adding oligoguluronate or chitosan oligomer components to the system. Oligoguluronates can alter
the rate at which the alginate network forms, while chitosan oligomers can modify the number of
junctions that occur within the network (Jergensen et al., 2007; Kopplin et al., 2021). Therefore, the
physical properties of alginate-based materials are determined by the molar ratio of guluronic to
manuronic acids, the concentration of calcium ions available for crosslinking, and the density of
crosslinks within the network.

3.5 Microbial Polysaccharides

Pullulan is a polysaccharide produced by microorganisms, specifically Aureobasidium pullulans, and
consists of repeating units of maltotriose linked via alternating alpha-1,4 and alpha-1,6 glycosidic bonds
(Leathers, 2003). Due to its soluble nature in water, pullulan is commonly isolated from fermentation
broth using precipitation methods (Leathers, 2003). The production of pullulan is greatly influenced by
the presence of sucrose in the growth medium, with optimal sucrose concentrations reported to range
from 10-20 wt.% (Leathers et al., 1988). Nitrogen limitation in the culture medium also supports the
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production of pullulan by promoting the accumulation of sucrose in the broth (Leathers et al., 1988).
As the cultivation time of pullulan-producing microorganisms increases, the molecular weight of the
polymer decreases as a result of enzymatic degradation (Leathers et al., 1988; Manitchotpisit et al.,
2011). Low levels of extracellular alpha-amylase activity can lead to the cleavage of maltotetraose
segments of the pullulan polymer chain, ultimately affecting the mechanical properties of pullulan-
based films (Manitchotpisit et al., 2011; Prasongsuk et al., 2006). Under dry conditions, pullulan films
demonstrate excellent oxygen barrier properties with permeability values that are similar to those of
synthetic barrier polymers below 50% relative humidity (Leathers, 2016).

However, the oxygen barrier properties of pullulan films decline rapidly as the relative humidity
exceeds 60% due to moisture-induced plasticization of the polymer film (Leathers, 2016). Beyond
pullulan, A. pullulans also produce liamocins with specific anti-streptococcal activity, indicating the
potential of this microorganism for multiple biotechnological applications (Price et al., 2013; Leathers
et al., 2018). The successful development of pullulan-based products depends heavily on controlling
the production process through manipulation of culture conditions, enzymatic activity, and cost
efficiency.

Table 1: Structural determinants and their reported performance

Polymer / Key Structural Effect on Strength & Stiffness References
System Factor
Starch Amylose Higher amylose and ordered crystallites | Molavi et al., 2018;
(native / crystallinity; linear increase tensile strength (5-18 MPa | Rostamabadi et al., 2024
high- chain alignment typical) and modulus but reduce
amylose) extensibility
Cellulose & B-1,4-linked High crystallinity yields strong, stiff | Rhim et al., 2015;
derivatives crystalline domains films (45-90 MPa); cellulose—starch | Miyamoto et al., 2009;
blends retain strength under wet | Dhalsamant et al., 2025
conditions
CNC- High-modulus Well-dispersed CNC/nanoclays increase | Paula et al., 2018;
reinforced nanofillers; modulus and tensile strength (+30-60%) | Miiller et al., 2014;
matrices percolated H-bond and improve gas barrier via tortuous path | Rostamabadi et al., 2024
network
Chitosan Protonated amino Electrostatic and hydrogen bonding | Bonilla et al., 2018;
groups (-NHz") yield moderate-high TS (28-46 MPa); | Ureiia et al., 2023
hydration strongly plasticizes matrix
Alginate “Egg-box” ionic Crosslink density controls modulus and | Rhim, 2014; Niitzl et al.,
(Ca?* cross- crosslinks; G-block stability; higher Ca?* increases strength | 2022; Parreidt et al.,
linked) content but reduces elongation 2018
Pullulan Dense hydrogen Forms strong, flexible, excellent O,- | Leathers, 2016; Dewan
bonding; high Tg barrier films; mechanical and barrier | et al., 2024; Urefia et al.,
properties decline at high RH 2023

4. Integrated Molecular perspective

The relationship between polysaccharides' physical properties and their mechanical properties has been
extensively studied in recent years across various types of polysaccharides. The results indicate a strong
correlation between polysaccharides' mechanical properties and crystalline structure, the amount of
hydrogen bonds between molecules and the distribution of molecular nanoparticles. These
characteristics are directly correlated to an improvement in the material's tensile strength and Young's
modulus due to increased order of the molecular chains and the formation of ordered hydrogen bonding
between the molecular chains. Addition of cellulose nanofibers or other nanoparticles further enhances
the material's stiffness by allowing for a transfer of the applied stress (Domene-Lopez et al., 2019;
Yataka et al., 2020; Yu et al., 2019).

Plasticizers added to the film and the branched nature of some polysaccharides contribute to flexibility

of the film by increasing the number of flexible molecular segments and enhancing elongation at failure

while reducing cohesion strength and increasing the film's water vapor permeability (Eslami et al., 2023;
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Sanyang et al., 2015). Hydrophilic materials composed of polysaccharides have an abundance of
hydroxyl groups and charge sites resulting in improved biodegradable and compostable properties
however also provide lower moisture resistance and less dimensional stability. Researchers have
recently identified that rational design of polysaccharide-based materials through engineered nano-
composites, manipulating hydrogen bond interactions and optimizing cross-linking density will allow
designers to balance these competing properties (Rostamabadi et al., 2024; Ahmed et al., 2016). As
such, understanding how the molecular characteristics of polysaccharides influence their properties is
crucial to develop future generations of polysaccharide-based films that can compete with commercial
petroleum-based polymers in terms of performance.

5. Functional Characteristics of Polysaccharide-based Films.

Mechanical properties like tensile strength (TS), elongation at break (EAB) and Young's modulus are
highly dependent on both composition and structural arrangement of the polymers. The tensile strength
of plasticised starch films usually lies between 5 and 20 MPa and increases with increasing amylose
content and crystallinity because of better orientation of molecules and greater intermolecular hydrogen
bonding (Pelissari et al., 2017; Miiller et al., 2017; Domene-Lopez et al., 2019). Plasticizers improve
film flexibility but often lead to a reduction in TS of up to 50% as they disrupt hydrogen bonding and
increase free volume within the material (Sanyang et al., 2015; Caicedo et al., 2022).Cellulose based
films display considerably higher TS values (up to 90 MPa) mainly because of their p-1,4 linked
crystalline micro-fibrils (Rhim et al., 2014). The addition of cellulose nanocrystals (CNC 1 — 5 wt %)
into cellulose matrixes improves TS and modulus through an improvement in stress transfer efficiency
and a percolated network of nanofillers (Lavri¢ et al., 2021; Criado et al., 2018). The same effect of
adding nanocellulose can be seen in starch-nanocellulose composite films, however the quality of
dispersion is critical for achieving maximum potential for reinforcement (Zhang et al., 2023; Gonzélez
et al., 2020).

Thermal stability of polysaccharide films varies widely, depending upon type and degree of substitution
of the polymer, with most polysaccharide films degrading at temperatures ranging from 250 to 350°C
(Priyadarshi & Rhim, 2020). In contrast, starch and its derivatives degrade at lower temperatures
(between 250 and 320°C), primarily due to the lack of crystalline structures that stabilize the thermally
stable forms of cellulose (Priyadarshi & Rhim, 2020). Addition of nanocellulose can also delay the
degradation onset of the blend by 10-30°C (Syafiq et al., 2023), but the temperature of decomposition
remains lower than that of polyethylene (>400°C), which limits the use of these materials in applications
requiring high temperature processing.

Barrier properties are the main limit of polysaccharide-based films. Despite the low oxygen
permeability of the films under dry conditions due to the presence of tightly packed hydrogen bonded
networks (Ureiia et al., 2023; Jarvis et al., 2023), the water vapor permeability (WVP) is normally 2—
10 times greater than that of low-density polyethylene. For example, typical WVP values of starch films
are 5-15x 107'°g - m/ m? - s - Pa whereas those of low-density polyethylene are approximately 0.5-1
x 107 g-m/m?- s - Pa. At RH above 60-70%, the moisture induced plasticization of the films will
disrupt the intermolecular interaction, leading to accelerated diffusion of vapors. Incorporating CNC or
nanoclays into polysaccharide-based films can reduce WVP by 40-60% using tortuous diffusion
pathways (Ali et al., 2018; Criado et al., 2018), but the challenge of maintaining humidity stability over
time remains.

6. Modification and reinforcement of plastics

Modification and reinforcement of polysaccharide films are necessary because, despite inherent
biodegradability and film forming potential, they suffer from poor mechanical properties and high
moisture sensitivity. The most common method for improving flexibility is to utilize plasticizers.
Increased amounts of glycerol (20—40wt%) can lead to a 30-50% reduction in tensile strength (TS) and
increase elongation at break due to the interruption of hydrogen bonds and increased mobility of chains
(Saberi et al., 2017; Pelissari et al., 2017; Caicedo et al., 2022). However, too much plasticizer can also
result in an increase in water vapor permeability (WVP) and moisture absorption (Eslami et al., 2023).
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The application of chemical cross-links increases the intermolecular cohesive forces and reduces the
degree of moisture absorption. Citric acid (CA) is one example of an environmentally friendly cross-
linking agent which creates ester linkages with hydroxyl groups. This results in an increase in TS (15—
40%), a decrease in solubility, and a significant reduction in WVP (up to 50%) (Zhang et al., 2023; Wu
et al., 2019; Khadsai et al., 2024). Alginate-based systems exhibit improved TS (approximately 25—
35%) and dimensionally stable properties when utilizing Ca®>"-mediated ionic cross-linking to create
"egg-box" type networks; however, this can result in reduced flexibility if the cross-link density is
excessive (Syarifuddin et al., 2025; Rhim, 2014).

Reinforcing with nanocomposites represents the most effective approach to impart multiple functions
into polysaccharide films. The addition of 1-5 wt.% of cellulose nanocrystals (CNC) or nanofibers can
be used to produce materials with significantly improved TS (30-100%) and WVP (15-60%) via
mechanisms including stress transfer and tortuous diffusion pathways (El Miri et al., 2015; Criado et
al., 2018; Noshirvani et al., 2018; Calvino et al., 2020). Nanoclay addition can also be utilized to
produce materials with enhanced barrier properties by creating longer diffusion paths, however, the
quality of dispersion and the extent of interfacial compatibility represent major factors influencing
successful utilization of these materials (Mufioz-Gimena et al., 2023).Overall, hybrid approaches,
including moderate plasticization in combination with controlled cross-linking and the incorporation of
dispersed nanofillers, offer the best route to provide both the mechanical properties and barrier
properties required for polysaccharide based packaging materials while maintaining biodegradable
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Figure 2: Structure Modification Performance Relationship in Polysaccharide-Based Films. Schematic
illustration showing the influence of molecular structure (crystallinity and hydrogen bonding),
modification strategies (plasticization, cross-linking, nanocomposite reinforcement), and resulting
changes in mechanical strength and barrier performance. Nanocomposite reinforcement provides the
most balanced improvement, whereas plasticization primarily enhances flexibility at the expense of
tensile strength and moisture resistance

7. Application of polysaccharide-based polymers

The application of polysaccharide film is progressing at a fast pace toward the use in medical and
agricultural sectors. For example, starch, cellulose, chitosan, alginate, pectin and pullulan are widely
used as edible coating, primary wrap and active packaging material in food systems (Cazoén et al., 2017,
Li et al., 2024; Dhalsamant et al., 2025) because they have excellent oxygen barrier property when there
is less than 60% RH. This is attributed to the strong H-bonded network of these materials which is
comparable to that of commercial synthetic polymer at low RH (Janik et al., 2022). The functionalized
polysaccharide films by incorporation of antimicrobials, polyphenols, natural antioxidants etc. enhance
the microbial inhibition and oxidative stability thereby extend the shelf life of fresh produce such as
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fruit, vegetable, meat etc. (Criado et al., 2011; Zhu, 2021; Periyasamy et al., 2025). Nevertheless, the
high water vapor permeability and the moisture sensitivity of polysaccharide film are still major hurdles.

For biomedical applications, the majority of polysaccharides used include chitosan and alginate, owing
to their biocompatibility, biodegradability and adjustable degradation behavior. Chitosan film and
scaffold provide an environment conducive to wound healing, via its inherent antimicrobial activity,
hemostatic ability, and cell adhesion support for tissue regeneration (Baharlouei et al., 2022; Ahsan et
al., 2018; Rezaei et al., 2021; Gholap et al., 2024). Cross-linking alginate provides a matrix for
controlled drug delivery and wet wound environment.

In the agricultural sector, polysaccharide composite films are utilized as biodegradable mulching films,
seed coating films and controlled-release fertilizer films (Dada et al., 2025; Menossi et al., 2021;
Ciaramitaro et al., 2024). While properly designed mulch films can prevent the formation of plastic
debris in the soil, maintain crop yields, and reduce plastic usage in the long term, the mulch films must
be durable enough to withstand environmental stresses and have lower costs than current alternatives.

8. Sustainability & Life Cycle Assessment

Sustainability is an important factor in developing polysaccharide-based biodegradable films that will
provide alternatives to petroleum-based plastics by providing a substitute to fossil resources and reduce
plastic waste in landfills and oceans. In contrast to polyethylene and polypropylene which come from
petrochemical feedstocks, polysaccharides are generated from renewable biomass sources such as
crops, forest residues and agri-food waste streams (Kocira et al., 2021; Hassan et al., 2024). Life cycle
assessments (LCAs), which evaluate all environmental impacts associated with the production,
distribution and disposal of products have shown that fossil energy requirements and greenhouse gas
(GHG) emissions are generally lower for bio-based plastics than for traditional plastics, particularly
when secondary raw materials or waste biomass are employed (Tonini et al., 2021; Benavides et al.,
2020). While the climate advantages of using bioplastics are beneficial, there may be offsets due to the
need for agricultural inputs, fertilizers, and the energy required for processing of the materials. If not
managed correctly, this can increase eutrophication and acidification impacts (Senila et al., 2024; Dada
et al., 2025).

One of the most significant factors influencing the sustainability of film is its end-of-life performance.
Biodegradable films typically degrade rapidly during industrial composting, while they tend to degrade
at a much slower rate when deposited into soils, where their decomposition is also very climate
dependent (Van Roijen et al., 2022; Sintim et al., 2020). The actual method of disposal (i.e., composting,
land application, landfilling, anaerobic digestion) has a large impact on the results of LCAs and carbon
balances (Montegiove et al., 2024; Falzarano et al., 2024). Furthermore, adding nanofillers and/or other
additives to biodegradable films introduce ecotoxicity and migration issues that need to be assessed.

Polysaccharide-based biodegradable films have a number of possible environmental benefits compared
to petroleum-based polymers like polyethylene and polypropylene. Since these materials are produced
using renewable sources of biomass, such as agricultural residues and marine biopolymers, their
production can lead to the reduction of fossil resources and decreased greenhouse gases. The evaluation
of the carbon footprint of bio-based films is often found to decrease in life cycle assessment, especially
when feedstocks are obtained as waste. The benefits of overall sustainability, however, are highly
contingent on the products used in agricultural production, the use of energy during the processing
phases, and the presence of effective end-of-life management systems. Thus, detailed sustainability
assessments, incorporating sources of feedstock, material processing, and disposal efforts, are the
necessary measures to make biodegradable films a practical contribution to the principles of the circular
economy.
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9. Research Gaps

Despite great progress made in biodegradable film technologies based on polysaccharides, there are
still a number of important research gaps that hinder large scale industrial implementation. A major
problem has been the sensitivity to moisture under typical environmental conditions. While many
studies have shown that polysaccharide-based biodegradable films can provide high oxygen barrier
resistance at moderate humidities (typically <60-70 % RH) (Shankar , 2016; Cazon et al., 2017), they
experience significant loss of mechanical strength and barrier function as relative humidity increases
above 60-70%. This occurs primarily through water induced plasticization and the breakdown of
hydrogen bond networks (Shankar & Rhim, 2018; Cazon et al., 2017).

Another limitation of current research has been the lack of established test standards. The mechanical
and barrier properties of polysaccharide-based biodegradable films are typically measured using various
conditioning environments, film thickness, and plasticizers. Therefore, direct comparisons of data from
different studies are difficult if not impossible (Cazon et al., 2017). Additionally, while nanocomposites
(Criado et al., 2018; Priyadarshi & Rhim, 2020) and crosslinking (Priyadarshi & Rhim, 2020)
techniques are highly effective at increasing tensile strength and reducing water vapor permeability,
systematic relationships between crosslink density, crystallinity, and biodegradation kinetics have not
been extensively studied. Increased structural stabilization of polysaccharide-based biodegradable films
may be achieved through these methods but it is likely to occur at the expense of the degradation rate
of the films. Few studies have quantified this relationship. Finally, scaling up the manufacturing process
for polysaccharide-based biodegradable films is also challenging. Most research conducted on
biodegradable films has utilized a solvent casting technique. However, industrial manufacturing
typically uses either blow-film processing or extrusion. As such, there is a need to study the thermally
sensitive nature of these materials during melt processing (Priyadarshi & Rhim, 2020).

Although life cycle assessments have indicated that biodegradable films have lower greenhouse gas
emissions than polyethylene (Benavides et al., 2020), the results have depended heavily on the origin
of the feedstocks used, land use, and energy input (Benavides et al., 2020; Udara et al., 2025).

Scalability and Processing on an Industrial Level.

The most significant obstacle to commercialization of polysaccharide-based films is the scaling down
in terms of both technology and scale of the fabrication methods to industrial manufacturing methods.
Solvent casting techniques are used in the majority of experimental research, and enable strict control
of film composition, but cannot be economically produced on a large scale. Conversely, industrial
packaging material is normally melt-processed through extrusion, injection molding or blow-film
processing. Most polysaccharides have low thermal stability and low process margins, rendering the
processing of most polysaccharides extremely difficult in a normal polymer manufacturing
environment. Thus, subsequent studies would focus on designing thermally stable compositions,
compatible plasticizer systems, and processable strategies that enable the production of biodegradable
polysaccharide films with the help of the existing industrial equipment.

10. Conclusion

To summarize, biodegradable films made of polysaccharides offer considerable promise as long-term
replacements for non-renewable short-life cycle products, especially in the packaging of dry foods,
biomedical supplies, and controlled environments used in agriculture. The addition of nanocomposite
reinforcement and cross-linking using renewable resources has significantly enhanced both the
mechanical properties and barrier performance of these films; however, there are still several challenges
that need to be overcome prior to commercialization. These include: hydrophilic nature (water
attraction), moisture sensitivity, limitations with current processing methods used in the food industry,
and comparative costs. To bridge this gap and enable polysaccharide-based films to transition from an
innovative product being tested at the laboratory scale to a commercially viable product for large-scale
production under a circular bioeconomic model, it will be necessary to provide for standardized testing
of their performance, coupled degradation analysis of their structures, development of new scalable
processing technologies and use of waste products as feedstocks.
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Abstract: Biomass ash generated by the combustion processes in sectors like cinnamon
oil refining is routinely discarded into landfills as mere waste, driving a cycle of
environmental degradation and loss of resources. However, because this ash contains
important mineral nutrients, it can potentially serve as a highly effective soil amendment.
Reusing it for agricultural purposes, such as in chili (Capsicum annuum) cultivation,
directly supports the principles of a circular economy. This study examines the
physicochemical properties, agronomic performance, and circular reuse potential of
biomass ash derived from a Sri Lankan industrial process, with a focus on its application
as a fertilizer replacement. Material characterization included pH, electrical conductivity
(EC), density, and water holding capacity (WHC). Controlled pot experiments were done
to evaluate the effects of graded ash applications on soil chemical properties and plant
growth. Results showed that this alkaline ash (pH 11.85 - 12.28) improved soil pH
buffering when applied at optimized rates. Despite high EC levels (24.8 - 28.1 mS/cm), its
low bulk density (0.65 - 0.67 g/cm?®) and high WHC (80.89 - 98.63%), enhanced soil
aeration and moisture retention. Consequently, optimized ash application resulted in
significant, ratio-dependent increases in plant height and leaf area compared to controls,
without adverse impacts from salinity. Importantly, ash reuse redirects a waste stream into
a value-added agricultural input, contributing to zero-waste objectives. This research
demonstrates a practical pathway for industrial waste valorization, linking waste
management with sustainable agriculture. It provides evidence that treated biomass ash can
be integrated into farming systems as a resource reuse strategy, contributing to circular
resource flows and improved agronomic outcomes. These findings are significant for
stakeholders aiming to accelerate transitions towards resource efficiency. Future work will
focus on assessing long-term soil health impacts, exploring scaling opportunities, and
evaluating the suitability of this highly alkaline amendment across other crop species.

Keywords: Biomass ash valorization; circular economy; resource reuse; sustainable
agriculture; industrial waste reuse
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1. Introduction

The global shift toward renewable energy sources has significantly increased the reliance on biomass
combustion for industrial heat and power. While this transition is crucial for reducing dependence on
fossil fuels, it has inevitably created a substantial secondary waste stream: biomass ash. Proper
management of this by-product is becoming an increasingly pressing concern. Currently, a significant
portion of this ash is treated simply as waste and disposed of in landfills (Reijnders, 2004). This practice
is inherently unsustainable. Not only does it occupy valuable land space and contribute to environmental
degradation, including unauthorized dumping and airborne dust issues, but it also represents a
substantial loss of potential resources, failing to align with the principles of a circular economy.

In the specific context of Sri Lanka, the cinnamon industry serves as a vital economic engine, producing
goods renowned for both culinary and preventive health applications (Kowalska et al., 2021). Cinnamon
oil is extracted from both the leaves and bark of the plant. After the extraction process, the residual parts
(spent wood and leaves) are utilized as fuel for the necessary combustion procedures (Department of
Cinnamon Development, 2024). Consequently, the cinnamon oil refinery industry generates significant
amounts of biomass ash as a by-product. At present, the common practice in Sri Lanka is to treat this
ash as waste. This leads to considerable environmental and economic concerns, as improper disposal is
environmentally detrimental, causes shifts in soil alkalinity, and is increasingly challenged by stricter
environmental regulations (Pugliese et al., 2014; Silva et al., 2019). There is a critical and pressing need
to develop sustainable waste management practices for this specific industrial by-product.

However, recognizing biomass ash as a liability overlooks its intrinsic value. Biomass ash is a
concentrated source of the inorganic elements originally taken up by the plant during its growth
(Vassilev et al., 2017). Existing literature highlights the potential of using ash as an effective and
economical soil amendment (Albuquerque et al., 2021). Studies show that average wood ash contains
beneficial elements such as potassium, phosphorus, and magnesium (Serafimova et al., 2011), making
it a potential substitute for mineral lime and potassium fertilizers, which typically present an N-P-K
profile of approximately 0-1-3. Furthermore, ash additions can stimulate the mineralization of organic
matter by microorganisms, which can further increase nutrient availability in the soil (Risse and Gaskin,
2016). Importantly, soil tests have demonstrated that wood ash typically increases soil pH, making it
highly effective at neutralizing soil acidity (Ohno & Erich, 1990). While these benefits are documented
for general wood ash, there remains a critical knowledge gap regarding the specific characterization and
agronomic potential of the niche feedstock generated by Sri Lankan cinnamon refineries. It is essential
to determine the specific nutrient profile and pH of this unique ash, similar to how soil pH tests are
routinely conducted at least annually in the cinnamon industry to manage acidity levels.

Therefore, this study seeks to address this gap by comprehensively characterizing the specific
physicochemical properties of cinnamon refinery ash. The primary objective is to evaluate its efficacy
as a circular soil amendment through controlled pot experiments. By thoroughly investigating its
composition and impact on plant growth, this research aims to transform an environmental liability into
a valuable agricultural asset. Ultimately, this work seeks to provide actionable insights for transitioning
the Sri Lankan cinnamon industry toward greater resource efficiency and sustainability, replacing
synthetic fertilizer use and promoting sustainable waste management frameworks. Specifically, this
study tests the hypothesis that the controlled application of alkaline cinnamon biomass ash will
significantly improve soil physicochemical properties, namely moisture retention and pH buffering,
thereby enhancing the agronomic performance of chili (Capsicum annuum) without inducing severe
salinity stress.

2. Methodology
2.1 Sample Collection and Preparation
The biomass ash was collected from two target sources and labelled as “Sample 1”” and “Sample 2” in
a manner that ensures it is representative of the batch.
1. Sampling New Ash (Top Layer): Samples were collected from the topmost layer of the ash
heap, where the ash is likely fresh and has been recently deposited.
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2. Sampling Old Ash (Middle Layer): Ash samples were collected from the middle layer of the
heap, which has been there for a longer period and might have undergone some physical and
chemical changes.

3. Sampling Very Old Ash (Bottom Layer): Ash was collected from the bottom layer of the heap,
which may show significant weathering, compaction, and possibly some mineral
transformations over time.

Composite Sampling:

After collecting individual sub-samples from different locations and depths of the heap (top, middle,
and bottom), they were combined into one composite sample and mixed thoroughly in the collection
container to achieve a homogeneous sample. The samples were labelled and stored in dry conditions
until the tests were conducted. The target of collecting samples was to observe the physical and chemical
parameters and conduct tests to check the applicability of use as a soil amendment.

2.2 Laboratory Characterization

2.2.1 pH Test

Soil pH is a critical parameter to test as the application of biomass ash (which is often alkaline) can
alter the acidity or alkalinity of the soil, affecting nutrient availability and microbial activity. The soil
pH was determined utilizing a soil-to-water suspension technique. First, a soil sample was mixed with
distilled water at a 1:5 weight-to-volume ratio (20 g of soil to 100 ml of distilled water). The suspension
was then stirred for several minutes and allowed to settle. Subsequently, the pH of the mixture was
measured using a calibrated pH meter.

2.2.2 Electrical Conductivity (EC) Test

The electrical conductivity (EC) of the soil was determined utilizing a soil-to-water suspension
technique. Initially, a soil sample was mixed with distilled water at a 1:5 weight-to-volume ratio (20 g
of soil to 100 ml of distilled water). The suspension was stirred for several minutes and subsequently
allowed to settle. Finally, the EC of the mixture was measured using a calibrated EC meter.

2.2.3 Density Test

To assess physical properties such as porosity and bulkiness, which influence soil aeration and water
retention, a density test was conducted on the cinnamon leaf biomass ash. The density values of the ash
samples were determined by first recording the mass of an empty beaker. Subsequently, a known
volume (150 ml) of the ash sample was measured and transferred into the beaker.

2.2.4 Water Holding Capacity Test

Soil samples were collected from both the ash-treated test plots and the control plots for comparative
analysis. A clean container was selected, and its empty mass was recorded. The container was then
filled with a known mass of air-dried or moist soil, ensuring uniform packing. Distilled water was
slowly added until the soil reached full saturation. Subsequently, the soil was allowed to drain freely
for 1 - 2 hours to reach field capacity, representing the maximum water retained against gravity after
macropore drainage. Following the drainage of excess water, the container and wet soil were weighed
to determine the total wet mass. Finally, the amount of water retained in the soil was calculated utilizing
the following formula:

M3~ M4 100

WHC =
my
Where,
WHC = Water Holding Capacity
m; = Weight of the soil + water (after drainage)
my = Weight of the soil before adding water (dry weight)
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2.2.5 Field Test Methodology

Initially, the necessary materials and experimental containers were prepared. Ash samples were
collected and homogeneously mixed with the soil according to the predetermined application ratios. To
prevent waterlogging, small drainage holes were drilled at the base of each container. Subsequently,
each container was clearly labeled according to its designated treatment group. To maintain optimal soil
moisture for the plants, a consistent volume of water was manually applied to each unit. Throughout
the subsequent growth period, plant development was systematically monitored, with growth
parameters recorded weekly.

Selected Containers: Plastic cups (D=7 cm, H= 8.5 cm, V = 180 ml).
Total number of containers: 4 Treatments % 5 Replicates = 20
Treatments:

1. Control: No ash application.

2. Low ash rate: 5 g ash per 1 kg soil equivalent.

3. Medium ash rate: 10 g ash per 1 kg soil equivalent.
4. High ash rate: 20 g ash per 1 kg soil equivalent.

A Uniform soil-ash mix was used for each treatment based on the specified ash rates.

Volume of a container =180 ml

Soil weight in a container =180 ml x 1.2 g/ml (soil density) =216 g

Ash quantities for each treatment:
1. Low (5g/kg): 216 g soil x 5 g/kg = 1.08 g ash per container
2. Medium (10g/kg): 216 g soil x 10 g/lkg = 2.16 g ash per container
3. High (20g/kg): 216 g soil x 20 g/kg =4.32 g ash per container

Plant growth parameters, including height, leaf count, and other visible morphological changes, were
measured and recorded weekly. Additionally, photographs of each experimental set were captured to
visually document and compare these metrics.

3. Results and Discussion

This section analyzes and presents the results across three distinct subcategories. Additionally,
observations from a preliminary survey of cinnamon oil refineries in Sri Lanka reveal a significant lack
of proper waste management practices. Furthermore, most refinery owners possess limited awareness
regarding the potential use of ash as an agricultural fertilizer. Discussions with refinery workers
corroborated these findings, highlighting the absence of both established applications for the ash and
formal waste management protocols during the extraction process. However, isolated instances were
noted where ash has been informally applied as fertilizer to agricultural lands adjacent to the facilities.

3.1 Chemical and Physical Properties of Cinnamon Biomass Ash.

The chemical characterization results indicate that the biomass ash generated from cinnamon oil
refinery processes is highly alkaline compared with typical agricultural soils. As shown in Table 1, the
ash samples exhibited pH values between 11.85 and 12.28, significantly higher than the control soil pH
of 7.92. Such high alkalinity is characteristic of biomass combustion residues due to the presence of
alkaline oxides and carbonates of calcium, potassium, and magnesium formed during high-temperature
combustion processes.
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Table 1: Chemical Properties of Cinnamon Refinery Ash and Control Soil Sample

Sample Source pH (1:5) EC (mS/cm)
Sample A (Refinery: Horapawita) 12.28 28.10
Sample B (Refinery: Dampella) 11.85 24.85
Control Soil 7.92 0.12

As shown in Table 1, the strong alkalinity in the mix indicates that cinnamon ash has a high liming
potential, suggesting that it may be particularly suitable for improving acidic soils such as the Red-
Yellow Podzolic soils widely distributed in Sri Lanka. Similar alkaline characteristics have been
reported for biomass ashes derived from wood and agricultural residues (Lamers et al., 2018; Voshell
et al., 2018).

Furthermore, according to Table 1, ash also has relatively high electrical conductivity (24.85 — 28.10
mS/cm), indicating a high concentration of soluble salts. While these salts often contain beneficial plant
nutrients such as potassium and calcium, excessive concentrations may increase soil salinity if the ash
is applied in large quantities. Therefore, careful management of application rates is necessary when
utilizing this material as a soil amendment.

Table 2: Density of the Samples

Sample Type Sample Density
Sample 1 (Horapawita) 0.666 g/cm’
Sample 2 (Dampella) 0.653 g/cm’

In addition to its chemical properties, according to the table 2, the ash exhibited a low bulk density
(average 0.66 g/cm®) compared with typical mineral soils. This low density reflects the porous structure
of biomass ash particles and suggests that its incorporation into soil may improve soil aeration and
reduce compaction. Improved soil porosity can enhance root penetration and water infiltration,
contributing to better plant growth conditions.

3.2 Plant Growth Response and Salt Tolerance of Capsicum annuum

The pot experiment results demonstrated a clear positive relationship between biomass ash application
and overall plant development. As detailed in Table 3, increasing the ash application rates consistently
led to taller plants with larger leaf areas compared to the control group. This enhanced growth trajectory
is visually corroborated in Figure 1, which captures the plants' progress at the end of the 14-week period.

o
-
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Controlled 1.08 g Ash + Soil
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2.16 g Ash + Soil

Figure 1: Field Test Plant Growth Progress After 14 Weeks

Despite the relatively high salinity and alkalinity of the raw ash, the chili plants (Capsicum annuum)
exhibited strong growth responses. This observation can be partially explained by the moderate salt
tolerance of chili plants. Many chili genotypes possess physiological mechanisms such as osmotic
adjustment, ion compartmentalization, and selective ion uptake that allow them to tolerate moderate
salinity levels without severe growth inhibition (Aktas et al., 2006). Furthermore, the buffering capacity
of the sandy loam soil used in the experiment likely mitigated the initial chemical intensity of the ash.
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Soil buffering processes can dilute soluble salts and moderate pH fluctuations, thereby reducing
potential toxicity effects.

Table 3: Summary of Average Height, Average Leaf Area, and Average Number of Leaves

Set Number Average Height Average Number of Avezrage Leaf Area
(cm) Leaves (cm?)

Set 1: No ash application 11.1 54 4.00

Set 2: 1.08 g of ash + soil 11.2 6.4 8.82

Set 3: 2.16 g of ash + soil 15.0 7.4 11.65

Set 4: 4.32 g of ash + soil 16.0 7.8 11.87

As per the summary of the growth results shown in Table 3, the positive plant growth response observed
in this study suggests that the nutrient benefits of the ash, particularly the supply of potassium and
calcium commonly present in biomass ash, may outweigh the potential risks associated with salinity
under controlled application conditions. In addition, improvements in soil physical properties, including
enhanced aeration and moisture retention due to the low-density porous structure of ash particles, may
have further contributed to the observed plant growth enhancement.
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Figure 2: Plant Height Variation in Four Sets of Plants

Building on earlier observations, the addition of ash yielded considerable gains in plant height across
the treated containers (Figure 2). This accelerated development extended to leaf area expansion;
tracking over the 12th, 13th, and 14th weeks revealed a distinct upward trend strictly corresponding
with the increased ash applications (Figure 3).
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Figure 3: Leaf Area Variation in 12th, 13th, and 14th weeks

3.3 Water Holding Capacity Test
Table 4: Calculations for Water Holding Capacity

Sample Type Dry Soil/Ash Wet Soil/Ash Water Holding
Weight Weight Capacity (WHC)

Control Soil 16422 g 215.835¢g 31.43%

Sample 1 (Horapawita) 81.60 g 162.086 g 98.63%

Sample 2 (Dampella) 79.643 g 144.065 g 80.89%

According to Table 4, the water holding capacity values are higher when compared to those of the
control soil. This means the ash sample can retain water, which is beneficial for plant growth.

The ash samples have a high percentage of water-holding capacity, indicating exceptionally high
moisture retention compared to the soil. This is consistent with the literature, which reports that biomass
ash typically has a low bulk density and high porosity, providing a large specific surface area and micro-
and macropores that can retain substantial amounts of water. The porous structure and fine particles of
biomass ash contribute to this enhanced water retention ability.

When mixed with soil, biomass ash could significantly improve the soil’s water retention properties.
This benefit is particularly valuable in tropical or arid environments (such as parts of Sri Lanka) where
soil moisture conservation is crucial for crop growth and drought resilience. Improved WHC means
plants could have better access to water between irrigation or rainfall events, potentially enhancing
growth and yield.

Biomass ash can help improve soil aggregate formation due to the creation of a dual-pore system
(micropores inside aggregates that hold water and macropores between aggregates that improve
aeration). It can improve both water retention and soil aeration and root penetration.

Thus, as shown in Table 4, the soil WHC value of 31.43% is typical for many mineral soils but is quite
low relative to the ash, suggesting that blending or amending soil with the ash could increase WHC
substantially, based on the usage rate and mixing.

3.4 Comparative Analysis of Biomass Ashes

To place the results of this study within a broader context, the physicochemical characteristics of
cinnamon refinery ash were compared with other commonly studied biomass ashes reported in the
literature, and the summary is shown in Table 5.
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Table 5: Comparative Characteristics of Selected Biomass Ashes

Ash Type :I)_flplcal Key Characteristics Reference

Cinnamon 11.85 - . - . .

Ash 1208 High alkalinity, high soluble salts, low density Present Study

Rice Husk 75.90 Very high silica (SiO2 > 80%), used for soil Singh et al.

Ash ' ) stabilization (2008)

Wood Ash 90-11.0 Rich in calcium and potassium, commonly used Pugliese et al.
as a soil amendment (2014)

Straw Ash | 10.0-11.5 | High soluble potassium salts (KCI, K2SOx) (Zz"g?g)et al.

Coal Fly Ash | 8.0 - 10.0 High alumina and iron content; potential heavy Basu et al.
metal concerns (2009)

Compared with other biomass ashes, cinnamon refinery ash demonstrates exceptionally high alkalinity,
exceeding that of typical wood ash and rice husk ash. While rice husk ash is primarily valued for its
high silica content and is widely used in soil stabilization and cementitious applications, cinnamon ash
functions more effectively as a chemical soil amendment with liming potential. The relatively high
electrical conductivity observed in cinnamon ash also resembles that of straw ash, which contains
significant amounts of soluble potassium salts. These soluble minerals can contribute to plant nutrition
when applied in appropriate quantities, but may lead to salinity stress if excessive amounts accumulate
in the soil. From a resource management perspective, the findings highlight the potential of cinnamon
biomass ash to be integrated into agricultural systems as a circular resource, transforming an industrial
waste product into a value-added soil amendment. Such reuse strategies align with circular economy
principles by reducing waste disposal while simultaneously improving soil fertility and agricultural
productivity.

4. Conclusion

From the results and discussions, it can be concluded that there is considerable growth in plant height
and leaf areas with the addition of ash, and a higher ash rate gives taller plants with larger and a greater
number of leaves. However, there are considerable positive impacts and several limitations for the
growth of plants, as discussed in Table 6. A comprehensive breakdown of the overall conclusions and
parameter interpretations is provided in Table 7.

Table 6: Benefits and Limitations

Benefits

Limitations

Improves pH in acidic soils

High EC can harm sensitive plants

Enhance water retention and aeration

Over-application may lead to salinity or nutrient
imbalance

Supports plant growth

Only tested and valid for chili plants. (Leading to
future study area: impact of cinnamon ash on
other plants)

Table 7: Overall Conclusion of the Observations

ash's alkalinity.

Aspect Observation Interpretation
Test results - 12.28 and Improve growth in acidic soils, but a risk occurs
Soil pH 11.85, likely increased due to p £ ’

in nutrient imbalance if the pH becomes too high.

Test results - 28.10, 24.85
mS/cm. Increased EC from
ash.

Soil Salinity
(EC)

Field results depict growth improvement,
suggesting EC is within tolerable limits or

mitigated by soil buffering.
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Test results - 80.89%, Helps in better moisture availability, as it
98.63% improved by Ash's contributes to increased plant height and leaf
high water-holding capacity. | area.

Test results - 0.67, 0.65
Soil Structure | g/cm?®. Improved porosity
from low density.

Water
Retention

Enhances root growth and nutrient uptake,
reflected in better plant development.

It indicates that biomass ash, despite high pH and
EC, positively influences plant growth under
testing conditions.

Height and leaf area

Plant Growth .
increased.

Future research must prioritize optimizing cinnamon biomass ash application rates across diverse soil
typologies and crop species to maximize agronomic benefits, such as enhanced water retention, while
mitigating the risks of salinity and nutrient lockout associated with its strong alkalinity and high
electrical conductivity (EC). Longitudinal field studies spanning multiple growing seasons are essential
to evaluate the sustained impacts on soil health, nutrient cycling, and microbial activity, complemented
by comprehensive physicochemical profiling and rigorous heavy metal screening to prevent cumulative
ecological toxicity. To broaden agricultural applicability, investigations should expand beyond chili
(Capsicum annuum) to encompass a wider variety of crops, potentially incorporating ash pre-treatment
techniques or prioritizing salt-tolerant varieties to manage the elevated EC. Finally, conducting
comparative economic feasibility studies and comprehensive environmental impact assessments against
synthetic fertilizers, alongside exploring alternative value-added applications like geotechnical soil
stabilization or pH buffering in anaerobic digestion, will critically validate the role of this industrial
byproduct within sustainable, circular bioeconomy frameworks.
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Abstract: The current study investigates the effect of the awareness of Circular Economy
principles that apply in the Organic food market on actual purchasing behaviour with
mediators of attitude and purchase Intention with an aim of identifying the translation of
consumer awareness on practical usage. Deductive approach and the Pragmatist research
Philosophy was employed. Data were collected from 222 organic foods consumers in the
Colombo District, Sri Lanka who normally purchase organic food products from
supermarkets and organic foods stores. Multistage sampling was employed through the
application of stratified random sampling, GPS-based random location selection, and
systematic random sampling. Structural Equation Modelling (SEM) was employed to
determine the suggested associations among the variables. The results validate path starting
from Awareness to Behaviour emphasizing that consumer attitude and buying intention
simultaneously mediate the relationship between the awareness and the actual
consumption. Study has mainly limited to identify and minimize the awareness behaviour
gap existing in CE and the organic foods Market and provides rich findings by contributing
theoretically to extend the Theory of Planned Behaviour. Practically, the results guide
policymakers and organizations to design interventions beyond awareness campaigns.
Strategies should sequentially target attitude building and purchase intention through
credible information, labelling and circular product design, enabling measurable
behavioural change and effective implementation of circular economy practices. The
findings highlight the societal importance of awareness-driven attitude formation in
promoting sustainable consumption. By strengthening public understanding of circular
economy principles, communities can foster pro-environmental norms, responsible
lifestyles, and collective behavioural shifts supporting long-term social and environmental
well-being thus enabling the achievement of SDGI12, Sustainable Production and
Consumption. The study introduces and validates a new model connecting awareness,
attitudes, intentions, and actual consumption by extending TPB’s starting point as
Awareness. It enriches CE and consumer behaviour by providing suggestions for policy
makers, marketers, and stakeholders by promoting organic foods consumption.

Keywords: Organic consciousness; Circular Economy; Ecological consumption; Intention
to buy; Consumer behaviour
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1. Introduction

The global sustainability movement has increasingly put more emphasis on organic food systems and
Circular Economy (CE) models as pivotal ways toward responsible consumption and production (SDG
12). Nevertheless, the literature to date has largely addressed these frameworks in mutual isolation of
one another, without taking into account the potential synergies that could be generated by merging
them. Organic farming, characterized by chemical-free and natural production orientation (Reganold &
Wachter, 2016), is effective in achieving environmental and health objectives at the production level
but not at the post-consumption level. CE models, however, concentrate on material loop closure by
reuse, recycling, and minimization of waste (Ellen MacArthur Foundation, 2015) but are less likely to
direct attention to ecological and health benefits of organic inputs. This disconnection is an instant
missing link in sustainability scholarship because every strategy in isolation fails to encompass the
entire chain of sustainable consumption and production. This study bridges this gap by investigating
how consumer knowledge of organic products, defined under CE discourse, affects buying habits.
While earlier literature has discussed holistically organic consumption determinants (Yadav & Pathak,
2016) as well as barriers to CE adoption (Kirchherr et al., 2018), scant empirical work exists in their
inter-link, particularly in developing economies like Sri Lanka. The Sri Lankan scenario is especially
relevant with reference to its fledging organic retail industry (Wijesinghe et al., 2021) as well as
country-level CE policy initiatives. Second, the awareness-behavior gap to sustainable consumption is
an individual event preceding and being specifically different from the widely researched intention-
behavior gap in literature (Malkanthi, 2021; Kapuge, 2016). While the intention-behaviour gap
examines why intentions that have been formed aren't utilized (Osberghaus et al., 2025), the awareness-
behavior gap is related to a preceding cognitive gap where consumers are aware of sustainability
benefits but don't even form purchase intentions. It is this disconnection that is most clearly illustrated
in organic consumer markets and the circular economy, where intense awareness repeatedly fails to
generate underlying consumption habits. Current studies reflect this gap quite well. In organic shops,
although 90% of shoppers rightly identify organic certification symbols (Organic Trade Association,
2023), just 31% claim to actually consider buying organic while shopping. Similarly, in circular
economy strategies, 72% of shoppers identify recycling symbols and CE in general (European
Commision, 2022), yet less than 18% choose products that apply CE principles when they shop. These
patterns indicate an underlying consideration-knowledge gap prior to intention formation. The gap is a
more critical issue than the intention-behavior gap since it occurs earlier in consumer engagement. The
conventional theories like the Theory of Planned Behavior (Ajzen, 1991) have made the assumption
that awareness would automatically translate into intention building and is not concerned about
awareness but concerned with the attitude of the consumer, yet the awareness-behavior gap in the
sustainable markets still refutes this assumption. Our study therefore introduces a novel conceptual
model that cuts to this prior cognitive failure on how to convert passive awareness of sustainability into
active consideration of purchase. By bridging this research gap, our research is able to contribute in
three ways: (1) theoretical contribution by conceptualizing an integrated model that accentuates their
synergies (Geissdoerfer et al.,2020); (2) empirical proof of the way CE-framed messaging enables
organic market growth; and (3) policy implications for policymakers to enable organic and CE regimes
contemporaneously. The figure outlines below depicts the overall picture of our study.

Research objectives of this study can therefore be formulated as;

Main Objective: To propose and validate a new model linking the awareness and actual purchasing
behavior
I.  To examine the effect of the awareness of the principles of Circular Economy on consumer
attitude.
II.  To identify the Impact of Consumer Attitude on Purchase Intention.
III.  To examine the Effect of Purchase Intention on Actual Purchase.

IV. To examine whether the customer attitude work as a mediator between awareness and Intention.
V.  To examine whether the purchasing intention work as a mediator between attitude and Actual
purchase.
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2. Literature Review

The transition from linear production economies to circular economies is a paradigm shift in sustainable
development with the goals of minimizing waste, proper use of resources, and system regeneration
(Ellen MacArthur Foundation, 2019). This revolutionary design promotes closed-loop material flow
that significantly minimizes the environment burden and maximizes economic value (Geissdoerfer et
al., 2017). They cover widely when used in organic food systems to help achieve numerous of the
Sustainable Development Goals (SDGs), such as SDG 3 (Good Health and Well-being) and SDG 12
(Responsible Consumption and Production) (United Nations, 2015). Organic production systems attain
these results by eschewing synthetic inputs and leveraging ecosystem service delivery. Organic
production systems achieve the above outcomes through the limitation of artificial inputs in the system.
Empirical studies have shown that organic production systems promote ecological sustainability
through the improvement of soil quality (Reganold & Wachter, 2016), biodiversity by 30% (Gomiero
et al., 2011), as well as water retention. Furthermore, organic food systems have the advantage of
lowering the costs of production for the farmer as well as the end consumer (SDG 3.9). Moreover,
circular economy systems promote the development of strong urban food systems (SDG 12.2). New
technologies in the field of organic waste fermentation and food sharing platforms have the potential to
strengthen the above benefits. These technologies have the ability to contribute to the prevention of up
to 19% of global diseases (Johns Hopkins Center for a Livable Future, 2023). Organic circular food
systems thus play the role of an ecologically sustainable preventive health strategy. Hybridizing the
circular economy with organic food systems is science-based options for the mitigation of other SDGs
of serious global issues of public health and environmental sustainability.

2.1 Awareness of organic products adopting CE principles and attitude

This awareness among consumers acts as a major influencer of positive attitudes towards sustainable
products, as environmental consciousness influences perceptions and judgments (Sharma & Foropon,
2019). Knowledge of the circular economy, specifically the 9R approach, influences positive attitudes
towards sustainable products in various ways. Knowledge of the circular economy, such as the
processes of resource regeneration, closed-loop supply chain management, and regenerative agriculture,
influences perceptions of product efficiency, promoting ethical consumption (Gonella et al., 2024;
Stern, 2000). Environmental consciousness has a positive effect on perceived behavioral control, as the
idea of sustainable behavior becomes more palpable, which aligns with the Theory of Planned Behavior
(Ajzen, 1991; Han, 2021). Research indicates that the more consumers are aware of the circular
economy, the more positive their attitudes towards sustainable products become (Jimenez-Fernandez et
al., 2023). Although only a small percentage of consumers have an idea of the circular economy, as
opposed to the general awareness of recycling, there is a need to implement strategies to improve the
general public’s knowledge of the circular economy, which would further improve positive attitudes
towards sustainable products

HI1- Awareness of the principles of circular economy has a positive impact on consumer’s attitude
towards the behavior.

2.2 Consumer Attitude and Purchase Intention

Consumer attitude is an element of purchase intention, especially that of sustainable consumption and
circular economy. The Theory of Planned Behavior (Ajzen, 1991) was used in various research studies
to confirm the fact that health-consciousness attitude, greenness attitude, and product knowledge
attitude have essential roles to play in influencing consumers' acceptability towards sustainable
consumption practices (Sharma & Foropon, 2019). Strong international market correlations of
purchasing intentions towards organic or green products with optimistic attitudes have been
demonstrated. Attitudes of health and safety are the strongest motivators, which most frequently lead
individuals to organic products, and environmental and ethical ones may make even a trend in behavior
in this way concrete (Paul et al., 2020; Testa et al., 2021). Cross-cultural studies have repeatedly
confirmed that attitudes based on a mix of moral, health, and safety issues occupy the key role of organic
food purchasing intention (Paul et al., 2016; Testa et al., 2021). Local research also confirms these
trends. Sri Lankan consumers primarily purchase organic food for health-related reasons, whereas in

42



India, both moral values and health awareness play significant roles in driving purchase intentions
(Yadav & Pathak, 2016). Environmentalism and consumer safety orientation have a positive impact on
attitude. A positive attitude is one that has a high level of purchase intentions for environmental products
(Sharma & Foropon, 2019). Furthermore, the level of consumer education concerning the benefits of
organic consumption has a positive impact on the level of purchasing intentions for consumers who are
well-educated (Jimenez-Fernandez et al., 2023). This demonstrates the complex yet effective
mechanisms through which attitudes operate.

H2- The attitude towards behavior has a positive impact on intention to purchase

2.3 Intention to Purchase and Actual Purchasing Behavior

Purchase intention is an excellent predictor of actual purchasing behavior. This is confirmed by the
Theory of Planned Behavior proposed by Ajzen in 1991, indicating that purchase intention is mediated
by attitudes, subjective norms, and perceived behavioral control (Fishbein & Ajzen, 1975). There is
consistent evidence showing a positive link between purchase intention and sustainable consumption
behavior (Carmona et al., 2023; Sembiring & Nisa, 2024). Green buying intention is found to strongly
influence actual green purchasing behavior in different settings, including purchasing household
appliances in South Africa (Dilotsotlhe, 2021) and other research on sustainable consumption behavior
(Joshi & Rahman, as cited in Marvi et al., 2020; Frommeyer et al., 2022). Both the Theory of Reasoned
Action and the Theory of Planned Behavior successfully explain the link between purchase intention
and purchasing behavior, suggesting that a strong purchase intention is likely to significantly influence
purchasing behavior (Nguyen et al., 2019; Verma & Chandra, 2017).

H3: The Intention to purchase has a positive impact on actual purchasing behavior.

2.4 Awareness, Attitude and Purchasing Intention

The link between consumer awareness, attitude and purchase intention has been explored extensively.
Research evidence suggests that attitude is an important mediator between consumer awareness and
purchase intention. Awareness is disseminated through information dissemination campaigns,
advertising, branding, and other similar processes. Awareness influences consumer beliefs, which in
turn affect consumer attitude and ultimately influence consumer purchase intention (Alqaysi et al.,
2024; Rusdianto et al., 2022; Parashar, 2024). Unlike the general model of consumer purchase intention,
where consumer attitude is shaped by product characteristics or brand-related factors, consumer attitude
is shaped by product safety features or environmental protection aspects in the case of organic food
purchase intention (Teixeira et al., 2021). The mediating effect of consumer attitude on consumer
purchase intention is supported by the Theory of Planned Behavior (Ajzen, 1991) and the Hierarchy of
Effects model (Lavidge & Steiner, 1961), which emphasize the significant effect of consumer attitude
on consumer purchase intention.

HA4: The Attitude towards the behavior work as a mediator between Awareness and Intention to
Purchase.

2.5 Mediating Role of Purchase Intention in the Relationship Between Attitude and Actual
Purchase behavior

The relationship between consumer attitude and purchasing behavior has already been established with
purchase intention as the key mediator between the two constructs. This is based on the Theory of
Planned Behavior, which states that attitudes influence behavioral intentions and that these intentions
are the driving force behind behavior (Ajzen, 1991). This means that intention is the key antecedent to
behavior and the mediator between attitude and behavior. A series of research works conducted in
different contexts, including green behavior, online shopping behavior, organic market behavior, among
others, have shown that consumer attitude is positively related to purchase intention and purchase
behavior (Yadav & Pathak, 2016). Literature has also shown that the attitude-behavior relationship is
mediated by purchase intention (Moser, 2015; Lim et al., 2016). With the above literature in mind, the
following hypothesis is proposed:
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H5: Purchase intention is the mediator for the relationship between attitude and actual purchase
behaviours.

3. Methodology
Conceptual Model of the Study
Awareness of CE . .
Principles Attitude towards Purchasing Actual Purchase
the Product Intention

—>
Source: Compiled by the Author
Figure 1: conceptual Model of the Study

The research methodology adopted in this study is a deductive approach based on pragmatism to ensure
methodological flexibility in accomplishing the research objectives. A cross-sectional time horizon is
employed in this study to assess the relationships between variables in a single time period. The sample
size comprises 222 Sri Lankan organic consumers, and a structured questionnaire is employed to collect
data from different selling venues and supermarkets in the Colombo Divisional Secretariat area. Data
collection is carried out through a multistage random sampling approach, where initially stratified
sampling is employed to segment the population based on relevant attributes, followed by a
geographical approach through a GPS-based random sampling approach, and finally a systematic
random sampling approach, where every alternate consumer is selected for this study.

Data collection is carried out through a survey approach using pre-tested scales to ensure the reliability
and validity of the data collected in this study. Data analysis is carried out through a structural equation
modeling approach using SmartPLS, where relationships between variables are modeled in this study.
An SEM approach is employed in this study to examine relationships, test measurement constructs to
ensure validity and reliability, and test structural models to test hypotheses, where both direct and
indirect effects of exogenous variables on endogenous variables are evaluated in this study.

4. Results and Discussion
4.1 Descriptive Statistics
Table 1: Summary of Demographic Profile of Organic Consumers (n = 222)

Variable Dominant Category Percentage (%)
Age 3140 years 50.45
Gender Female 55.41
Education Bachelor’s Degree 49.55
Income Middle Class (LKR 50,001-150,000) | 69.82
Residential Area Sub-Urban 49.55
Ethnicity/Language Sinhala 88.29
Employment Full-time Employees 71.62
Household Size 3—4 Members 58.56

The demographic profile of 222 organic consumers in the Colombo District presents a mature and
financially stable market segment. Half of the respondents (50.45%) belong to the 31-40 age group,
which suggests that the organic food market is dominated by middle-aged consumers. Furthermore, the
proportion of female consumers is slightly higher than that of their male counterparts (55.41%), which
may indicate that consumers are slightly more inclined towards organic food shopping as females. The
educational qualification of the consumers is also observed to have a strong impact on organic food
shopping behavior, with almost half of the respondents (49.55%) possessing a Bachelor's qualification,
which may indicate the positive correlation between educational qualifications and organic food
shopping behavior. From the income distribution of the organic consumers, it is evident that the majority
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(69.82%) belong to the middle-income group, followed by the upper middle group. Geographically, the
majority of the consumers live in sub-urban (49.55%) and urban (42.79%) areas while the representation
of the rural sector is very low (7.66%). The majority of the sample population speak the Sinhala
language (88.29%), and the employment profile shows that full-time employees dominate the consumer
segment (71.62%). Household size is medium-sized families of 3-4 persons, which dominate the sample
population (58.56%).The results of this study have revealed that the majority of the organic food
consumers in the Colombo District of Sri Lanka comprise an educated, middle-income, urban/sub-
urban-dwelling, and professionally employed consumer segment of the population.

4.2 Measurement Model

This study aims to explore the relationships between consumer awareness, attitude, purchase intention,
and behavior in the realm of sustainable and organic products. Previous studies have established that
consumer attitude plays a vital role as a mediator between awareness and purchase intention. This
implies that awareness influences consumer beliefs, which in turn generate positive or negative attitudes
that influence their purchasing behavior (Ajzen, 1991; Pratama et al., 2023; Alqaysi et al., 2024).
Purchase intention has been identified as one of the most powerful predictors of behavior. This intention
encompasses motivational and decisional aspects that ultimately translate to concrete behavior
(Fishbein & Ajzen, 1975; Sembiring & Nisa, 2024). Green and sustainable consumption behavior have
been identified as a key driver of intention. Several studies have established the link between purchase
intention and the manifestation of the same into concrete behavior (Marvi et al., 2020; Dilotsotlhe,
2021). This implies that while awareness plays a critical role, the attitude that follows awareness plays
a critical role as the primary determinant of purchase intention.
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Figure 2: Measurement Model
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Factor Loadings, Reliability, and Multicollinearity
Table 2: Factor Loadings, Reliability, and Multi-collinearity Assessment of Constructs
Source: compiled by the Author

Construct | Item Factor Cronbach’s | rho_A | rho C | AVE | VIF Decision
Loading Alpha

A Al 0.724 1.875 | Selected
A2 0.884 3.130 | Selected
A3 0.499 1.431 | Eliminated
A4 0.800 0.861 0.893 | 0.897 | 0.599 | 2.143 | Selected
A5 0.871 2.700 | Selected
A6 0.800 2.229 | Selected

B Bl 0.798 1.935 | Selected
B2 0.838 3.162 | Selected
B3 0.773 0.873 0.874 | 0.908 | 0.663 | 1.949 | Selected
B4 0.756 2.709 | Selected
B5 0.803 2.323 | Selected

PI PI1 0.791 1.919 | Selected
PI2 | 0.799 4.647 | Selected
PI3 | 0.798 0.846 0.853 | 0.889 | 0.616 | 2.020 | Selected
PI4 | 0.888 4.191 | Selected
PI5 | 0.806 2.156 | Selected

R R1 0.808 2.965 | Selected
R2 0.826 3.091 | Selected
R3 0.729 2.227 | Selected
R4 0.724 0.905 0.906 | 0.922 | 0.570 | 2.316 | Selected
R5 0.699 1.909 | Near

threshold

R6 0.756 2.659 | Selected
R7 0.753 2.571 | Selected
RS 0.768 2.130 | Selected
R9 0.719 1.868 | Selected

This table shows the factor analysis, reliability test, and multicollinearity test results for four different
variables: Attitude (A), Behavior (B), Purchase Intention (PI), and Awareness of Circular Economy
Principles (R) (Schmitt & Sass, 2011; Hair et al., 2010). Factor loading indicates the measurement of
each variable in relation to its corresponding factor. In this study, it is found that A3 should be removed
because it has a low factor loading (Schmitt & Sass, 2011).Reliability analysis results, such as
Cronbach’s Alpha and Composite Reliability tho A and rho_C, show high reliability for all four
constructs (Manterola et al., 2018). AVE results support convergent validity (Hair et al., 2010) while
VIF results show no severe multicollinearity problems (Hair et al., 2010). Overall, all of these results
are statistically significant and support the use of these constructs in analyzing consumer behavior
towards sustainable products (Ajzen, 1991; Sharma and Foropon, 2019).

4.3 Structural Model

The empirical study applied structural equation modeling to test hypotheses and measure the
relationships between constructs. The model describes the connection between unmeasured latent
variables. In addition, the structural model defines how latent constructs drive changes in other latent
constructs' values either directly or indirectly. The endogenous and exogenous variable correlation was
determined by path coefficients, confidence intervals, model fit, and R2 statistics. Therefore, the
structural model of the current study can be discussed as below. Based on the aforementioned model,
resulting measures of model fit, path coefficients, confidence intervals, R2, and can be shown as like
shown in Figure 02.
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Figure 3: Structural Model

Table 3. Structural Model Fit Indices

p

5

B1

0.000 B2
0.000
0.000—» B3
0.000.
0.000 B4

B5

Fit Index Saturated Model Estimated Model Recommended Value
SRMR 0.101 0.119 <0.10
d ULS 3.041 4.223 —
dG 3.099 3.264 —
Chi-square 1714.575 1786.632 —
NFI 0.535 0.516 ~0.90

Although the SRMR values slightly exceed the ideal threshold and NFI values are below conventional
SEM benchmarks, such outcomes are acceptable in complex PLS-SEM models. Emphasis was therefore
placed on predictive relevance and path significance, which were found to be strong and statistically
robust. Overall, the findings support the proposed structural framework and confirm the presence of a
significant two-stage mediation process linking CE Principles to sustainable behavioral outcomes.

Table 4. Summary of Structural Relationships

Type Relationship B t-value p-value R? (Endogenous
Variable)
Direct R— A 0.809 32.484 <0.001 0.654
Direct A—PI 0.752 23.579 <0.001 0.566
Direct PI—-B 0.716 14.519 <0.001 0.513
Indirect R—>A—>PI 0.609 8.399 <0.001 —
Indirect A—-PI—>B 0.539 4.942 <0.001 —
Chain Mediation | R - A - PI— B | 0.436 4.289 <0.001 —

The results indicate strong direct effects from CE Principles to Attitude, from Attitude to Purchase
Intention, and from Purchase Intention to Behavior. Additionally, significant indirect and chain
mediation effects confirm that sustainable behavior is influenced through sequential attitudinal and
intentional mechanisms. The R? values demonstrate that the model explains 65.4% of Attitude, 56.6%
of Purchase Intention, and 51.3% of Behavior.
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4.4 Hypothesis Testing
Table 5: Hypothesis Testing

Hypothes Origi Standard T
1S nal Sample . . statistics P Supported
Path deviation
sampl mean (M) (STDEV) (JO/STD | values or Not
e (0) EV)
H; R->A 0.809 0.812 0.025 32.484 | 0.000 | Supported
H2 A ->PI 0.752 0.755 0.032 23.579 | 0.000 | Supported
H3 PI->B 0.716 0.720 0.049 14.519 | 0.000 | Supported
H4 R->A->PI 0.609 0.614 0.037 16.584 | 0.000 | Supported
HS5 A->PI->B 0.539 0.545 0.057 9.522 | 0.000 | Supported
Total R->A->PI->B | 0.436 0.443 0.052 8.376 | 0.000 | Supported
Mediation
path

Source: Survey Data (2025)

This study offers substantial empirical evidence in favor of a sequential model in which the level of
awareness of circular economy concept (R) significantly impacts consumer attitude (A), and this
attitude in turn significantly impacts purchase intention (PI) and, finally, purchase behavior (B). All
these relationships were found to be statistically significant, thus validating the significance of attitude
in influencing purchase behavior through indirect factors of attitude and purchase intention (Pratama et
al., 2023; Kongarchapatara & Hanpanit, 2021; Vidal-Ayuso et al., 2023).

Theoretical Implications

This study extends the Theory of Planned Behavior by placing awareness as a key antecedent factor
that triggers attitude. It emphasizes the key role played by attitude in shaping intention to purchase and
actual purchasing behavior. The extension to the Health Belief Model reinforces the psychological
process that links awareness to attitude and subsequently to intention to purchase and actual purchasing
behavior.

Practical Implications

While awareness is a key driver in the process to purchasing behavior, it is not enough on its own to
generate the desired purchasing behavior. It is therefore imperative that policymakers introduce a
system of certification and labeling to raise awareness and build confidence among consumers.
Similarly, it is essential that organizations adopt the circular economy model to enhance the
sustainability of the organization as well as the product.

Limitations and Future Research

However, this research has some limitations, such as the consideration of only cognitive factors, the
application of the quantitative method from the point of view of a single country, and the lack of a
comprehensive analysis of systemic policy interventions. To expand this research, it is suggested that
future research should be based on the consideration of strategies related to affective and emotional
engagement, the application of the cross-cultural framework to verify the results, and the consideration
of multi-level policy interventions to expand the research scope regarding the concept of the circular
economy (Baah et al., 2021; Aljaber et al., 2021).
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Abstract: The consumption of herbal medicinal products is increasing rapidly nowadays
due to consumer awareness of natural ingredients and perceived safety of herbal remedies
compared to synthetic products. This study aims to identify not only the factors influencing
consumer preferences but also their implications for the sustainable development of Sri
Lanka’s herbal agro industry by evaluating consumer preferences for local and imported
herbal products. The data were collected from 272 respondents in Sri Lanka using the
snowball sampling method and a questionnaire survey by employing a quantitative
research design. Although previous studies in Sri Lanka’s herbal medicinal sector have
studied consumer preferences and sustainability separately, this study fills a significant
research gap by integrating both factors. This research helps to develop effective strategies
by explaining how consumer preferences affect social, economic and environmental
sustainability. The results showed that sustainability was significantly influenced by
perceived quality, cultural influence, brand trust and availability (p < 0.001). In addition,
perceived quality and cultural influence have an indirect impact on sustainability through
consumer preferences. According to the results, consumers who preferred locally sourced
products showed higher commitment to sustainability (P = 0.047) than those who preferred
imported products or were neutral. Gender and environmental consciousness were
identified as significant moderating variables in the relationship between consumer
preferences and sustainability. The results of this study provide valuable guidance for
farmers, local producers and policymakers to improve local cultivation, production and
plan effective marketing strategies. Aligning such strategies with consumer preferences
can promote sustainable growth in Sri Lanka’s herbal medicine agro industry. In addition,
it also strengthens the competitiveness of local products in both domestic and international
markets.

Keywords: Agro Industry; Consumer Preferences; Herbal Medicine; Locally Sourced
Products; Sustainable Development,
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1. Introduction

Medicinal products derived from plants that are used to treat health problems are known as herbal
medicinal products. This study mainly focuses on the factors influencing consumer preferences for
local herbal products and how they impact the sustainability in Sri Lanka. Local manufacturers need to
have a deep understanding of the consumer preferences for local herbal medicinal products. It will help
them survive in the market and compete with the imported brands. At the same time, it allows farmers,
producers and policymakers to identify opportunities to expand the cultivation and production of herbal
medicinal plants.

The global herbal medicine market has experienced rapid growth in recent years. In 2024, it was valued
at about USD 214.32 billion and it is expected to increase to around USD 356.25 billion by 2029 with
an annual growth rate of 10.9% (Herbal Medicine Market Report, 2025). In 2022, Sri Lanka generated
about USD 36.34 million from the export of herbal medicinal products. The main export destinations
included India, the Netherlands, the United States, Australia, the Czech Republic and the United
Kingdom. Although Sri Lanka exports herbal medicinal products, its share of the global market is
relatively small. However, it has good potential to expand the herbal medicinal sector due to its rich
biodiversity and strong tradition of herbal knowledge. Although Sri Lanka has a wide variety of herbal
plants, the country still heavily imports herbal medicinal products. In 2022, Sri Lanka imported herbal
products worth around USD 5.85 million. (Bicost IX) 23rd & 24th, 2023).

Even with this potential, the cultivation and production of the herbal medicinal plants in Sri Lanka
remain at a relatively limited level. It affects the local farmers and producers in meeting the market
demand. Also, the lack of utilization of the country’s rich biodiversity and traditional knowledge affects
the ability to meet market demand.

Despite Sri Lanka heavily depending on imports of herbal medicinal products and exporting a
significant amount of products, the existing research has not explored the relationship between
consumer preferences and sustainable development in the herbal medicine agro industry. Previous
studies have examined the consumer preferences for herbal products in a general way or have focused
on sustainability separately. However, there is still a significant gap in understanding how consumer
preferences for locally sourced products versus imported herbal products affect the three aspects of
sustainability (Environmental, social and economic) in Sri Lanka. Moreover, there is limited research
on the main factors that influence consumer preferences in Sri Lanka’s herbal medicine market and how
these preferences can be used to support local production and promote sustainable development.

This study’s findings will guide local manufacturers and authorities in identifying key factors that affect
consumer preferences for local herbal medicinal products. It will help them to make effective marketing
strategies, develop products accordingly, contribute to the export sector and reduce imports. Also,
Farmers can highly contribute to the cultivation of herbal medicinal plants. Accordingly, getting these
actions can contribute to the social, economic and environmental sustainability in Sri Lanka.
Additionally, this study helps to provide recommendations for promoting locally sourced herbal
products based on consumer insights.

2. Methodology

2.1 Study Design

A quantitative study was conducted across all provinces of Sri Lanka, including rural, semi-urban, and
urban areas, to obtain a more representative sample. The target population comprised current and
potential consumers of herbal medicinal products because their preferences, habits, and expectations
directly influence product success, market performance and sustainability outcomes. Since there is no
defined list of herbal medicinal product users in Sri Lanka, the snowball sampling method was used to
collect data from 272 respondents, through a standardized, structured questionnaire using five point
likert scale ranging from strongly disagree to strongly agree. The questionnaire was developed based
on the factors under the variables of the conceptual framework. About 4 to 7 questions were included
under each factor of the questionnaire to obtain accurate responses. Before distributing the
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questionnaire, a pilot test was conducted with a small group of respondents to ensure clarity and
reliability of the questions. Descriptive statistics, multiple linear regression, and one-way ANOVA were
employed to analyze the data using SPSS software.

2.2 Conceptual Framework

Independent Variables \

e Consumer Awareness

e Perceived Quality
e Price Intensity Moderating Variables
e Cultural Influence

e Brand Trust

e Auvailability & Accessibility

A

e Environmental
Consciousness

e Demographic Factors
(Gender, Income,
Educational Level)

Mediator Variables

Consumer Preferences (Locally
Sourced or Imported Source)

A 4

Depended Variables

Sustainable Development
(Environmental, Social, and
Economic)

Figure 1: Conceptual Framework (adapted from Jokar et al., 2017; Smith-Hall and Hall, 2012; Suriyage,
2022; Tam and Baharun, 2019; Widyaningtyas, 2018

2.3 Analytical Framework

This analytical framework includes three models of analysis. The first model examines the direct impact
of the independent variables on sustainability which is considered the dependent variable. The second
model analyzes how the independent variable influences consumer preferences which act as a mediating
variable in the conceptual framework. Finally, the third model examines the overall effect on
sustainability by including both the mediator and the independent variables as predictors.

The following regressions were utilized for this analysis.

Regression 1: S=fp+ ;- CA+ - PO+ 3 Pl+ s Cl+ 5 - BT+ fs- AA + &

(1)

Regression 2: CP= g+ ;- CA + 2 - PQ + 3 Pl + 4 Cl + 5 - BT + s - AA + &
(2)

Regression3: S=pp+ ;- CA+ 2 PO+ 3 PI+ B4 -CI+ f5- BT+ fs-AA + ;- CP + &
)

Where, CP = Consumer Preferences, CA = Consumer Awareness, PQ = Perceived Quality, PI = Price
Intensity, CI = Cultural Influence, BT = Brand Trust, AA = Availability and Accessibility, = fo =
Intercept, B - B7= Regression Coefficient and €, = Error Term
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To analyze moderating variables that impact sustainability, the following regression equations are
used.

Sustainability = Bo+pi(Consumer Preferences)+p(Gender)+p3(Consumer Preferences x Gender) + &€

4)

Sustainability = Bo + 1 (Consumer Preferences) + . (Environmental Consciousness) + B3 (Consumer

Preferences x Environmental Consciousness) + €

(3)

Sustainability = o + B1 (Consumer Preferences) + B> (Education)+ B3 (Consumer Preferences x

Education) + €

(6)

Sustainability = Bo+p: (Consumer Preferences)+f, (Income)+f; (Consumer Preferences x Income)+€
(7)

Where, Bo- Intercept, B1 - 3= Regression Coefficient, € = Error Term

3. Results and Discussion

3.1 Demographic profile of the sample

The majority of respondents were female (53.3%). 46.9% of respondents were males. 45.8% of
respondents are in semi urban areas. The age range between 18-24 years (42.5%) was recorded as the
majority in the survey. It may indicate that younger consumers are more interested in herbal medicinal
products or are more active in online surveys. Only 1.8% of respondents were in the age of 65 years
above.41.5% respondents were employed. At the same time, the majority of consumers of herbal
products have a bachelor's degree, accounting for 52%. That indicates educated consumers are more
aware of herbal medicinal products and sustainability in this sector. Only 2.2% of respondents have a
primary education.

Table 1: Demographic Profile

Factors Frequency Percentage %
Gender Female 145 53.3
Male 127 46.7
Place of Residence Rural 60 21.8
Semi Urban 126 45.8
Urban 76 27.6
Distribution of Age 18-24 117 42.5
25-34 88 32.0
35-44 22 8.0
45-54 14 5.1
55-64 6 2.2
>65 5 1.8
Income Level <30,000 LKR 100 364
30,000-50,000 LKR 56 20.4
50,000-100,000 LKR 69 25.1
Above 100,000 LKR 29 10.5
Employment Status Student 111 40.4
Employed 114 41.5
Self-employed 31 11.3
Unemployed 8 2.9
Retired 4 1.5
Education Level Primary 6 2.2
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Secondary 50 18.2

Diploma/Certificate 51 18.5
Bachelor's 143 52.0
Postgraduate 18 6.5

3.2 Direct impact of independent variables on Sustainability

The regression analysis examining the direct impact, where Sustainability was the dependent variable
and consumer awareness, perceived quality, price intensity, cultural influence, brand trust and
availability and accessibility are the independent variables, the results(Table 2) revealed that Perceived
Quality (B = 0.213, p < 0.001), Cultural Influence (p = 0.197, p < 0.001), Brand Trust (f = 0.347, p <
0.001), and Availability & Accessibility (f = 0.202, p < 0.001) significantly influenced sustainability.
Perceived quality significantly influences sustainability because consumers are more likely to consume
products that are safe, effective and reliable. Consumers always think about the ingredients,
manufacturing standards and effectiveness before purchasing the herbal medicinal products because
those products affect their health. When they clarify that those products in good quality, they purchase
products frequently and stay loyal to those products. As a result of that, manufacturers always try to use
high quality raw materials and produce high quality products. So, perceived quality support long term
sustainability of the herbal medicinal agro industry. Then, the cultural influence significantly affects
sustainability because Sri Lanka has a deep connection with the Ayurvedic practices and traditional
knowledge. Many consumers trust herbal medicinal products because they believe in the traditional
healing methods and traditional knowledge. This cultural attachment always engages consumers to
purchase local herbal medicinal products. It helps to protect traditional knowledge and support local
herbal plant cultivation. Therefore, cultural influence contributes to social and economic sustainability
in this sector. Also, brand trust significantly affects the sustainability because consumers tend to choose
products from brands that has good position in the market and are trustworthy. When consumers trust a
brand, they keep purchasing its products and recommend them to others. This long term trust of the
brand supports manufacturers to maintain stable demand, quality and a good production line. Therefore,
building brand trust can enhance the sustainability of this sector. Availability and Accessibility play an
important role in sustainability. Consumers are more likely to purchase herbal products that are easily
available in the market. If herbal medicinal products are widely distributed through supermarkets,
pharmacies and online platforms, consumers can easily obtain them when needed. So, easy access
improves product usage and supports continuous market demand. This steady demand benefits
manufacturers, farmers and distributors actively involved in the herbal medicinal product supply chain.
Therefore, improving the availability and accessibility of herbal medicinal products can enhance
economic sustainability.

Additionally, consumer awareness and price sensitivity Aere failed to found a significant impact on
sustainability. Although consumers have general awareness about the local and imported herbal
products, awareness alone does not affect sustainable purchasing behaviour. Similarly, price intensity
was not a major determinant of sustainability. Because when consumers purchase herbal medicinal
products, they consider the quality, effectiveness and trustworthiness of products even if the price is
relatively higher.

Table 2: Direct Impact on Sustainability

Coefficients?
Unstandardized Standardized
Model Coefficients Coefficients ¢ Sig.
B Std. Error Beta
1 (Constant) 0.058 0.133 0.434 0.664
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Consumer

0.025 0.051 0.026 0.48 0.632
Awareness
Perceived Quality 0.213 0.053 0.205 3.996 0.000
Price Intensity 0.067 0.054 0.059 1.245 0.214
Cultural Influence 0.197 0.051 0.197 3.86 0.000
Brand Trust 0.347 0.056 0.335 6.159 0.000
Availability and 0.202 0.056 0.176  3.616 0.000
Accessibility

a. Dependent Variable: Average of the sustainability variables

3.3 Impact on Consumer Preferences (Mediator Variable)

The analysis of predictors on consumer preferences (mediator variable), indicates that Perceived
Quality (B = 0.405, p < 0.001) and Cultural Influence (p = 0.191, p < 0.01) significantly influence
whether consumers prefer locally sourced or imported herbal products. The results revealed that
consumers prefer high quality and the products related to their cultural values. Consumer awareness,
price intensity, brand trust and availability and accessibility were not significant. This implies that
consumers’ preference formation is largely guided by product quality and alignment with cultural values
rather than by awareness campaigns or price considerations.

Table 3: Impact on Consumer Preferences (Mediator Variable)

Coefficients
Unstandardized Standardized
Model Coefficients Coefficients t Sig.

B Std. Error Beta
(Constant) 0.635 0.167 3.81 0.000
Consumer 0.096 0.064 0.106  1.502 0.134
Awareness
Perceived Quality 0.405 0.067 0.411 6.045 0.000

1 Price Intensity -0.057 0.067 -0.053 -0.861 0.390

Cultural Influence 0.191 0.064 0.201 3.005 0.003
Brand Trust 0.092 0.07 0.093 1.309 0.192
Availability and 0.093 0.069 0.086  1.347 0.179
Accessibility

a. Dependent Variable: Consumer Preferences

3.4 Indirect impact and Total impact on Sustainability

When considering the total effect on sustainability, including the consumer preferences as the mediating
variable, the results (Table 4) indicate that consumer preferences itself became a significant predictor
of sustainability (B = 0.197, p < 0.001), confirming a mediating role. When this mediator was added,
the direct coefficients of some predictors, particularly Perceived Quality and Cultural Influence,
decreased slightly but remained significant, indicating partial mediation. Therefore, perceived quality
and cultural influence impact on sustainability directly and indirectly, by shaping consumer preferences.
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Table 4: Total Impact on Sustainability

Coefficients?
Unstandardized Standardized
Model Coefficients Coefficients t Sig.

B Std. Error Beta
(Constant) -0.049 0.134 -0.363 0.717
Consumer 0.005 0.05 0.005  0.093 0.926
Awareness
Perceived Quality 0.14 0.056 0.136 2.502 0.013
Price Intensity 0.077 0.052 0.068 1.474 0.142

1 Cultural Influence 0.158 0.051 0.158 3.12 0.002

Brand Trust 0.324 0.055 0.313 5.879 0.000
Availability and 0.18 0.055 0.157  3.305 0.001
Accessibility
Consumer 0.197 0.049 0.188  4.014 0.000
Preferences

a. Dependent Variable: Average of the sustainability variables

3.5 Indirect Effect (Mediation) Calculation

Indirect effect calculations (Table 5) shows that how certain factors, like perceived quality and cultural
influence partially influence the consumer preferences, and it relates to sustainability. The strongest
indirect pathway is from perceived quality to consumer preferences, which then leads to sustainability.
The next strongest pathway is from cultural influence to consumer preferences and then to sustainability.
Brand trust and availability directly affect sustainability. However, consumer awareness and price
intensity do not have a significant impact.

Table 5: Indirect Effect (Mediation) Calculation = (B of (Independent Variables—Consumer
Preference) x (Consumer Preference— Sustainability)

Independent p B Indirect Effect
Variable Iv—-CP) (CP-S) B xP) Significant Trend
0.09 Weak, not significant (since p > 0.05
CA ) 0.197 0.0189 in Table 03)
PQ 0.405 0.197 0.0798 Strong, meaningful indirect effect
PI -0.057 0.197 -0.0112 Negligible
CI 0.191 0.197 0.0376 Moderate indirect effect
BT 0.092 0.197 0.0181 Weak
AA 0.093 0.197 0.0183  Weak

3. 6 Moderating Analysis
Results of moderating analysis (Table 6) revealed that Gender ( = 0.104, p <0.040) and Environmental
Consciousness (f =-0.256, p < 0.007) moderators showed a significant effect on sustainability.

Table 6: Moderating Analysis Results

Standardized Coefficients
Model Beta Sig.

Gender 0.104 0.040

Environmental Consciousness 0256 0.007
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3.7 Comparison: Locally Sourced vs. Imported Products

The one-way ANOVA (Table 7) was conducted to compare three groups. (Those who prefer local
products, those who prefer imported products, and those who are neutral) According to the results,
Consumers who prefer locally sourced herbal products (p < 0.047) showed greater commitment to
sustainability could be identified.

Table 7: Impact of Sustainability of Local Vs. Imported One—way ANOVA

Comparison g[ii?:rence Sig. Interpretation

Local vs. Imported 42588 0.047 Local group shows higher sustainability
Local vs. Neutral .05669 0.912 Lower sustainability

Imported vs. Neutral -.36919 0.089 Marginal difference

One-way ANOVA reveals significant differences in Sustainability based on product preference (Sig. =
.032).

The findings indicate that both product specific factors, such as quality, trust, accessibility and consumer
driven factors such as preferences influenced by quality and cultural relevance play crucial roles in
advancing Sustainability of the herbal medicine agro industry in Sri Lanka. According to the results of
this study, Consumer Awareness and Price Intensity did not show a significant effect on sustainability.
But among all factors studied, brand trust showed the strongest effect on sustainability. It indicated that
when consumers believe that a brand is reliable, credible and trustworthy, they will support the products
that contribute to sustainability. Therefore, building trust in local herbal medicinal brands among
consumers is essential. The mediating role of consumer preferences showed that sustainability efforts
succeed more when they are aligned with consumer values and choices. Furthermore, using locally
sourced materials offers clear advantage compared to imports. This means that focusing on domestic
supply chains in policy and marketing can strengthen the industry’s sustainability efforts.

These findings significantly help policymakers and industry stakeholders in Sri Lanka. They can
identify the main factors that should be improved to enhance the growth of the herbal medicinal sector.
Government authorities should implement policies that encourage the development of high quality
herbal products. This could include implementing the certification procedures and standardization of
products. Additionally, providing financial support for farmers is a must. By providing subsidies and
low interest loans to farmers, the government and private sector can improve the cultivation of raw
materials. It can help reduce dependence on the imported raw material. At the same time, increasing the
awareness of farmers about this opportunity is essential. Most local farmers do not have a better idea
about the cultivation of herbal medicinal plants, especially women. Women can highly contribute to the
cultivation of herbal medicinal plants by cultivating them in their home gardens. Implementing
awareness programs about herbal plants that have higher market value, and new technologies are
essential. Also, promoting research and developing the herbal medicinal sector should be done. It can
lead to opening new opportunities to improve technologies, strengthening the value chain, reducing post
harvest loses and understanding consumer behavior and market demand. Farmers, manufacturers,
researchers, and policymakers should work together to implement best practices, knowledge exchange,
market linkage and improve competitiveness in the local and international market. These strategies not
only support economic growth but also enhance social, economic and environmental sustainability in
the herbal medicinal agro industry in Sri Lanka.

Finally, demographic factors such as age, income, educational level and environmental awareness are
very important because they can influence the effectiveness of consumer preferences lead to sustainable
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outcomes. Overall, promoting high quality, culturally aligned, and locally sourced herbal products is a
viable strategy to strengthen the sustainability of Sri Lanka’s herbal medicine agroindustry determining
the factors that affect consumer preference for herbal medicinal products, and investigating whether
consumer preference serves as a mediator, which moderating factors act as the moderators and
confirmed local product preferred group highly contribute to the sustainable growth of herbal medicine
agro industry in Sri Lanka.

4. Conclusion

Understanding the determinants of consumer preference for herbal medicinal products is essential for
the development of sustainable development of Sri Lanka. Local producers, farmers and authorities can
use the findings of this study to build their products according to consumer preferences, create effective
marketing strategies, contribute to the herbal medicinal plant cultivations and build proper policies
related to the industry.

The findings indicate that perceived quality, cultural influence, brand trust and availability and
accessibility have an indirect impact to the sustainability. Perceived quality and cultural influence
indirectly affect sustainability as well through consumer preferences. Additionally, gender and
environmental consciousness moderate how preferences affect the sustainability herbal medicine agro
industry in Sri Lanka.

Based on these findings, local producers should improve product quality since perceived quality drives
consumer preferences and sustainability and integrate traditional knowledge and cultural characteristics
into product branding to boost consumer trust and emotional connection due to cultural influence
directly affecting the sustainability. Since brand trust directly affects to the sustainability, producers
should build their loyal customer base by allowing customers to participate in workshops, earn rewards
and engage with local farmers. When customers feel a genuine connection with the brand, their
likelihood of maintaining loyalty increases significantly. Also, expanding the distribution of products is
needed in all provinces in Sri Lanka because availability and accessibility affect sustainability in a direct
way as well. Adjust marketing strategies should be applied to attract different groups of consumers
based on their education, gender, and concern for the environment. Furthermore, provide financial
support and technical training to encourage commercial scale cultivation and reduce reliance on
imports. So, these strategies significantly contribute to the environmental, economic, and social
sustainable growth in Sri Lanka.
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Abstract: Fast food has become increasingly embedded in urban lifestyles, reshaping
dietary behaviour, cultural practices, and household economics. The main objective of the
research was to analyse the socio-economic impacts of fast-food consumption among
urban dwellers. A mixed-method approach was used, considering on both primary and
secondary data. The core dataset consisted of structured questionnaires administered to
116 residents selected through stratified sampling while considering the representation of
all major ethnic groups in the study area. To conduct interviews, 20 purposively selected
participants, including health officers, government officials, and community members
were interviewed to capture deeper social and economic knowledge. Findings reveal
pronounced social impacts, with 97.4% of respondents identifying adverse health
outcomes and 91.4% reporting greater vulnerability among children and youth. Cultural
changes were evident through declining traditional food habits (87.9%), disruption of
family routines (81%), and reduced cooking skills (75%). Regression analysis
demonstrated a statistically significant positive association between fast-food frequency
and BMI (R = 0.30 at p < 0.05), though the relationship remained modest due to external
lifestyle and sampling factors. Economically, fast food contributed to industrial growth
(89.7%) and tax revenue (81.9%) but simultaneously imposed substantial financial
burdens, including rising healthcare costs (94.8%), pressure on low-income families
(94%), and household budget inflation (89.7%). Overall, the study highlights how urban
food culture, behavioural patterns, and biological responses interact within a broader
socio-ecological system, emphasizing the need for targeted public health interventions and
policies to mitigate the long-term social and economic risks associated with fast-food
dependency.

Keywords: Fast-food consumption; socio-economic impacts; sustainable development;
urban health; Wattala—Mabola; Human Disease Ecology Model
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1. Introduction and Background

Urban food consumption patterns have transformed significantly across rapidly developing Asian
contexts due to urbanization, rising incomes, changing lifestyles, and the expansion of both local and
global food chains. Among these changes, fast-food consumption has become a prominent feature of
urban living because of its convenience, affordability, and association with modern lifestyles. Fast foods
are typically energy-dense, high in saturated fats, sugar, and sodium, providing immediate accessibility
while offering limited nutritional value (World Health Organization, 2016). The growth of fast-food
systems extends beyond dietary trends, representing a socio-economic phenomenon that reshapes
household consumption behaviour, local labour markets, and traditional food cultures (Kendall, 2023).

Across Asia, the socio-economic consequences of fast-food consumption are increasingly evident. In
India, rapid economic growth and urbanization have fuelled a surge in fast-food culture, particularly
among younger populations, as outlets leverage globalization and marketing to shape dietary behaviours
(Swaminathan & Viswanathan, 2016; Keshari & Mishra, 2016). In Pakistan, studies of college students
show that fast-food consumption is strongly influenced by peer behaviour, time constraints, and
marketing, with Westernized dietary norms reinforcing its appeal among youth (BMC Public Health,
2023). This trend contributes to unhealthy weight gain, insulin resistance, and other diet-related health
concerns. In Malaysia, youngster’s consumption is associated with sociodemographic traits such as
ethnicity, school locality, and frequency of eating out, highlighting how accessibility and urban
lifestyles shape fast-food intake (Man et al., 2021). Collectively, these patterns suggest that in many
Asian contexts, fast food has evolved from a dietary choice to a socio-economic symbol of modern
urban living, closely tied to income, cultural attitudes, and food environments. Sri Lanka appears to be
following a similar trajectory under its own urban transformation.

The Wattala—Mabola Urban Council area in Sri Lanka provides a suitable context to examine the socio-
economic implications of fast-food consumption. This area is characterized by a dense concentration of
middle and high-income households, numerous educational institutions, busy commercial zones, and
well-connected transport corridors facilitating access to fast-food outlets. Many restaurants are located
within residential neighbourhoods and near schools, increasing exposure among children, youth, and
working adults. Data from this study indicate that fast-food consumption is highest among children and
youth aged 0-29 years (80.1%), middle and high-income earners (71.5%), and undergraduates and
students below 18 years (67.2%), with 72.4% of respondents living within 1-3 km of a fast-food outlet
(Mubashshira, 2026). Factors such as taste preferences, convenience, peer influence, workload, time
constraints, and promotional discounts further reinforce these consumption patterns. The combination
of accessibility, economic capacity, and socio-cultural influences has created a distinctive urban food
environment in which fast foods are embedded in daily routines.

The socio-economic impacts of fast-food consumption are multifaceted. Studies indicate that reliance
on fast food among urban populations, particularly youth and college students, has significant
implications for both health and lifestyle. Those findings suggest that fast-food consumption in urban
Asian settings represents a broader socio-economic phenomenon, linked to lifestyle, social interactions,
and health outcomes. The expansion of fast-food systems also intersects with local economies,
influencing employment in the food service sector while affecting small-scale traditional food vendors
and local agricultural producers (Kendall, 2023).

Despite its relevance, research specifically examining the socio-economic impacts of fast-food
consumption within the Wattala—Mabola Urban Council area remains limited. No previous study has
comprehensively addressed these dimensions in the local context. Given the high concentration of fast-
food outlets, significant consumption among youth, and a diverse mix of middle and high-income
households, the area provides a timely and relevant context for investigation. This study aims to fill this
research gap and generate valuable insights into the socio-economic dimensions of fast-food
consumption in an urban Sri Lankan setting, contributing to the development of sustainable, culturally
appropriate, and health-conscious food practices.
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2. Literature Review
2.1 Social Impacts

= Health Impacts
Global Overview:
Previous studies indicate that the poor nutritional quality of fast food, combined with high levels of salt,
saturated fats, and trans fatty acids, may contribute to the prevalence of hypercholesterolemia,
hypertension, type 2 diabetes mellitus, obesity, and cardiovascular diseases, particularly in Western
societies (Jahan et al., 2020). Reviews of the short and long-term health consequences of fast-food
consumption demonstrate that obesity is widespread and predisposes individuals to chronic conditions
such as heart disease and diabetes. Fast foods contain refined sugars that can cause rapid spikes in blood
sugar levels, leading to fatigue, decreased energy, frequent hunger, and impairments in brain function
and memory. Excessive consumption of fast food over weeks, months, or years can result in long-term
health problems. High intake of saturated fats can elevate cholesterol levels, which increases the risk of
heart disease, hypertension, and stroke (Jia et al., 2022).

A study of 33,594 children aged 3—14 in the United Kingdom found that fast-food consumption was
particularly associated with negative health outcomes, 27.1 percent were overweight or obese, and 12.6
percent were classified as obese (Fraser & Edwards, 2010). Another study of boys aged 13—15 revealed
that fast-food consumption had significant negative effects, including increased BMI SD scores (b =
0.08, 95% CI=0.03-0.14), increased body fat percentage (b=2.06, 95% CI=1.33-2.79), and increased
body fatness (OR = 1.23, 95% CI = 1.02-1.49) (Fraser et al., 2012).

In Saudi Arabia, a study found that 25 percent of female students were overweight or obese, with 74.5
percent of these students consuming fast food 1-2 times per week. A significant positive association
was observed between increased consumption of fish sandwiches and higher BMI (Alfawaz, 2012). In
Iraq, fast food consumption was strongly linked to obesity, elevated blood pressure, and cardiovascular
disease due to its high fat and carbohydrate content, although its association with diabetes was
comparatively low (Mahmood & AbdulWahab, 2020).

A study in India reported that 74.4 percent of consumers were aware of the negative health effects of
fast-food consumption, which included increased risks of mental health disorders (30.8%), weight gain
(6.4%), cancer (30.8%), diabetes (21.8%), obesity (16.7%), high stress (33.3%), memory loss (9%), and
cardiovascular disease (25.6%) (Hajare Wani & Sarode, 2018). Another study conducted in the
Lucknow district found alarming obesity prevalence among school children aged 9—-13: 100% of 9-
year-olds were obese at stage 1, 42.8% of 10-year-olds at stage 3, 8.6% of 11-year-olds at stage 3,
36.3% of 12-year-olds at stage 2, and 8.3% of 13-year-olds at stage 3 (Singh & Mishra, 2014).

These findings underscore that the health impacts of fast-food consumption are global. Particularly in
developing countries, an increasing number of children and young people are experiencing health
problems associated with elevated fast-food consumption.

Sri Lanka Overview:

A study on fast-food consumption among students of Sri Lankan government universities indicated that
fast-food intake is increasing among children and youth, with unhealthy eating habits particularly
prevalent among university students. These habits have been shown to adversely affect nutrition and
health. The study found that 32.3 percent of students were overweight according to BMI, and a positive
relationship was observed between fast-food consumption and BMI, with 30.3 percent of students
consuming fast food 2-3 times per week (Saujan et al., 2024). A study conducted in the Kiriella area of
Ratnapura revealed that fast-food consumption is associated with overweight among youth; 19 percent
of high school students, 28 percent of university students, and 3 percent of working adults were
overweight. Furthermore, 50 percent of overweight cases were specifically related to occupational
status, highlighting a close link between fast-food consumption and excess weight (Priyanth &
Dassanayaka, 2022). Another study found that approximately 54 percent of students consumed fast food
more than once a day, with about 7 percent of women overweight and 2 percent obese. Among men,

64



around 12 percent were overweight, placing them at a higher risk of developing diet-related non-
communicable diseases (Jayasinghe & De Silva, 2014).

= Other Social Impacts

Fast-food consumption in South Africa has had a significant impact, particularly among youth and
students. It is often seen as a symbol of modernity and progress, providing convenience and
opportunities for social interaction within an urban lifestyle. Students are encouraged to rely on fast
food due to shifts toward a more independent lifestyle, the availability of diverse food choices, limited
cooking skills, and constraints on time and resources. Fast-food restaurants also function as social hubs
where individuals gather for entertainment and leisure (Rabotata & Malatji, 2021). A study on the
effects of fast-food consumption on family life in Nigeria found that people do not consume fast food
because of a lack of kitchen utensils or because it is more economical than home-cooked meals. Rather,
consumption is driven by taste, leisure, entertainment, and work demands. However, frequent fast-food
consumption has been reported to contribute to children becoming less active, a decline in cooking
skills, a preference for fast food over home-cooked meals, and a dislike of traditional foods among some
family members. Additionally, mothers have less time to teach children about healthy eating habits and
table manners, awareness of proper nutrition is low, and family time is reduced (Ejike & Obeagu, 2018).
In Bangladesh, fast-food outlets often target schools and workplaces. Economic inequalities have made
minority communities more dependent on fast food. As traditional family meals are increasingly
replaced by fast-food options, cultural and familial bonds are affected. Furthermore, peer influence and
advertising play a major role in shaping the consumption patterns of young people (Nusrat, 2022).

2.2 Economic Impacts
The article Burgernomics: The Impact of Fast Food on the Economy highlights several economic
impacts of fast-food consumption:
Employment: The restaurant industry alone employs over 15 million people in the United States;
however, significant gaps exist in minimum wage levels and workers’ rights.
Income inequality: Fast-food executives earn hundreds of times more than their workers.
Employees have been advocating for a minimum wage of $15, which has led to government
subsidies to support low-income workers.
Health costs: The ingredients commonly found in fast food contribute to various health problems,
resulting in high medical expenses and reduced employee productivity (Faster Capital, n.d.).

The convenience, affordability, and taste of fast food make it a popular choice in Portugal, particularly
among higher education students. Most students consume fast food several times a month, spending
approximately eight euros per meal. This reflects a shift in spending patterns toward quicker and
cheaper food options. Additionally, limited student budgets and the increased healthcare costs
associated with frequent fast-food consumption contribute to economic strain (Oliveira & Raposo,
2024). In China, fast-food consumption has several economic impacts. It helps reduce income gaps by
providing employment opportunities through food distribution and packaging processes. The fast-food
industry also stimulates the growth of related sectors, including food packaging, delivery services, and
traditional catering. Moreover, it promotes economic efficiency by allowing individuals to save time on
meal preparation (Song, 2023).

Although few studies in Sri Lanka have examined fast food consumption, mostly focusing on university
students and related health concerns, showing high intake among youth and associated health risks.
However, there is limited research on urban dwellers, particularly regarding both health and economic
impacts. This study addresses this gap by exploring fast food consumption patterns, socio-cultural
influences, and potential consequences among residents of the Wattala—Mabola urban area.
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3. Theoretical Background: Human Disease Ecology

The human disease ecology model provides a framework to understand how health outcomes are shaped
by the interaction of social, economic, behavioral, and environmental factors. In the context of urban
dietary patterns, such as fast-food consumption, this model highlights that increased exposure to calorie-
dense foods, combined with socio-economic and lifestyle factors, can influence the prevalence of non-
communicable diseases, including obesity. In the Wattala—Mabola Urban Council area, empirical
evidence from this study shows a positive relationship between monthly fast-food consumption and
BMLI, indicating that higher consumption is associated with increased body weight. The human disease
ecology perspective offers a theoretical lens to interpret these socio-economic and health-related
patterns, emphasizing the interconnectedness of environment, behavior, and health. A more detailed
application of this model to the study results is discussed in the Results and Discussion section.

4. Methodology

4.1 Study Area

The study was conducted in the Wattala—Mabola Urban Council area, which falls under the Wattala
Divisional Secretariat Division in the Gampaha District of Sri Lanka’s Western Province. The division
comprises 46 Grama Niladhari Divisions, of which six form the fully urbanized administrative units
governed by the Wattala—Mabola Urban Council. Geographically, the area lies near 7.0021° N latitude
and 79.9025° E longitude and is bordered by Negombo Lagoon to the north, the Kelani River to the
south, the Ja-Ela—Mahara Division to the east, and the Indian Ocean to the west. With a population of
about 31,471, the locality is characterized by a culturally diverse and predominantly urban community
experiencing rapid spatial and socio-economic transformation. This area was selected for the study as
no prior research has specifically examined the socio-economic implications of fast-food consumption
within this urban context. Its high level of development, accessibility, and relevance to the study
objectives also make it an appropriate setting for investigating emerging urban dietary behaviors.
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Figure 1: Wattala-Mabola Urban Council Study Area Map

66



4.2 Data and Data Collection Methods

This study used both primary and secondary data, with primary data serving as the core source of
evidence. A structured, mixed-method questionnaire was administered to selected urban residents to
capture their fast-food consumption patterns and associated socio-economic characteristics. To
complement the survey findings, semi-structured interviews were conducted with three key stakeholder
groups: five health officers attached to the Wattala Medical Officer of Health Office and the Wattala—
Mabola Urban Council, seven government officials from the Urban Council and the Divisional
Secretariat, and eight community members. In total, 20 interviewees contributed detailed insights into
the health and socio-economic implications of fast-food consumption in the area.

Secondary information was obtained from research publications, official documents, books, digital
sources, and the 2024 administrative report of the Wattala Divisional Secretariat Division. These
sources supported the triangulation of primary data and provided a broader contextual understanding
for the study.

4.3 Sampling Methods

Both probability and non-probability sampling techniques were applied in this study. A stratified
sampling approach was used to select survey participants from the six Grama Niladhari Divisions within
the Wattala—Mabola Urban Council area. These divisions are Telangapatha, Evariwatta, Wattala,
Mabola, Galwetiya, and Welikadamulla, together represent a population of 31,471 and include a diverse
mix of ethnic groups. To ensure adequate representation, each ethnic group was treated as a separate
stratum, and samples were distributed proportionately across the major ethnic categories.

Given practical constraints such as time limitations and accessibility challenges, 116 respondents were
randomly selected from the six divisions. Questionnaires were therefore distributed following a ratio of
300:1, ensuring broad coverage of urban households while maintaining feasibility for the researcher.

In addition to the survey, qualitative data were collected through interviews using a purposive non-
probability sampling method. A total of 20 individuals were selected based on their relevance to the
study context, allowing for richer insights into the social and economic dimensions of fast-food
consumption.

The number of samples drawn from each Grama Niladhari Division is summarized in the following
table.

Table 1: Questionnaire Sampling Table

Grama Niladhari Divisions Ethnic Groups Total Samples
Sinhala | Tamil | Muslim | Burgar | Other
Telangapatha 9 3 2 1 1 16
Evariwatta 12 4 1 1 1 19
Wattala 7 4 1 1 - 13
Mabola 2 10 1 - 19
Galwetiya 5 1 - - 11
Welikadamulla 12 6 18 2 - 38
Total Samples 116

Source: (The Annual Report of the Wattala Divisional Secretariat Division, 2024)
Note: The important of stratified sampling method
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It was done based on ethnicity across the 6 GN divisions where more migrant population can be
encounter, to ensure proportional representation. Within each ethnic group, participants were randomly
selected, which naturally included people of different ages, income levels, and education backgrounds.
This allowed the study to cover all key socio-demographic categories while analysing patterns among
fast food consumers.

4.4 Data Analysis

Data analysis was conducted using both quantitative and qualitative techniques in line with the study
objective. Quantitative data obtained through the questionnaire were analyzed using descriptive and
inferential statistical methods, while qualitative information from interviews and open-ended responses
was examined through thematic analysis.

Descriptive statistics were used first to summarize the socio-economic impacts reported by respondents.
Inferential analysis was then performed using simple linear regression at the 0.05 significance level,
with Body Mass Index (BMI) as the dependent variable and the monthly frequency of fast-food
consumption as the independent variable. This analysis helped determine whether an increase in fast-
food consumption was associated with changes in BMI. External factors influencing BMI were
excluded to isolate the direct relationship. The interpretation of the regression results also drew on the
Human Disease Ecology Model, which provides a conceptual basis for understanding how behavioural
factors such as dietary practices interact with socio-economic and environmental conditions to influence
health outcomes. This theoretical perspective guided the interpretation of how increased fast-food
consumption may contribute to elevated BMI within the study population.

Qualitative data related to social and economic impacts were analysed using a thematic approach. Key
themes were developed around physical and mental health, household economic pressures, and broader
socio-economic consequences identified through interviews, questionnaire narratives, and secondary
literature.

The results are presented using pie charts, bar graphs, and descriptive summaries for clarity. Microsoft
Excel was used to manage the dataset, perform statistical calculations, and create visualizations, while
ArcGIS 10.8 was used to prepare the map of the study area.

The simple regression analysis was based on the following equation:
y=a+bx

5. Results and Discussion

5.1 Social Impacts of Fast-Food Consumption

The social implications of rising fast-food consumption in the study area reveal a complex interplay
between changing lifestyles, family routines, and community interactions. The responses gathered
illustrate that fast food is now embedded in everyday social behaviour, shaping how people eat, interact,
and negotiate their cultural food identity. As illustrated in Figure 2, a substantial proportion of
participants (89.7%) noted that the expansion of fast-food outlets has increased the availability and
accessibility of food choices. While this wider choice encourages convenience, respondents also
emphasized several negative social outcomes. For instance, 77.6% reported that fast-food consumption
has become a common facilitator of social gatherings, especially among youth, subtly shifting social
norms around eating practices.

A strong concern highlighted by 87.9% of respondents was the gradual decline of traditional dietary
habits, indicating a cultural shift that may have long-term implications for food heritage. Changes within
the household were also evident 81% believed that frequent fast-food use disrupts family dynamics,
contributing to reduced home-cooked meals and shared mealtime routines. This is complemented by
the view of 81% who felt that family time is diminishing as individuals increasingly opt for quick meals
rather than collective dining experiences.
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Health-related stigma and concerns emerged as the most dominant theme, with 97.4% identifying
adverse health impacts as a major social consequence. This aligns with public health discussions on
how lifestyle-driven food choices can influence community wellbeing. Moreover, 91.4% stressed that
children and adolescents are particularly vulnerable to fast-food habits, which may shape long-term
behavioural patterns and health outcomes. Additional concerns included a reduction in cooking skills
(75%) and, among a small proportion (0.9%), the emergence of an excessive or “greedy” desire for fast
food.

Overall, the results illustrate that while fast-food consumption contributes to convenience and social
bonding, it simultaneously affects cultural practices, family cohesion, and community health
perceptions. These findings underscore the broader social dimensions of dietary transitions occurring
within urban Sri Lankan settings.

The assessment of self-reported changes in Body Mass Index (BMI) provides important insight into
how dietary behaviours, particularly fast-food consumptions are influencing physical health within the
study area. The responses show a clear pattern that aligns with broader nutritional and epidemiological
concerns. As shown in Figure 3, more than half of the participants (57.8%) reported an increase in their
BMI over time. This tendency suggests that regular reliance on calorie-dense, commercially prepared
meals may be contributing to gradual weight gain among urban residents. In contrast, only a very small
proportion (2.6%) indicated a decrease in BMI, while 39.7% stated that their BMI had remained
unchanged.

Greedy attitude | 0.9
Decreasing cooking skills NN 75
Lack of family timing NI 81
Influence on children and adolescents Y 914
Health concerns & stigma N 97.4
Impact on family dynamics IS 81
Erosion of traditional eating habits . 87.9
Facilitates social interactions [N 77.6
Increased accessibility to food & meal options IS 89.7
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Figure 2: Social Impacts of Fast-Food Consumption in Wattala-Mabola Urban Council Area
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Figure 3: Self-Reported Changes in BMI Among Respondents in the Wattala—Mabola Urban Council Area

Taken together, these findings demonstrate a clear association between frequent fast-food consumption
and rising BMI levels among a considerable portion of the respondents. The predominance of
individuals reporting weight gain reflects a broader dietary shift toward convenience-oriented food
choices and underscores the emerging health risks linked to such patterns. In order to substantiate this
observed relationship, a simple regression analysis was carried out, and the corresponding results are
presented below.

To examine the association between fast-food consumption and body mass index (BMI) among urban
dwellers, a simple regression analysis was conducted. In this analysis, the monthly frequency of fast-
food consumption was treated as the independent variable, while the BMI of respondents was the
dependent variable. External influencing factors were deliberately excluded to isolate the direct
relationship between consumption patterns and BMI. The results of this regression provide insight into
how increased fast-food intake corresponds with changes in BMI among the population.

Based on that, the regression equation is as follows.

Y =25.0272+0.1756 X

Y =BMI
X = the monthly frequency of fast-food consumption

Table 2: Regression Statistics

Regression Statistics
Multiple R 0.302001748
R Square 0.091205056
Adjusted R Square 0.08323317
Standard Error 3.919193817
Observations 116

The correlation between monthly fast-food consumption and body mass index (BMI) is reflected by a
correlation coefficient of 0.30, indicating a positive association between the two variables. This suggests that
higher frequency of fast-food consumption is associated with increased BMI among respondents. The R-
squared value of the regression model is 0.0912, implying that while monthly consumption contributes to
variations in BMLI, it explains only a small proportion of the total variability. The relatively low R-squared is
understandable given that external factors influencing BMI were excluded from the model.
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The standard error of the regression equation is 3.92, which is below the threshold of 5, suggesting that the
regression line adequately represents the distribution of the observed data. This analysis was conducted using
a sample of 116 respondents, providing a focused estimate of the relationship between fast-food consumption
frequency and BMI in the study area. Overall, the results demonstrate a moderate but meaningful positive
correlation, supporting the notion that frequent fast-food intake can contribute to higher BMI levels among
urban dwellers.

Table 3: ANOVA Table
ANOVA

df SS MS F Significance F
Regression | 1 175.732199 | 175.7322 | 11.44084 | 0.000985214
Residual 114 | 1751.04914 | 15.36008
Total 115 | 1926.781339

The F-test for the regression model yielded a significance value of 0.0009. Given that this value is below
the 0.05 alpha threshold, the results indicate that the regression equation is statistically significant and
can be considered a reliable representation of the relationship between monthly fast-food consumption
and BMI.

Table 4: Output

Coefficients | Standard Error | t Stat P-value
Intercept 25.02718923 | 0.455419255 | 54.95417 | 7.03E-84

Consuming Times -per month (x) | 0.175567281 | 0.051905652 | 3.382431 | 0.000985

The results presented in Table 4, indicate that the p-value for the monthly frequency of fast-food
consumption is 0.0009, which is below the significance level of a = 0.05. This demonstrates that
changes in Body Mass Index (BMI) are significantly associated with an increase in the frequency of
fast-food consumption. Furthermore, the positive correlation coefficient of 0.1756 suggests a direct
relationship between the variables, indicating that higher monthly consumption of fast food among
urban residents is associated with an increase in BMI. The relationship between monthly fast-food
consumption and Body Mass Index (BMI) among urban residents underscores significant health
implications. The scatter plot with the regression line (Figure 4) reveals a positive association between
BMI and the monthly frequency of fast-food consumption, indicating that higher consumption is linked
to increased BMI. The regression line confirms this trend, suggesting a measurable connection between
dietary habits and weight outcomes. These findings imply that frequent fast-food consumption
contributes to negative health outcomes, including overweight, obesity, diabetes, and cardiovascular
conditions. While external factors such as genetics, physical activity, and other lifestyle choices also
influence health, the statistical analysis highlights the significant impact of fast-food consumption on
BML.
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Figure 4: Scatter Plot with Regression Line: Monthly Fast -Food Consumption Frequency and Body
Mass Index (BMI)

From the perspective of the Human Disease Ecology (HDE) model, these results reflect the interaction
of environmental, behavioural, and biological factors. Environmentally, the Wattala—Mabola urban area
represents a highly accessible fast-food environment, with numerous outlets located near residential
settlements, schools, and commercial zones. This urban food landscape functions as an ecological driver
that encourages frequent consumption of energy-dense, nutrient-poor foods, thereby shaping dietary
behaviours in ways that contribute to weight gain.

The findings of this study can be interpreted through the lens of the Human Disease Ecology (HDE)
model, which situates health outcomes within a broader ecological context. The urban food environment
in Wattala—Mabola, characterized by a dense concentration of fast-food outlets, functions as an
environmental factor that facilitates frequent consumption. Lifestyle practices, including convenience-
driven eating, taste preferences, peer influence, and time constraints, represent behavioural factors that
interact with individual biological processes, such as metabolism and susceptibility to obesity-related
conditions, to influence disease risk. The positive relationship identified through regression analysis
between monthly fast-food consumption and Body Mass Index quantitatively reflects this ecological
interaction, emphasizing that the health impacts of fast-food consumption are shaped by the interplay
of environmental, human activities, and biological determinants.

Supporting this, interviews with health officials, government officers, and members of the public
revealed multiple social impacts of increased fast-food consumption in the Wattala—Mabola Urban
Council area. These impacts were broadly categorized into physiological health disorders,
psychological health effects, addiction and youth behaviour, effects on family and cultural practices,
peer group preferences, and lifestyle changes. Together, the quantitative and qualitative findings
illustrate that fast-food consumption is not merely a dietary habit but a socio-ecological phenomenon,
where the urban environment, social behaviours, and individual biology collectively shape health
outcomes. This integrated perspective underscores the need for interventions that address both personal
choices and the broader social and environmental contexts influencing dietary behaviour.

= Physiological Health Disorders
Health officials consistently highlighted that frequent fast-food consumption contributes to a range of
non-communicable diseases. These include overweight, obesity, diabetes, digestive disorders, high
cholesterol, and nutrition-related diseases (Respondent 1). In particular, school students were noted to
be increasingly affected by overnutrition and malnutrition, with a notable proportion exhibiting

72



overweight or obesity (Respondent 2). Respondents also emphasized that unhealthy ingredients in fast
foods, such as high levels of sugars, refined carbohydrates, preservatives, colorants, and monosodium
glutamate, are linked to chronic health conditions, including diabetes, cancer, and bone-related
disorders (Respondents I and 2).

= Psychological Health Disorders
Interviewees reported that excessive fast-food consumption also has psychological implications,
particularly among children and youth. These include increased fatigue, reduced engagement in
learning, decreased physical activity, and poor eating habits, including avoidance of nutritious home-
cooked meals (Respondents 1 and 9). In some cases, high body weight resulting from frequent fast-food
consumption was associated with negative self-perception, stress, and mental health issues such as
depression (Respondents 2 and §8).

= Addiction and Youth Behaviour
The interviews highlighted that fast food has become addictive among children and youth due to its
taste, convenience, affordability, and visual appeal. Many parents also encourage fast-food
consumption for convenience and as a symbol of modernity (Respondents 1 and 2). Additionally, fast-
food vendors strategically target the preferences of young consumers, offering foods with attractive
colors, shapes, and flavors, reinforced through advertisements and media exposure, further fostering
consumption habits (Respondent 3).

= Impact on Family and Cultural Practices
Frequent fast-food consumption has disrupted traditional family practices. Respondents noted that
family mealtimes, which once encouraged interaction and bonding, are now replaced by individual
consumption of fast foods (Respondent 6). Additionally, peer influence and economic pressures
sometimes lead children to engage in dishonest behaviours to obtain fast food, contributing to cultural
degradation and a decline in traditional food consumption (Respondents 13 and 19).

= Peer Group Preferences
Fast food has emerged as a social activity among youth, particularly within peer groups. Respondents
emphasized that consumption is often associated with entertainment and socializing, reinforcing the
trend as a marker of modern youth culture (Respondents 13 and 20).

= Impact on Lifestyle
Finally, interviewees indicated that urban lifestyles, characterized by busy schedules and limited time
for home cooking, contribute to higher fast-food consumption. Compared to rural residents, urban
dwellers are more likely to rely on fast food for convenience, reflecting lifestyle-driven dietary patterns
(Respondents 6 and 17).

Fast-food consumption in the Wattala—Mabola Urban Council area has far-reaching social implications,
influencing health, behaviour, and cultural practices in urban communities. It is associated with both
physiological and psychological health risks, including overweight and obesity, as well as addictive
eating habits, particularly among youth. At the same time, it affects family dynamics and peer
interactions, contributing to shifts in meal routines, reduced home-cooked meals, and broader lifestyle
adaptations. These changes reflect not only local patterns but also global trends, highlighting how
modern urban diets can shape social norms, cultural continuity, and public health landscapes in ways
that extend beyond individual choice.

From a sustainable urban development perspective, the findings indicate that the rapid expansion of
fast-food outlets in the Wattala—Mabola Urban Council area reflects an urban food environment driven
primarily by convenience and commercial efficiency rather than long-term social sustainability. While
increased accessibility supports fast-paced urban lifestyles, frequent fast-food consumption contributes
to unhealthy dietary patterns, rising BMI levels, and increasing public health risks, raising concerns
aligned with SDG 3 (Good Health and Well-being) and SDG 12 (Responsible Consumption and
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Production). The observed decline in traditional food practices and family-based meals further
highlights challenges related to cultural continuity and social cohesion, which are central to SDG 11
(Sustainable Cities and Communities). These findings suggest that sustainable urban development in
Sri Lanka must prioritize socially supportive food environments that promote healthy eating behaviors,
preserve cultural food traditions, and strengthen community well-being alongside urban growth.

5.2 Economic Impacts of Fast-Food Consumption

The economic impacts of fast-food consumption in the Wattala—Mabola Urban Council area are
multifaceted, reflecting both positive contributions to the urban economy and negative pressures on
households. As shown in Figure 5, 79.3 percent of respondents indicated that fast-food businesses
contributed to job creation, 66.4 percent noted their role in supporting the urban economy, 89.7 percent
associated them with industrial growth, and 81.9 percent recognized the generation of tax revenue,
particularly through restaurants and government collections.

At the same time, respondents highlighted several adverse economic consequences. These include
financial pressures on low-income families (94 percent), rising health care costs (94.8 percent), inflation
in household budgets (89.7 percent), negative impacts on local businesses (87.9 percent), economic
inequality (89.7 percent), reduced productivity (77.6 percent), and environmental costs (86.2 percent).
Notably, the increase in health care costs emerged as a particularly significant concern among urban
dwellers, reflecting the broader socio-economic burden associated with fast-food consumption.
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Figure 5: Economic Impacts of Fast-Food Consumption in Wattala-Mabola Urban Council Area

The influence of fast-food consumption on the monthly expenditure of urban residents reflects its
broader economic burden at the household level. Figure 6 shows that 69% of respondents reported a
slight increase in their monthly spending due to fast-food purchases, 13.8% reported a significant
increase, and 17.2% indicated no noticeable impact. Only a small proportion stated that fast food
consumption did not affect their monthly expenditure
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Figure 6: Impact of Fast-Food Consumption on Monthly Household Expenditure in the Wattala—
Mabola Urban Council Area

Overall, the majority of urban dwellers experience at least a slight financial impact, highlighting the
role of fast-food consumption in shaping household economic behaviour.

Interviews with respondents further elaborated on these economic impacts, which can be thematically
categorized into health costs, family income, and food accessibility.

= Health Costs
Respondents noted that frequent consumption of fast food, which is relatively expensive, not only
increases household spending but may also contribute to future health-related expenses due to diet-
related diseases (Respondent 5).

=  Family Income

Financial pressures were particularly pronounced among low-income households. While urban
residents with higher incomes can afford fast food, those with limited earnings often experience
economic strain when attempting to maintain such dietary habits. For example, some government
officials with modest salaries tend to avoid fast food due to cost, whereas others face financial
difficulties from regular consumption despite limited income (Respondent 8). Preparing meals at home
was highlighted as a cost-effective alternative that ensures adequate nutrition, while reliance on fast
food increases expenditure and associated health costs (Respondent 13).

=  Food Accessibility
The proximity of fast-food outlets also influences consumption patterns and household spending.
Respondents explained that easy access to restaurants encourages more frequent purchases, which can
unintentionally raise monthly expenses (Respondent 10).

Fast-food consumption in the Wattala—Mabola Urban Council area presents a complex economic
landscape, with both benefits and costs shaping household and urban-level outcomes. While the
industry contributes to employment, industrial growth, and public revenue, it also generates financial
pressures for urban residents, particularly among low-income households. Increased spending on fast
food, rising healthcare costs associated with diet-related illnesses, and inflation in household budgets
highlight the broader economic trade-offs of convenience-oriented urban diets. These patterns align
with global observations that, although fast-food industries can stimulate economic activity, the
associated household-level financial burdens and health expenditures represent significant long-term
challenges to inclusive and equitable urban development.

From a sustainable resource management and urban development perspective, the economic impacts of
fast-food expansion in the Wattala—Mabola Urban Council area extend beyond employment creation
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and revenue generation to include significant environmental costs that place additional pressure on
urban resources. While the fast-food sector contributes to industrial growth, jobs, and tax income, these
benefits are offset by rising household expenditure, increasing healthcare costs, and financial strain on
low-income families, raising concerns related to SDG 8 (Decent Work and Economic Growth) and
SDG 3 (Good Health and Well-being). Importantly, fast-food consumption is closely associated with
the extensive use of single-use plastics, shopping bags, and packaging materials, along with
unstructured waste disposal practices, which increase urban council waste management costs and
reduce resource efficiency. These environmental externalities represent hidden economic burdens for
urban authorities and households, aligning with SDG 12 (Responsible Consumption and Production)
and SDG 11 (Sustainable Cities and Communities). Overall, the findings suggest that sustainable
urban development in Sri Lanka requires economic planning that accounts not only for market growth
but also for environmental management costs, equitable resource use, and long-term urban resilience.

6. Conclusion

This study demonstrates that fast-food consumption in the Wattala—Mabola Urban Council area
represents a significant socio-economic challenge embedded within the dynamics of urbanization in Sri
Lanka. Rather than being a simple matter of individual dietary choice, fast-food consumption reflects
broader transformations in urban lifestyles, food accessibility, cultural practices, and economic
conditions. These interconnected factors collectively shape health outcomes, household well-being, and
the sustainability of urban communities.

The findings indicate that frequent fast-food consumption is strongly associated with adverse health
outcomes, particularly among children and youth, and contributes to the gradual erosion of traditional
dietary practices and family-based food routines. Although convenience and diversity of food choices
are recognized benefits, they are increasingly outweighed by rising physical and psychological health
risks. The statistically significant relationship observed between fast-food consumption and Body Mass
Index further underscores its relevance as a public health concern within urban settings, even when
accounting for external lifestyle and socio-economic factors.

From an economic perspective, fast food plays a dual role in urban development. While it contributes
to employment, industrial growth, and public revenue, it simultaneously imposes financial pressures on
households through increased food expenditure and healthcare costs. These burdens are felt most
acutely by low-income families, highlighting issues of equity and inclusiveness in urban economic
systems. Additionally, the expansion of fast-food outlets poses challenges to local food economies,
raising concerns about the long-term resilience of traditional and small-scale food sectors.

Interpreted through a sustainable urban development framework, the results emphasize the need to align
urban food environments with public health, cultural sustainability, and social equity objectives. The
Human Disease Ecology perspective illustrates how environmental exposure, behavioral patterns, and
biological responses interact within urban contexts to influence disease risk and socio-economic
outcomes. Addressing the impacts of fast-food consumption therefore requires integrated and multi-
sectoral interventions, including nutrition education, urban planning regulations, promotion of healthier
food environments, and support for culturally rooted and locally sourced food systems.

In conclusion, this research provides evidence that sustainable urban development in Sri Lanka must
extend beyond infrastructure and economic growth to include food systems and lifestyle-related health
considerations. By integrating public health, social well-being, and economic sustainability into urban
planning and policy frameworks, Sri Lankan cities can move toward more resilient, equitable, and
health-supportive urban futures.

76



References

Abbas, S., Naz, M., Gillani, S.M.A., Afzal, S., Jabeen, N. and Manzoor, A. (2022) ‘Analyze the effects
of fast food on the health of college going students’, PJIMHS, 16(2), p. 1053.
https://doi.org/10.53350/pjmhs221621053

Alfawaz, H.A. (2012) ‘The relationship between fast food consumption and BMI among university
female  students’,  Pakistan  Journal of  Nutrition, 11(5), pp. 406-410.
https://doi.org/10.3923/pjn.2012.406.410

BMC Public Health (2023) ‘Using the theory of planned behavior to predict factors influencing fast-
food consumption among college students’, BMC Public Health, 23, Article 987.
https://doi.org/10.1186/s12889-023-15923-1

Divisional Secretariat — Wattala (2023) Sampath Pathikada: Divisional Secretariat Division — Wattala.
Unpublished internal document.

Ejike, B.N. and Obeagu, E.I. (2018) ‘Consumption of fast foods and their effects on family lifestyle in
Aba North L.G.A of Abia State’, International Journal of Current Research in Medical Sciences,
4(4), pp. 34-42.

Faster Capital (n.d.) Burgernomics: The impact of fast food on the economy. Available at:
https://www.fastercapital.com/Burgernomics_The_Impact_of Fast_Food_on_the_Economy.
html (Accessed: 3 November 2024).

Fraser, L.K. and Edwards, K.L. (2010) ‘The association between the geography of fast food outlets and
childhood obesity rates in Leeds, UK’, Health & Place, 16(6), pp. 1124-1128.
https://doi.org/10.1016/j.healthplace.2010.07.003

Fraser, L.K., Clarke, G.P., Cade, J.E. and Edwards, K.L. (2012) ‘Fast food and obesity’, American
Journal of Preventive Medicine, 42(5), pp- e77—e85.
https://doi.org/10.1016/j.amepre.2012.02.007

Hajare Wani, P. and Sarode, N. (2018) ‘Impact of fast food consumption on health’, International
Journal on Recent Trends in Business and Tourism, 2(3), pp. 79-83.

Jahan, 1., Karmakar, P., Hossain, M.M., Jahan, N. and Islam, M.Z. (2020) ‘Fast food consumption and
its impact on health’, Eastern Medical College Journal, 5(1), pp. 28-36. Available at:
https://www.researchgate.net/publication/346220090 (Accessed: 3 November 2024).

Jayasinghe, J.M.J.K. and De Silva, L.P.U. (2014) ‘Fast food consumption and health status of students
of a wuniversity in Sri Lanka’, Journal of Food and Agriculture, 7(1-2), p. 38.
https://doi.org/10.4038/jfa.v7i1-2.5192

Jia, S.S., Wardak, S., Raeside, R. and Partridge, S.R. (2022) ‘The impacts of junk food on health’,
Frontiers for Young Minds, 10. https://doi.org/10.3389/frym.2022.694523

Kendall, E. (2023) ‘Fast food’, Encyclopedia Britannica, 1 September. Available at:
https://www.britannica.com/topic/fast-food (Accessed: 3 November 2024).

Keshari, P. and Mishra, C.P. (2016) ‘Growing menace of fast food consumption in India: time to act’,
International Journal of Community Medicine and Public Health, 3(6), pp. 1355-1362.
https://doi.org/10.18203/2394-6040.ijcmph20161600

Ladeau, S.L. and Han, B.A. (2016) ‘The emergence of disease ecology’, Japanese Journal of Zoo and
Wildlife Medicine, 21(3), pp. 53-58. https://doi.org/10.5686/jjzwm.21.53

Mahmood, Y.N. and AbdulWahab, M.M. (2020) ‘The impact of fast-food consumption on human
health’, Diyala Agricultural Sciences Journal, 12(2), pp- 25-32.
https://doi.org/10.52951/dasj.20120203

Man, C.S., Lim, K.H., Chan, Y.Y., Kee, C.C., Lim, K.K., Teh, C.H., Baharudin, A. and Abdul Aziz,
N.S. (2021) ‘Is fast food consumption a problem among adolescents in Malaysia?’, Journal of
Health, Population and Nutrition, 40, Article 31. https://doi.org/10.1186/s41043-021-00254-x

Mayer, J.D. (1996) ‘Social science, human ecology, and emerging diseases’, Social Science &
Medicine, 42(7), pp. 941-948. https://doi.org/10.1016/0277-9536(95)00262-1

Mubashshira, M.A.F. (2026) ‘A Behavioral Geography Perspective on Socio-Demographic Factors
Influencing Fast Food Consumption among Urban Dwellers: A Case Study of the Wattala—
Mabola Urban Council’, Kolumpu Tamil E-Journal (KTEJ), 02(2), pp. 45-65. Available at:
https://arts.cmb.ac.lk/wp-content/uploads/2026/01/3.-Mubasshira.pdf

77


https://doi.org/10.53350/pjmhs221621053
https://doi.org/10.3923/pjn.2012.406.410
https://doi.org/10.1186/s12889-023-15923-1
https://www.fastercapital.com/Burgernomics_The_Impact_of_Fast_Food_on_the_Economy.html
https://www.fastercapital.com/Burgernomics_The_Impact_of_Fast_Food_on_the_Economy.html
https://doi.org/10.1016/j.healthplace.2010.07.003
https://doi.org/10.1016/j.amepre.2012.02.007
https://www.researchgate.net/publication/346220090
https://doi.org/10.4038/jfa.v7i1-2.5192
https://doi.org/10.3389/frym.2022.694523
https://www.britannica.com/topic/fast-food
https://doi.org/10.18203/2394-6040.ijcmph20161600
https://doi.org/10.5686/jjzwm.21.53
https://doi.org/10.52951/dasj.20120203
https://doi.org/10.1186/s41043-021-00254-x
https://doi.org/10.1016/0277-9536(95)00262-1
https://arts.cmb.ac.lk/wp-content/uploads/2026/01/3.-Mubasshira.pdf?utm_source=chatgpt.com

Nusrat, P. (2022) “The trend of high consumption of fast foods and its impact on families, individuals,
and societies’, AIJR Preprints, (389), Version 1. https://doi.org/10.21467/preprints.389
Oliveira, L. and Raposo, A. (2024) ‘Factors that most influence the choice for fast food in a sample of
higher  education students in  Portugal’, Nutrients, 16(7), Article 1007.

https://doi.org/10.3390/nu16071007

Priyanath, H.M. and Dasanayaka, P.A.N.C. (2022) ‘Impact of fast-food consumption on overweight
among young adults in Sri Lanka’, International Journal of Education, Teaching, and Social
Sciences, 2(3), pp. 10-21. https://doi.org/10.47747/ijets.v2i3.728

Rabotata, S. and Malatji, T.L. (2021) ‘Factors influencing fast food consumption: A case study of
University of Venda students, Limpopo, South Africa’, Technium Social Sciences Journal,
26(1), pp. 888—899. https://doi.org/10.47577/tssj.v26i1.5176

Saujan, 1., Pathima Bushra, M.N. and Fathima Juhi, M.S. (2024) ‘Fast-food consumption behaviour of
undergraduates: With special reference to the state universities in Sri Lanka’, IRASS Journal of
Arts, Humanities and Social Sciences, 1(1), pp. 1-10.

Singh, M. and Mishra, S. (2014) ‘Effect of fast food consumption on the health of school-going children
(9—13 years) in Lucknow district’, Indian Streams Research Journal, 4(6). Available at:
https://www.isrj.net (Accessed: 3 November 2024).

Song, L.Z. (2023) ‘Social impact of “take-out fast food” from the perspective of sociology’, Journal of
Humanities and Social Sciences Studies, 5(1), pp- 85-90.
https://doi.org/10.32996/jhsss.2023.5.1.12

Swaminathan, T.N. and Viswanathan, P.K. (2016) Drivers of consumer attitudes and their impact on
fast food outlets in India. Great Lakes Institute of Management. Available at:
https://www.academia.edu/13648755 (Accessed: 3 November 2024).

Wilcox, B.A. and Gubler, D.J. (2005) ‘Disease ecology and the global emergence of zoonotic
pathogens’, Environmental Health and Preventive Medicine, 10(5), pp. 263-272.
https://doi.org/10.1265/ehpm.10.263

World Health Organization (2016) Nutrition, physical activity, and obesity: Fast food facts. Available
at: https://www.who.int (Accessed: 3 November 2024).

Yahya, F., Zafar, R. and Shafiq, S. (2013) ‘Trend of fast food consumption and its effect on Pakistani
society’, Food Science and Quality Management, 11, pp. 1-9. Available at: http://www.iiste.org
(Accessed: 3 November 2024).

78


https://doi.org/10.21467/preprints.389
https://doi.org/10.3390/nu16071007
https://doi.org/10.47747/ijets.v2i3.728
https://doi.org/10.47577/tssj.v26i1.5176
https://www.isrj.net/
https://doi.org/10.32996/jhsss.2023.5.1.12
https://www.academia.edu/13648755
https://doi.org/10.1265/ehpm.10.263
https://www.who.int/
http://www.iiste.org/

;?? ICRE International Conference on
LN === Resource Efficiency Towards Sustainability
ICRES26_015
TECHNICAL ASSESSMENT OF WASTE-DERIVED PHASE CHANGE
MATERIALS (PCMS) FOR COLD STORAGE APPLICATIONS IN RURAL AREA

N. M. C. Jananjana“, S. M. Gamage, A. M. Wasantha
Department of Chemical and Process Engineering, Faculty of Engineering, University of Peradeniya
*Correspondence E-mail: e20159@eng.pdn.ac.lk, TP: +94713219873

Abstract: With the concept of sustainability, the increasing demand for sustainable
thermal energy storage systems has enhanced research on alternative phase change
materials (PCMs) derived from waste resources. Conventional synthetic polymer based
commercial PCMs are often associated with high costs, limited availability, and negative
environmental concerns, motivating the exploration of waste-derived PCMs as eco-
friendly and economically viable substitutes. This literature review presents a comparative
technical assessment of selected waste-derived PCMs for thermal energy storage
applications using multi criterial decision analysis (MCDM) using basic excel method and
Visual PROMETHEE method. Key thermo-physical properties including melting
temperature, latent heat of fusion, thermal conductivity, environmental impact and phase
stability are analyzed based on experimental studies. PW-Sludge (Paraffin wax sludge
from petroleum refinery waste), is the best-performing PCM(a value of 0.3825 in
rankings) overall, demonstrating the ideal balance between thermal, environmental, and
economic variables, according to both the Excel-based MCDM approach and the
PROMETHEE results. CCO-FA (Fatty acids from waste coconut cooking oil) is the second
most suitable material (a value of 0.2350 in rankings), followed by plant oil, W-SA, and
WEF-PCM. The conclusion that paraffin wax sludge is the most promising waste-based
PCM among the alternatives under consideration is strengthened by the agreement between
the two distinct decision-making techniques. By integrating experimental findings from
previous studies with a multi-criteria evaluation perspective, this review seeks to identify
the most promising waste-derived PCMs for sustainable low-temperature thermal energy
storage. This review highlights the potential of waste-derived PCMs as sustainable
alternatives for thermal energy storage and outlines future research directions for
improving their reliability and scalability.

Keywords: Phase Change Materials; Bio-based PCMS; Waste-derived PCMS; Visual
PROMETHEE; Organic PCMs
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1. Introduction

The environmental impact of the energy sector remains a critical global concern due to greenhouse gas
emissions and the increasing energy demand of modern societies. The need for thermal energy makes
a substantial contribution to global warming, thus the creation of electric energy is not uniquely
responsible for global warming (Maiorino et al., 2025). Thermal Energy Storage (TES) systems have
gained significant attention in this context, particularly those based on Phase Change Materials (PCMs),
which can store and release large amounts of latent heat within a narrow temperature range. This
characteristic makes them highly suitable for applications requiring stable thermal conditions, such as
refrigeration systems, vaccine storage and transport, cold-chain food distribution, building cooling, and
other temperature-controlled environments. PCMsare substances that can store and release thermal
energy by changing their physical phase at a specific temperature. Recent studies have looked into
waste-derived and bio-based PCMs as inexpensive and eco-friendly substitutes to overcome these
constraints. Waste streams from petroleum refining, food processing, and agriculture present intriguing
raw materials that could offer latent heat capacity and appropriate phase transition temperatures for cold
storage applications. A thorough technical comparison of these waste-derived PCMs for rural cold
storage is still lacking, despite increased interest. ). A life cycle assessment (LCA) analysis was carried
out in the (Sarcinella et al., 2025) project to determine whether the energy demand decrease provided
by PCMs could balance the environmental impact related to their production (including the
encapsulation procedure) and elimination. . For sub-zero PCMs to be used effectively in Latent Cold
Energy Storage (LCES) units at Domestic Refrigeration Systems Three distinct PCM types organic,
inorganic and eutectic were compared in the study. The analysis's findings demonstrated that paraftin
had the highest environmental impact, outperforming salt hydrates by 2.4 times and esters by 3 times
(Sarcinella et al., 2025). Based on these results, the study concluded that PCMs for sustainable
applications should be made from materials derived from renewable resources, such as salt hydrates
and esters, which are more environmentally friendly.

The main objective of this review is to identify the most suitable waste-derived PCM for cold storage
applications (5-20°C) in rural areas. In order to do this, the study first examines the state of PCM
technologies today and draws attention to the sustainability and technical drawbacks of traditional
materials. The MCDM methodology is then used to assess a subset of waste-derived PCM candidates.
The primary contribution of this work is the integration of technological, environmental, and economic
factors into a cohesive decision-making framework, with a particular focus on waste-derived PCMs for
rural cold storage, an area that has received limited attention in the literature.

2. PCM Categorization

Conventional synthetic PCMs in currently use can be divided into different categories according to
well-known commercial examples: Bio-based, inorganic, organic, and eutectic PCMs. Each of these
types has unique thermal and physical properties that affect its ability to store heat and suitability for
various applications. Inorganic PCMs are composed of metallic and hydrated salts, whereas organic
PCMs are primarily composed of carbon. Organic phase change materials (PCMs) generally exhibit
low thermal conductivity, while possessing a relatively high enthalpy of fusion and strong chemical
stability. (Bista et al., 2018).

2.1 Organic PCMs

Fatty acids, certain esters, and paraffin are typical examples of organic PCMs.
Due to their simplicity of use and thermal stability, organic PCMs are frequently used for a variety of
applications, especially in energy storage systems and building materials. However, these materials are
associated with certain environmental concerns; for example, some paraffin-based PCMs are derived
from petroleum resources. In addition, they may present flammability risks under specific operating
conditions The environmental benefits of these materials are somewhat offset by the possibility of CO-
emissions during production. Because of they can replace typical synthetic compounds with less impact
on the environment, organic PCMs created from renewable sources are becoming more and more
popular (Magendran et al., 2019).
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2.2 Inorganic PCMs

Inorganic PCMs, including salts, salt hydrates, and some low-melting metals, offer high energy storage
capacity, superior thermal conductivity, and lower cost compared to organic PCMs (Bista et al., 2018).
Common examples are sodium sulphate decahydrate (Na:SOs-10H20) and calcium chloride
hexahydrate (CaCl.:6H-0), used in building, industrial, and solar thermal storage. They generally
exhibit higher latent heat; however, they may demonstrate thermal instability over repeated cycles and
possess corrosive properties (Sarcinella et al., 2025). Inorganic PCMs are particularly useful in
applications requiring large latent heat, such as industrial processes and concentrated solar power
(Cunha et al., 2023).

2.3 Eutectic PCMs

Eutectic PCMs can be either organic-organic, inorganic-inorganic, or a mix of organic and inorganic
PCMs. Some of the drawbacks of pure organic or inorganic PCMs are addressed by these mixes. Unlike
pure inorganic PCMs, which may experience phase separation, eutectic mixes do not experience
segregation or phase separation during solidification. Compared to organic PCMs, eutectic PCMs can
frequently provide a higher latent heat while retaining stable thermal characteristics. Eutectic PCMs are
a very appealing choice for a variety of thermal management applications because of the ability to adjust
their composition(Cunha et al., 2023). Some of the organic, inorganic PCMs and eutectic PCMs are
listed with their melting temperatures and enthalpy of fusion, limitations in the following Table 1.

Table 1: List of organic, inorganic, eutectic PCMs

Tvpe of Melting Enthalpy of
lz,gM Examples Point Fusion Advantages Limitations References
(°C) (kJ/kg)
n-Tetradecane 5.5 215 e High thermal storage | eLeakage possible in
Paraffin (C1) 55 2728 capability due to latent | liquid phase without
heat storage capacity encapsulation
Formic acid 8.4 247
n-Pentadecane 10 193.9 o Thermal stability e Flammability risk in
Organic (maintain nearly some organic PCMs
& Paraffin (Cis) 10 205 constant temperature (paraffins)
. during phase change) (Bista et
Capryl d 16 150
aptyTie act «Generally higher al., 2018)
Paraffin (Cie) 16.7 237.1 o Non-corrosive to material cost
containers and
Glycerine 17.9 198.7 equipment *Low thermal
conductivity
Lactic acid 26 184 o Available in a wide
range of melting eSome PCMs suffer from
n-Octadecane 28-28.1 245 temperatures supercooling
Hexadecane + . .
20 B e High latent heat per . (Bista et
Le;r{a/;iif;r; (2:3-0:1 1.7-53 148.1—211.5 unit volume e Supercooling problems al., 2018)
96% Tetradecane +
4% tetradeconol 33 2064
Lauryl alcohol +
li id (2: 2 173.2 . i
caprylic acid (2:3 by 6 73 « Higher thermal OPha.se segregation
quality) . during melting/freezing
. 45% capric acid + 1721 143 condl{ctgét]}\//[than cycles
Inorganic | 550, jauric acid B organic s . Bista et
Octadecane + . Corrosive to common (Bista e
docosane 25.5-27 203.8 . Relanyely low .cost container materials al.,2018)
31% NawSOs + 13% and widely available
NaCl + 16% KC1 + 4 234 o Non-flammabl Lower long-term
40% H.0 on-ammable cycling stability
76% Na>SO4-H-0 9.3 114.4
Mn(NOs).-6H-0 +
MgCl:-6H-0 % 130
H-0 0 333 o Sharp and well- e Preparation can be
defined melting point complex (Bista et
LiClOs-3H:0 8 155-253 al., 2018)
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N2:SOs- 10H20 18 254 o Customizable phase eLimited long-term
change temperature property data
Eutectic Na:S04-10H-0 21 198
o Generally good ePossible component
Mn(NOs)2-6H:0 25.8 125.8 thermal reliability separation after many
cycles (depending on
CaCl>'6H.0 29 190.8 o Reduced phase system)
. separation compared
LiNO.3H=0 30 296 to single salt hydrates

3. Sustainable PCM Alternatives

In order to lessen the environmental impact of all applications in which they are utilized, PCMs with
"sustainability" features are becoming more and more significant. Compared to commercial synthetic
PCMs, sustainable PCMs have a lower environmental impact due to their composition or production
method. As bio-based PCMs come from renewable biological sources rather than fossil fuels, they are
a sustainable class of organic phase change materials. They are often non-toxic, eco-friendly, and
frequently biodegradable, these materials have a smaller environmental impact during manufacturing,
use, and disposal. The fact that many bio-PCMs may be obtained from industrial by-products or
agricultural leftovers offers an additional sustainability benefit by lowering the cost of raw materials
and increasing the value of waste streams. Waste vegetable oils, animal fats, fatty acid derivatives, and
other food and pharmaceutical industry by-products are a few examples of materials that can show
appropriate latent heat and melting temperatures for thermal energy storage applications

In addition to their advantages for the environment, bio-based PCMs support circular economy
initiatives by transforming low-value waste into useful thermal storage materials. They offer
comparatively steady phase change behavior and strong compatibility with building and packaging
materials due to their chemical composition, which is frequently rich in fatty acids and esters.
Additionally, due to their reduced toxicity, they are safer to employ in consumer product thermal
management, cold-chain transportation, and indoor temperature regulation. Ongoing research focuses
on improving the thermal conductivity, oxidative stability, and long-term durability of these materials
through encapsulation and composite formation, thereby enhancing their potential as environmentally
friendly alternatives to conventional petroleum-based phase change materials (PCMs).

3.1 Bio-based PCMs

Bio-based phase change materials (PCMs) are thermal energy storage materials derived from renewable
biological sources such as plant oils, animal fats, esters, and polyols and agricultural by-products
(Sarcinella et al., 2025). The reasons of their low toxicity, biodegradability, and renewable source, bio-
based PCMs are sustainable organic phase-change materials. They can also be made from food
processing and agricultural waste, which lessens the impact on the environment. Animal fats, waste
vegetable oils, and several pharmaceutical by-products have demonstrated promise as PCMs. The types
of bio-based PCMs are shown in Figure 1

FATTY ACIDS - ALCOHOLS - ESTERS POLYOLS
= Beewax t—= Allanblackia oil $—=  Myristicacild ¢~ 1-Eicosanol e Xylitol
- Comoll t—eWaste edible oils e Stearic acid e 1-Docosanol = Arabitol
= Palm oil t—= Non-edible = Palmiticacid ¢~ n-Dodecanol e Erythritol

animal fats lauryl alcohol
t—e  Palm wax $—=  Lauric acid flasien ) = Adonitol
p—  Chicken fat p—e Stearyl alcohol
e Soywax = 1-Octanol ¢~ Dmannitol
- Lard +—=Methyl palmitate
= Soy oil $—= 1-Tetradecanol —  Sorbitol
4 Tallow t—e Butyl stearate
t—  Coconut fat t— 1-Decanol
7 ; 4« Non-edible Fatty acid esters
t—«  Coconut o plant oils = 1-Octadecanol | _ ¢ o paim ol
= Sheabutter  s—sAvocado seed oil +—e Cetyl alcohol and soy ol

Figure 1: Bio-based organic PCMs organized into categories (Sarcinella et al., 2025)
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In order to enhance the thermal characteristics of the original bio-based PCM, these PCMs can also be
used to create eutectic mixes such palmitic acid—stearic acid, myristic acid—capric acid, and palmitic
acid—capric acid (Benhorma et al., 2024). Bio-based organic PCMs represent one of the most promising
sustainable options in this context These materials have the extra advantage of being biodegradable
since they are made from renewable resources including fatty acids, natural waxes, and biopolymers.
As a result, they provide a more sustainable energy storage option and follow the expanding trend of
eco-friendly technologies(Sarcinella et al., 2025).

3.2 Waste-derived PCMs

The sustainable thermal energy storage materials known as waste-derived phase change materials
(PCMs) are made from industrial, food, and agricultural waste streams rather than virgin resources.
Used cooking oil, waste vegetable oils, animal fats, fatty acid leftovers, biodiesel byproducts, paraftin
sludge, and wax waste are common sources. By transforming low-value waste into valuable heat storage
media and lowering disposal issues and environmental contamination, these materials promote the ideas
of the circular economy. According to Manikandan, Devarajan, and Vickram (2025), waste-derived
PCMs are often divided into three categories: food waste, agricultural waste, and industrial by-
product(Manikandan, Devarajan and Vickram, 2025). Coconut-based PCMs were examined, using
a simple physical blending method to produce an inexpensive, eco-friendly, and high-performing
bioSSPCM, using abundant and easily obtained materials(Muchtar et al., 2022). Initially the PCM
material is heated using a heater for 10 minutes about 80 ° C. And then add the activated carbon sample
to PCM and mix it well for 10 minutes. Finally let the sample to cool down in a ice bath. This method
can simply figure out as follows in Figure 2.

AC
PCMI
8o°c |PCM '
10 s Q0
minutes | AC
Stirring

Figure 2: Simple physical blending synthesis of shape stabilized phase change materials(Muchtar et
al.,2022)

4. Selected Waste-derived PCMs for MCDM Analysis

Five waste-derived PCMs for MCDM analysis are selected as they are the most technically feasible,
widely available, and already researched for thermal energy storage. They are CCO-FA — Fatty acids
from waste coconut cooking oil, WF-PCM — Processed waste animal fat, W-SA — Waste stearic acid,
PW-Sludge — Paraffin wax sludge (petroleum refinery waste), Plant oils — Palm oil / Sunflower oil
(waste or low-grade). Physical Properties of Selected Waste-Derived PCMs in Table 2.

Table 2: Basic Physical Properties of Selected Waste-Derived PCMs

Property / Parameter CCO-FA WF-PCM W-SA PW-Sludge Plant Oil

Source type Waste cookipg Waste Waste §tearic Petroleum Waste plapt—
oil + fatty acids fats/waxes acid wax sludge based oil

fe}r‘ryl;‘e‘;zltj:ge (at room liquid liquid liquid Solid liquid
Phase change temperature (°C) 23-25 30-55 60-75 5.5-10 3340
Latent heat of fusion (kJ/kg) 115.7 57 198288 180-230 95.5
Density (kg/m?) 850-900 880-920 940-960 900-950 880-910
Thermal conductivity (W/m-K) 0.115 0.10-0.20 0.10-0.20 0.20-0.40 0.10-0.20
Volume change on melting (%) Low—moderate Moderate Low Low Moderate
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Thermal stability (cycles) Moderate Moderate High High Moderate
Biodegradability High Moderate High Low High

. Low—
Corrosiveness Low Low Very low moderate Very low

5. Evaluation Criteria
This review considers nine key criteria for evaluating waste-derived PCMs for potential use as phase
change materials.

5..1 Ability to Undergo Phase Change within Required Temperature Range

Melting temperatures for organic PCMs, including paraffins and fatty acids, are dependent on their
molecular structure. According to Bista et al. (2018), paraffins such as n-tetradecane and n-pentadecane
melt at 5.5 °C and 10 °C, respectively. According to Irsyad et al. (2023), stearic acid (71.21 °C; 288.39
J/g) and palmitic acid (66.9 °C; 244.2 J/g) have better latent heat storage capacity and greater phase
change temperatures. Fatty acids produced from CCO exhibit a melting range of 8.2—25.3 °C (Irsyad et
al., 2023). The melting behavior of animal fats varies greatly; isolated animal fatty acids may melt at
about 32 °C, while raw tallow usually melts at 40—50 °C (Sarcinella et al., 2025).

5.2 High Latent Heat Storage Capacity per Unit Mass

Fatty acids and paraffin waxes are examples of organic PCMs that are appropriate for thermal energy
storage due to their large latent heat capacities. Among organic PCMs, stearic acid has a latent heat of
about 198-288 kJ/kg when it is pure (Zayed et al., 2025). A lower latent heat of roughly 115.7 kJ/kg is
displayed by fatty acids produced from CCO (Irsyad et al., 2023). The latent heat of fusion of
commercial-grade paraffin wax usually ranges from 166 to 214.4 kl/kg, with average values being
between 180 and 230 kJ/kg. According to Lawer-Y olar, Dawson-Andoh, and Atta-Obeng (2019), palm
kernel oil has a lower latent heat of crystallization, at roughly 95.5 kJ/kg.

5.3 Capability to Transfer Heat Effectively (Intrinsic Thermal Conductivity)

Organic PCMs intrinsically have relatively low thermal conductivity values. Organic PCMs (paraffin
& fatty acids) have inherently low conductivity ~0.14-0.8 W/m-K common across these candidates(R
et al., 2025). Bio PCM -thermal conductivity (x) of bio-PCMs is about 0.1-0.2 W/m.K(Zadshir, Kim
and Yin, 2024). The WCCO is also very interesting to be developed asthermal energy
storages considering the similarities it has with CCO such as the 0.155 W/m.K thermal conductivity.

5.4 Thermal and Chemical Stability Over Repeated Melting/Freezing Cycles

Fatty acid- By monitoring weight variations over time as the temperature rises, thermogravimetric
analysis (TGA) was utilized to evaluate the PCMs' thermal stability and investigate the amounts of their
volatile components. Figure shows that 0.025 g of free fatty acids (FFAs) and 0.043 g of fatty acid
methyl ester (FAME) were heated from room temperature to 550 °C at a rate of 10 °C/min while staying
below the Tzero aluminum pan's softening point. Up to roughly 110 °C, there was no discernible weight
loss, indicating that neither the FFAs nor the FAME contained moisture following processing (Zadshir,
Kim and Yin, 2024).

5.5 Resistance to Leakage During Liquid Phase Without Complex Containment

Mixed fats may have even broader liquefaction and more leakages. Oils liquefy fully at low T significant
leak risk without containment (Herrera, De la Hoz Siegler and Clarke, 2024). Paraffin wax shows strong
cycling stability with minimal change. Pure stearic transitions are sharper, reducing leakage
volume(Zayed et al., 2025)

5.6 Non-Corrosive Behavior and Compatibility with Container Materials

Paraffins and fatty acids are examples of organic PCMs that are generally non-corrosive to common
metallic and non-metallic. Fatty acids are non-corrosive to metals like stainless steel when pure. Stearic
acid(pure) is non corrosive in typical PCM uses (Zayed et al., 2025). Oils can react with some polymers,
but generally mild (Zadshir, Kim and Yin, 2024).
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5.7 Availability and Consistency of Waste Raw Material Supply

Fatty acids from used cooking oil or refined refinery wax streams are examples of waste-derived organic
PCM possibilities with differing levels of supply consistency. These feedstocks can be easily found in
areas with a lot of leftover cooking fats and oils, albeit their quality may differ. Similar consistency can
be achieved in industrial settings with waste refinery wax or sludge supplies; however this depends on
processing outputs. Uniform commercial PCM supplies, on the other hand, are managed but not waste-
derived.

5.8. Low Environmental Impact and Good Biodegradability

Compared to materials that are solely sourced from petroleum, organic PCMs based on bio-derived
waste streams (such as leftover cooking fats) naturally have a lower environmental effect and higher
biodegradability. When utilized as PCM, organic fatty acids and feedstocks sourced from plants are less
hazardous and more biodegradable, supporting sustainability objectives. Although petroleum-derived
paraffin is stable and efficient, it is a fossil-derived substance with related environmental concerns.

5.9 Low Processing and Purification Cost for PCM Preparation

Converting waste feedstock’s into useful PCMs has varying costs. Usable organic PCM fractions can
be obtained via rather straightforward purification and fractionation of certain waste fats or oils. Costs
increase with more involved processing, such as fractionating, mixing into eutectics, refining, or
creating composites.

6. Technical Assessment of Waste-Derived Phase Change Materials

The increasing potential of bio-based and waste-derived phase change materials (PCMs) as
environmentally friendly substitutes for traditional synthetic thermal energy storage materials is
highlighted in this analysis. Finding the best waste-derived PCM is the aim of this investigation. A
methodical, quantitative approach called Multi-Criteria Decision Making (MCDM) is used to rank and
assess options when there are several, frequently contradictory criteria. By using a decision matrix, it
makes data-driven, objective decision-making possible (Rikalovic and Cosic, 2014). Following Table
3 shows the evaluation criteria, relative weights (0—1 scale) are awarded based on their significance, as
established by basic research and literature.

Table 3: Weighting scale

Criteria Value
Very good 5
Good 4
Average 3
Bad 2
Very bad 1

The Table 4 summarizes the criteria and corresponding weights used in the MCDM analysis to evaluate
best waste-based phase change materials, reflecting their relative importance in achieving effective,
sustainable, and economically viable thermal energy storage.

Table 4: Weight assigning for selected criteria

No. Criteria Weight Justification for Assigned Weight
This criterion was given the highest weight because
matching the phase change temperature with the target
application (5-20°C) is essential for effective thermal
energy storage performance.
A high latent heat capacity directly determines the amount

Ability to undergo phase
1 | change within the required 0.17
application temperature

High latent heat storage

2 capacity per unit mass 0.15 of energy stored, making it a critical factor for efficient
PCM utilization.
Capability to transfer heat Thermal conductivity affects charging and discharging
3 | effectively (intrinsic thermal 0.09 | rates but can be enhanced using additives, so it was
conductivity) assigned a moderate weight.
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Thermal and chemical stability

Long-term stability is important to ensure durability and

g;/slregepeated melting/freczing 0.10 consistent performance over multiple thermal cycles.
Res1'stance to lgakage during Leakage resistance is important for system reliability, but
liquid phase without complex 0.08 . . . . - .

. engineering solutions can partially mitigate this issue.
containment
Non-corrosive behavior and Compatibility with containers prevents material
compatibility with common 0.10 | degradation and maintenance issues, justifying a moderate
container materials weight.
Availability and consistency of 0.12 A reliable and consistent waste supply is crucial for large-
waste raw material supply ) scale and sustainable PCM production.
Low environmental impact and 0.13 Environmental sustainability is a key motivation for using
good biodegradability ) waste-based PCMs, warranting a relatively high weight.
;Sxﬁi :'ziccflisclgfti‘g(rl PCM 0.06 Although cost is important, it was assigned a lower weight

preparation

because processing methods can be optimized over time.

6.1 Method One: Simple Multi-Criteria Decision Analysis using Excel
A multi-criteria Decision matrix was used to determine the best waste-derived PCM , using excel
calculation. Here are the considered criteria for decision making. Nine PCM performance-related
technical, environmental, and economic criteria were considered in Table 5.

Table 5: Simple Multi-Criteria Decision Analysis using Excel

. Score Weighted score
Criteria to be considered Weight
(1-5) CCO- | WF- W-SA PW- Plant CCO- WEF- ‘W- PW- Plant

FA PCM Sludge oil FA PCM SA Sludge oil
1. Ability to undergo phase change
within the required application 017 4 3 5 4 4 0.68 051 034 0.68 0.68
temperature range(Melting Temp ’ ’ ’ ’ ' '
Suitability)
2. High latent heat storage capacity 0.15 3 1 4 5 5 0.45 0.15 0.6 0.75 03
per unit mass ’ ’ ’ ' ' ’
3. Capability to transfer heat
effectively (intrinsic thermal 0.09 2 2 2 3 2 0.18 0.18 0.18 0.27 0.18
conductivity)
4. Thermal and chemical stability
over repeated melting/freezing 0.1 3 3 5 4 4 0.3 0.3 0.5 0.4 0.4
cycles
5. Resistance to leakage during
liquid phase without complex 0.08 3 2 4 4 1 0.24 0.16 0.32 0.32 0.08
containment
6. Non-corrosive behavior and
compatibility with common 0.1 4 3 4 4 3 0.4 0.3 0.4 0.4 0.3
container materials
7. Availability and consistency of 012 4 3 3 4 4 048 036 036 0.48 0.48
waste raw material supply ’ ’ ’ ’ ' '
8. Low environmental impact and 013 5 3 4 2 5 065 039 052 026 065
good biodegradability ’ ’ ’ ’ ' '
9. Low processing and purification
cost for PCM preparation 0.06 4 3 3 5 5 0.24 0.18 0.18 0.3 0.3
Total(out of 5) 1 Total 3.62 2.53 3.4 3.86 3.37
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6.2 Method Two: Simple Multi-Criteria Decision Analysis using Visual PROMETHEE
In addition to the weighted scoring approach, also applied the method using Visual PROMETHEE
software to rank the same five waste-derived PCMs as in Figure 3.

a a a a a a ] a a

. Scenariol Melting temp... Latentheat... Thermal con... Thermal stab... Resistance t...  MNon comosve Availabilty Loww enmviron... Low cost
Uit unit Klfkg WK unit urit unit unit wnit it
Chasterfroup . . @ . @ . * . .

= Preferences

MinMac mian i max manc max min manc max min
Weight 0,17 0,15 0,09 0,10 0,08 0,10 0,12 0,13 0,06
Preference Fn. Usual Ul Usual Usual Ususal Usual Usual Usual Usual
Thresholds absolute absolute absolute ahsolute abealute absolute absolute absolute absohite
- Indifference n/a nia njia ny/a nfa nja n/fa nia nja
- P: Preference nfa nfa nja nja nja nja nfa nja nyja
- 5: Gaussian nfa nfa na s nia na nfa nfa nya
Statistics
Minimum 2,00 57,00 0,10 2,00 1,00 3,00 3,00 3,00 3,00
Mandmum 4,00 214,490 0,20 4,00 4,00 4,00 4,00 5,00 5,00
Average 3,40 136,12 0,16 3,00 2,80 3,80 3,90 3,80 4,00
Standard Dev. 0,80 60,47 0,03 0,89 1,17 0,40 0,99 0,75 0,89
Evaluations

, CCO-Fa D 4,00 115,70 0,15 3,00 3,00 4,00 4,00 5,00 4,00

a WF-PCH = 3,00 57,00 0,10 2,00 2,00

. W-EA I:I O 198,00 0,17 4,00 4,00 4,00 3,00 4,00

a PWY-Sludge = 4,00 214,490 0,20 4,00 4,00 4,00 4,00 3

a Flant ol = 95,50 a,16 1,00 . 4,00

Figure 3: MCDM analysis using Visual PROMETHEE software

7. Results and Discussion

According to above criteria the Excel-based MCDM technique and the PROMETHEE results agree
that PW-Sludge is the highest-performing PCM overall, exhibiting the optimal balance between
thermal, environmental, and economic factors. The second most appropriate substance is CCO-FA,
which is followed by W-SA, WF-PCM, and plant oil. The conclusion that paraffin wax sludge is the
most promising waste-based PCM among the alternatives under consideration is strengthened by the
agreement between the two distinct decision-making techniques. PROMETHEE ranking chart is shown
in Figure 4.

[=| PROMETHEE Rankings - o x
+1.0

:

0,3825 PV -Sludge
0,2350
0,0775 W-SA
0.0
-0,2425 Plant of
0,4525 WF-PCM

-1.0
TPROMETHEE [ Partial Ranking ), PROMETHEE 11 Complete Ranking

Figure 4: PROMETHEE ranking chart

The selection of PW-Sludge as the most suitable waste-derived PCM is supported by the

quantitative results obtained from both the Excel-based and the Visual PROMETHEE

analysis. In the weighted scoring method, PW-Sludge achieved the highest total score of 3.86,
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indicating superior overall performance among the evaluated alternatives. This high ranking
is primarily attributed to its suitable phase change temperature (5.5—10 °C) within the target
cold storage range of 5—20 °C, high latent heat capacity (180-230 kJ kg™), relatively higher
thermal conductivity (0.20-0.40 W m™' K™") compared with other organic PCMs, and good
thermal stability during repeated melting and solidification cycles. In addition, PW-Sludge
benefits from low processing cost and consistent availability as a refinery waste stream, which
improves its practical applicability in rural cold storage systems. In comparison, CCO-FA
ranked second, with a lower preference score (0.2350) and a slightly lower weighted score
due to its moderate latent heat capacity (115.7 kJ kg™') and lower thermal conductivity, despite
its advantage of high biodegradability and lower environmental impact.

8. Conclusion

The suitability of a number of waste-derived phase change materials (PCMs) for cold storage
applications in rural areas, where affordability, accessibility, thermal stability, and environmental safety
are particularly crucial was examined in this review. Two separate Multi-Criteria Decision Making
(MCDM) techniques were used; the Visual PROMETHEE outranking method and an Excel-based
weighted scoring method. Both methods assessed the PCMs based on important thermal, physical,
environmental, and economic criteria, giving more weight to characteristics that directly affect cold
storage performance, such as phase change temperature suitability, latent heat capacity, and thermal
stability, while still taking compatibility, processing cost, environmental impact, and material
availability into consideration. Both methods produced consistent results, identifying paraffin wax
sludge (PW-Sludge) as the most suitable PCM due to its balanced thermal performance, stability, and
low cost. Coconut cooking oil-derived fatty acids (CCO-FA) ranked second, offering a more
environmentally friendly bio-based alternative. The results between methods strengthens the reliability
of these findings for low-cost rural thermal energy storage applications
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Abstract: The adaptive reuse of cultural heritage buildings is increasingly recognised as a
key strategy for promoting sustainability within the built environment. In World Heritage
Sites, where redevelopment pressures coexist with strict conservation requirements,
adaptive reuse presents an opportunity to extend building life cycles while safeguarding
cultural value. This study investigates the application of circular economy (CE) principles
in the adaptive reuse of colonial buildings within Galle Fort, Sri Lanka, a living World
Heritage Site characterised by intensive tourism activity and climatic exposure. The
research adopts a mixed-methods approach combining transect walks, spatial mapping,
stakeholder consultations, in-depth interviews, and a life-cycle-based assessment
framework. Six colonial building typologies; Dutch townhouses, row houses, courtyard
houses, shop houses, service quarters, and British bungalows were analysed using a five-
point rating scale across five life-cycle stages: design, manufacture and supply,
construction, in-use and refurbishment, and end of life. The assessment evaluates circular
economy criteria including adaptability, design for disassembly, material optimisation,
fabric retention, operational durability, and material recovery potential. Findings indicate
that Dutch townhouses and courtyard houses exhibit the highest circular economy
performance due to their adaptable spatial layouts, durable traditional materials, and
capacity for reversible interventions. British bungalows demonstrate balanced circular
potential, while row houses, shop houses, and service quarters show moderate to lower
performance, constrained by spatial limitations and functional rigidity. Circular strategies
are most effectively implemented during early life-cycle stages, particularly design and
construction, whereas end-of-life circularity remains limited due to heritage conservation
constraints. The study contributes a context-specific circular economy framework tailored
to colonial heritage buildings in tropical coastal settings. By bridging global CE principles
with local heritage realities, the research offers practical insights for sustainable heritage-
led urban regeneration in World Heritage Sites.

Keywords: Adaptive reuse; Circular economy; Colonial heritage buildings; Galle Fort
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1. Introduction

Rapid urbanization, climate change, and increasing resource scarcity have intensified the need for
environmentally sustainable approaches within the built environment (Pomponi & Moncaster, 2017).
In this context, existing buildings play a critical role in achieving sustainability objectives, as they
embody substantial material, energy, and cultural value (Bullen & Love, 2011). Among these, cultural
heritage buildings are of particular importance due to their historic significance, architectural character,
and contribution to social identity (Pendlebury, 2013). However, many heritage buildings remain
underutilized or face pressure from redevelopment, especially in historic urban areas influenced by
tourism and economic transformation (Girard & Gravagnuolo, 2018). Heritage buildings located within
World Heritage Sites constitute irreplaceable cultural assets while also embodying substantial material,
energy and historical value. The adaptive reuse of such buildings has emerged as a critical strategy for
promoting sustainable development, as it extends building life cycles, reduces demolition-related waste,
conserves embodied energy and mitigates environmental impacts associated with new construction
(Bullen & Love, 2011; Foster, 2020). From a circular economy (CE) perspective, adaptive reuse
supports core principles such as material retention, resource efficiency, value preservation and the
reduction of virgin material consumption, while safeguarding cultural significance (Pomponi &
Moncaster, 2017; Girard & Gravagnuolo, 2018). Colonial-era buildings represent a distinct category of
cultural heritage, particularly in post-colonial contexts such as Sri Lanka (Amarathunga, 2011). These
buildings are not only physical artifacts of history but also key components of urban form, place
identity, and economic activity. In World Heritage Sites such as Galle Fort, colonial buildings are
increasingly subjected to adaptive reuse for tourism, commercial, and hospitality functions (Karun et
al., 2017). While adaptive reuse is widely recognized as a means of preserving heritage value and
extending building life cycles, its environmental performance is often assumed rather than
systematically evaluated (Owojori & Kim, 2018).

The circular economy (CE) has emerged as an important framework for addressing sustainability
challenges by reducing resource extraction, minimizing waste generation, and extending the useful life
of materials and buildings. Unlike the conventional linear model of construction and consumption,
which follows a “take—make—dispose” approach, the circular economy promotes strategies such as
material reuse, life-cycle extension, resource efficiency, and regenerative design (Debacker &
Manshoven, 2016). Although CE principles have been widely explored in relation to new construction
and industrial production systems, their application within cultural heritage conservation and adaptive
reuse remains relatively limited and is often discussed at a conceptual level (Nocca, 2017; Foster, 2020).
Existing studies on circular economy strategies for the adaptive reuse of cultural heritage buildings
primarily focus on global or theoretical frameworks, emphasizing life-cycle thinking and material
circularity (Pomponi & Moncaster, 2017; Girard & Gravagnuolo, 2018). While these studies highlight
the environmental benefits of reuse-oriented approaches, they frequently lack context-specific analysis,
particularly in relation to heritage buildings located within World Heritage Sites. Such sites operate
under strict conservation regulations and face complex challenges, including climate exposure,
intensive tourism activities, and the need for long-term preservation. These contextual factors are often
insufficiently addressed in the current literature on CE-based adaptive reuse.

Galle Fort, a UNESCO World Heritage Site in Sri Lanka, contains a dense concentration of colonial-
era buildings that have been adaptively reused for tourism-related functions such as boutique hotels,
villas, restaurants, cafés, craft shops, and jewellery stores, creating a distinctive heritage-based tourism
landscape (Indika, 2020). Previous studies in Sri Lanka indicate that adaptive reuse in heritage contexts
contributes to tourism attractiveness, economic revitalization, and improved user experiences,
particularly within hospitality-oriented heritage buildings (Amarathunga, 2011; Karun et al., 2017).
Empirical findings further suggest that adaptive reuse supports resource conservation, prevents
construction waste, and enables the preservation of culturally and economically valuable historic
structures. In response to these gaps, this study aims to contextualize global circular economy
frameworks within the local setting of Galle Fort and examine how circular economy strategies are
implemented in the adaptive reuse of colonial heritage buildings (Girard & Gravagnuolo, 2018; Foster,
91



2020). By analysing selected case studies, the research evaluates the environmental, social, and
economic implications of circular adaptive reuse practices. Through this investigation, the study seeks
to develop a localized and practice-oriented framework that can support sustainable heritage
management in tropical coastal World Heritage Sites. Specific objectives were to adapt and
contextualize global circular economy frameworks into a locally appropriate framework, identify
circular business model, for the adaptive reuse of colonial heritage buildings within the World Heritage
Site of Galle Fort, Sri Lanka, to examine adaptive reuse practices through a circular economy lens,
identifying how circular economy strategies are integrated into the reuse of colonial buildings.

a. Adaptive reuse of colonial buildings: A circular business model

The reviewed literature highlights the growing recognition of adaptive reuse as an effective strategy for
extending the lifespan of buildings and promoting urban sustainability. Studies examining Galle Fort
and similar heritage contexts mainly focus on issues such as conservation ethics, development
pressures, and governance challenges. However, these studies provide limited discussion on
environmental performance or the integration of circular economy (CE) principles within adaptive reuse
practices (Amarathunga, 2011; Indika, 2020). Research conducted in countries such as Australia,
Europe, and the United States further demonstrates the environmental and functional advantages of
adaptive reuse. Nevertheless, in many of these studies, circular economy strategies are addressed only
indirectly, without being explicitly framed within comprehensive life-cycle or circularity-based
frameworks (Bullen & Love, 2011; Owojori & Kim, 2018).Conceptual studies advance CE thinking in
the built environment by highlighting material reuse, adaptability, and design-for-disassembly, yet these
frameworks are rarely operationalised in protected heritage buildings or tourism-driven reuse contexts
(Pomponi & Moncaster, 2017; Foster, 2020). European initiatives such as the CLIC project and related
scholarship position cultural heritage as a circular urban resource but lack empirical validation in
tropical, coastal World Heritage Sites (Girard & Gravagnuolo, 2018; CLIC, 2019). Overall, the
literature reveals a gap between CE theory and applied heritage adaptive reuse, particularly within
colonial building typologies in Global South contexts. Results of comparative evaluation of published
research highlighted the key focus areas.
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Table 1: Comparative evaluation matrix of the literature review
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b. Conceptual framework

Figure 1 illustrates the conceptual relationship between colonial buildings, adaptive reuse, and circular
economy-oriented business model within the context of Galle Fort, a living world heritage site. The
diagram illustrates how colonial-era buildings are transformed through adaptive reuse into tourism-
related functions such as villas, cafés, restaurants, and retail spaces. This transformation process is
influenced by two key factors: policy regulations and innovation-driven interventions. Regulatory
frameworks play an important role in ensuring that redevelopment activities comply with heritage
conservation guidelines and planning regulations. At the same time, innovations in construction
techniques, material selection, reversibility, and spatial reconfiguration support the integration of
circular economy principles within reuse practices. In this context, adaptive reuse acts as a transitional
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mechanism that links heritage conservation objectives with circular economic practices. Through this
process, buildings can achieve extended life cycles, improved resource efficiency, and continued
economic value while maintaining the cultural integrity of a protected World Heritage Site.

Stratess
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Ervironmental remediation etries Policy

il Circular economy CE Frinciples:
- Resource efficiency
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Bt model Lie cyels thinking
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Figure 1: Conceptual Framework

2.Methodology

This study adopts a mixed-methods approach to examine the adaptive reuse of colonial buildings in
Galle Fort from a circular economy perspective. Data were collected through several qualitative and
spatial research methods, including transect walks, market mapping, in-depth interviews with selected
building owners, and stakeholder consultations. The study sample consisted of six types of colonial
buildings identified within the study area: Dutch townhouses (10), row houses (5), courtyard houses
(15), shop houses (10), service quarters, and British bungalows (5).

A five-point rating scale was used to evaluate the physical condition and circular performance of the
selected colonial buildings. The transect walk was employed as a participatory research tool, involving
systematic observation along predefined routes within Galle Fort. This method enabled the
documentation of environmental, social, and infrastructural conditions while supporting a broader
understanding of adaptive reuse patterns across the study area. The spatial distribution of colonial
building types within Galle Fort was mapped based on their original functions and current adaptive
reuse patterns. Distinct colour codes were used to represent each typology: Dutch townhouses (blue),
row houses (orange), courtyard houses (green), shop houses (yellow), and service quarters (red) (Figure
2). British bungalows were identified separately due to their relatively limited presence within the fort.

The mapping analysis reveals clear differences in adaptive reuse trends among building types. Dutch
townhouses, courtyard houses, and shop houses showed the highest levels of functional transformation,
with many buildings being converted into boutique hotels, villas, cafés, and restaurants. This trend
reflected the spatial flexibility of these structures and their suitability for tourism-oriented uses.
Courtyard houses, in particular, demonstrated a strong association with heritage hotel functions, while
shop houses were commonly adapted for restaurants and cafés located along the active commercial
streets. In contrast, row houses largely retain their original residential function, indicating a lower
degree of functional transformation and continued use as private dwellings. Service quarters exhibit the
highest level of functional continuity, with many buildings still serving service-related purposes.
However, notable exceptions exist, such as the former Dutch Hospital complex, which has been
successfully transformed into a major hospitality and commercial centre. Overall, the spatial analysis
highlights typology-specific patterns of adaptive reuse in Galle Fort, demonstrating how original
building functions and spatial configurations influence contemporary reuse outcomes.
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Figure 3: Typology of the buildings used for the assessment

Stakeholder consultations were conducted with a range of participants involved in the development and
management of buildings in Galle Fort. These included architects with experience in completed and
ongoing projects within the fort, building contractors, property owners, building users, and
representatives from local government authorities such as the Urban Development Authority (UDA).
The discussions were guided by a structured interview guide, and evaluation scores were assigned with
the active participation of the stakeholders. The assessment of buildings was therefore carried out
through a multi-stakeholder evaluation process, allowing the study to incorporate diverse professional,
managerial, and user perspectives. For each assessment criterion, scores were determined based on the
highest level of consensus reached among the participating stakeholders. Table 2 presents the
composition of the study sample and the building types considered in the analysis.

Table 2: Sample profile, building types and original functions and current adaptive reuse

Colonial House Type

Original Function

Current Adaptive Reuse

Dutch Town house

Elite residence

Boutique hotels, villas

Row House

Middle-class dwelling

Cafes, guesthouses

Courtyard House

Patrician residence

Heritage hotels

Shop House

Trade residence

Restaurants, cafes

Service Quarters

Staff housing

Ancillary hospitality

British Bungalow

Administrative residence

Institutional / hotel

Source: field survey, 2025

Circular Economy Life-Cycle Assessment Framework

The assessment framework adopts a life-cycle perspective to evaluate circular economy performance
across five key stages: design, manufacture and supply, construction, in-use and refurbishment, and
end-of-life. At the design stage, particular attention was given to principles such as design for
disassembly, adaptability, standardisation, waste reduction, and modularity. These aspects were
assessed through the analysis of spatial configuration, structural logic, and the reversibility of
architectural interventions. The manufacture and supply stage focuses on material-related
considerations, including material optimisation, the use of durable and low-hazard materials, expected
lifespan, disassembly potential, and standardisation. These factors were examined in relation to
construction techniques and the accessibility of building components. During the construction stage,
circularity was evaluated based on practices that minimise waste, promote the use of reused or recycled
materials, and incorporate off-site construction methods where applicable. Particular emphasis was
placed on the retention of original building fabric and the use of selective interventions, reflecting the
extent to which existing structural and architectural elements are conserved rather than replaced. The
in-use and refurbishment stage examines minimal maintenance requirements, ease of repair and
upgrading, adaptability, flexibility, and functional transformation capacity to ensure long-term
operational durability. Finally, the end-of-life stage assesses deconstruction potential, selective
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demolition, component reuse, and both closed-loop and open-loop recycling, with particular attention

to material recovery potential and the reversibility of building systems.

Table 3: Assessment Framework of Circular Economy Life-Cycle

Life-cycle Circular Economy Criteria Assessment Focus
Stage
Design Design for Disassembly (DfD) Adaptability | Spatial configuration
Standardisation structural logic
Waste Reduction reversibility of interventions
Modularity
Manufacture | Material optimisation Material durability
and supply low-hazard materials construction techniques
lifespan disassembly potential | component accessibility
standardisation
Construction | Waste minimisation Degree of fabric retention (How much of
reuse of materials the original building fabric (walls, floors,
recycled materials roofs, timber, tiles, structural systems,
off-site construction finishes) is kept and reused rather than
demolished or replaced.) and selective
intervention
In-Use and | Minimal maintenance Functional transformation capacity and
Refurbishme | ease of repair and upgrade adaptability operational durability
nt flexibility
End of Life Deconstruction Material recovery  potential and
selective demolition reversibility
component reuse
closed-loop
open-loop recycling

Source: (Adams, K. T., Osmani, M., Thorpe, T., & Thornback, J. (2017)

Operationalization table (Table 04) brings the details of research methodology; research approach,
method of data collection, analytical tools and the expected output.

Table 4: operationalization table

Objective Approach Method Analysis Expected Output
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reuse practices
through a circular
economy lens,
identifying how
circular economy
strategies are
integrated into the
reuse of colonial
buildings.

studies of
adaptively reused
colonial buildings
(boutique hotels,
villas, cafés,
restaurants); site
observations;
architectural
analysis; secondary
data review
Reviews of visitors
extracted from
international hotel
reservation sites

semi-quantitative
assessment of CE
strategies across
building life-cycle
stages (design,
construction, use,
end-of-life)
Analysis of visitor
reviews

To adapt and Conceptual and Systematic Comparative A localized
contextualize global contextual literature review of | analysis of global circular economy
circular economy framework global CE CE principles framework tailored
frameworks into a development frameworks; against local to adaptive reuse
locally appropriate review of heritage | heritage, climatic, of colonial
framework, circular conservation regulatory, and heritage buildings
business model for the guidelines socio-economic in Galle Fort
adaptive reuse of (UNESCO, local conditions
colonial heritage planning
buildings within the regulations);

World Heritage Site document analysis

of Galle Fort, Sri

Lanka.

To examine adaptive | Case-study Multiple case Qualitative and Typology-based

identification of
circular economy
strategies applied
in adaptive reuse
practices within
Galle Fort

3. Results and Discussion

Figure 4 presents a circular economy-based business model framework for the adaptive reuse of colonial
buildings. The framework identifies key stakeholders involved in the reuse process, including property
owners, architects, designers, suppliers and financial partners. Core activities focused on development,
processing and the application of technical skills and appropriate technologies to support reuse
interventions. Colonial building fabric, materials and human resources were identified as critical
resources and capabilities, reinforcing the emphasis on maximising the value of existing assets rather
than reliance on new construction. The value proposition integrates social, economic, and
environmental dimensions by delivering cultural value, supporting local economies and reducing
environmental impacts through material reuse. Cost structures were primarily associated with
conservation and reconstruction activities, while revenue streams were generated through tourism-
related uses. Customer relationships and delivery channels connect adaptive reuse projects to both local
and international tourists, demonstrating how circular economy principles support value creation,
delivery, and capture within heritage-led tourism development.
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Figure 4: Circular business model canvas of the adaptive reuse of colonial buildings of the Galle fort

The study performed visitor review analysis to obtain the perspectives of local and foreign tourists on
adaptive reuse of the colonial heritage buildings as tourist hotels, cafes, restaurants, and shop houses.
Their views are socially and economically vital for the circular economy which highlighted the
uniqueness of the heritage buildings for a leisure and pleasure experience plus living learning lab.
Figure 5 brings the outcomes of the visitor review analysis.
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Figure 5: Results of the visitor reviews on adaptive reuse heritage buildings of Galle fort.

Circular Economy Life-Cycle Assessment Framework

This study evaluates the application of circular economy (CE) principles in the adaptive reuse of
colonial residential buildings within the Galle Fort World heritage site through a life-cycle—based
assessment framework. The circular economy performance of colonial house typologies within the
Galle Fort world heritage site was evaluated across five life-cycle stages using a five-point rating scale.
The assessment was structured around five key life-cycle stages: design, manufacture and supply,
construction, in use and refurbishment, End of life. The framework is applied comparatively across
identified colonial house typologies to capture typology-specific circular economy potential and
constraints. Figures 6,7,8,9 and 10 bring the results of the assessment of different building types.
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Figure 6:Life cycle stage assessment of different building types of Galle fort: Design stage

At the design stage, Dutch townhouses and courtyard houses exhibited the highest circular economy
potential, particularly in adaptability and waste reduction, achieving maximum ratings. Their robust
structural systems and courtyard-based spatial organisation enable reversible interventions and flexible
reuse with minimal material loss, while relatively high scores for disassembly and modularity reflect
ease of internal modification. Row houses and shop houses demonstrated moderate circular
performance, benefiting from standardised layouts and structural regularity; however, narrow plots and
shared walls limit modularity and large-scale adaptability. Service houses showed lower adaptability
and modularity but high standardisation due to their simple construction systems. British bungalows
present a balanced circular profile, with consistently high ratings across indicators, supported by open
planning, detached form, and clear structural logic. The strong circular economy performance identified
in Dutch townhouses and courtyard houses in Galle Fort aligns with observations from both global and
regional adaptive reuse studies. Research on historic courtyard-based dwellings in Mediterranean cities
such as Venice and Seville similarly highlights their capacity for adaptability, reversible interventions,
and high levels of fabric retention, largely due to clear structural hierarchies and inward-oriented spatial
organisation (Foster, 2020; Girard & Gravagnuolo, 2018).
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Figure 7: Life cycle stage assessment of different building types of Galle fort: Manufacture and
supply

In the manufacture and supply stage (Figure 07), courtyard houses and Dutch townhouses demonstrate
the highest circular performance, particularly in terms of material optimisation, lifespan, and the use of
low-hazard materials. This performance was largely supported by durable traditional materials such as
lime mortar, timber, and clay tiles. Moderate scores for standardisation reflect the constraints imposed
by heritage conservation requirements. Row houses and shop houses exhibited moderate performance
overall, with higher standardisation scores due to the repetition of construction elements within their
design. Service houses perform lower in material optimisation and expected lifespan but score highly
in standardisation, reflecting their relatively simple and replicable construction systems. British
bungalows showed consistently strong performance, especially in disassembly potential and material
longevity, facilitated by their detached form and accessible construction systems. Evidence from
adaptive reuse projects in Southern Europe and the Netherlands underscores the environmental value
of retaining traditional construction materials such as lime mortar, brick masonry, timber, and clay tiles
(Pomponi & Moncaster, 2017). Studies of historic buildings in Italy further indicate that these materials
provide long service lives, low toxicity, and high repairability, aligning closely with circular economy
principles of material optimisation and low-hazard use. Comparable to Galle Fort’s colonial buildings,
standardisation in these contexts remains moderate due to conservation constraints, as heritage
regulations often limit the integration of modern prefabricated or standardised components (Foster,
2020).
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Figure 8: Life cycle stage assessment of different building types of Galle fort: construction stage

At the construction stage (Figure 8), fabric retention and selective intervention emerge as key factors
influencing circular outcomes. Dutch townhouses and courtyard houses achieved the highest ratings for
waste minimisation, reflecting conservation-led approaches that limit demolition, with courtyard houses
also showed the greatest potential for material reuse. Row houses and shop houses demonstrated
moderate performance, constrained by limited access and the smaller scale of construction, while
service houses recorded lower ratings due to reduced opportunities for material recovery. British
bungalows performed relatively well in terms of compatibility with off-site construction, facilitated by
their detached form and the accessibility of components for prefabrication. Comparable adaptive reuse
projects internationally, such as the Paddington Reservoir Gardens in Sydney and heritage regeneration
initiatives in London, demonstrated strong alignment with circular economy objectives through
selective demolition, fabric retention, and waste minimisation (Bullen & Love, 2011; Debacker &
Manshoven, 2016). These projects emphasised conservation-led construction practices that not only
reduce demolition waste but also preserve embodied carbon, highlighting the environmental value of
careful intervention during the construction phase.
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Figure 9: Life cycle stage assessment of different building types of Galle fort: In-use and
refurbishment stage

In the in-use and refurbishment stage (Figure 9), Dutch townhouses and courtyard houses exhibited the
highest circular performance, particularly due to their adaptability and flexibility. These features allow
functional changes to occur with minimal structural intervention, while passive climatic design reduces
maintenance requirements. British bungalows also performed strongly at this stage, benefiting from a
balance of adaptability and ease of repair. Row houses and shop houses demonstrated moderate
performance, constrained by limited spatial flexibility and intensive commercial use, whereas service
houses show limited adaptability, restricting their long-term circular potential. International case studies
consistently highlighted that adaptively reused heritage buildings excel in adaptability, flexibility, and
extended service life (Conejos et al., 2016; Nocca, 2017). Heritage hotels and mixed-use buildings in
Europe and Asia demonstrated that passive climatic design elements, such as courtyards, verandahs,
and thick masonry walls, contribute to reduced maintenance requirements and lower operational energy
demand. These observations closely parallel the performance of colonial courtyard houses and Dutch
townhouses in Galle Fort, where buildings accommodated tourism-oriented functions with minimal
structural modifications, effectively supporting circular economy objectives.
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Figure 10: Life cycle stage assessment of different building types of Galle fort: End-of-life stage

At the end-of-life stage (Figure 10), courtyard houses demonstrated the highest circular potential,
particularly through selective demolition and component reuse, supported by their clear structural logic
and the use of durable materials. Dutch townhouses also performed strongly, enabling effective
deconstruction and material recovery. Row houses and shop houses exhibited moderate recovery
potential, constrained by interconnected structures and cumulative alterations over time, while service
houses show the lowest circular performance due to limited opportunities for material recovery. British
bungalows maintain moderate-to-high circular performance, facilitated by their detached form and the
clarity of their construction materials. Research on heritage adaptive reuse in the Netherlands and Hong
Kong underscores the importance of deconstruction and selective demolition as key circular strategies,
which preserve material value and minimise construction waste (Foster, 2020; Osmani et al., 2008).
These findings highlighted the potential for heritage buildings to contribute meaningfully to circular
economy objectives, even at the end-of-life stage, when interventions were carefully planned and
materials were recovered for reuse.

Detached or structurally legible heritage buildings, such as colonial bungalows and courtyard houses,
enable higher levels of component reuse and material recovery compared to densely connected row
buildings. Similar constraints were evident in Galle Fort, where party-wall conditions limit
deconstruction potential, reinforcing the relevance of early design and use-stage circular interventions
over end-of-life recovery.

4.Conclusion

Galle fort, only living world heritage site claimed for centuries old Portuguese, Dutch and British
architectural masterpieces. Most of the heritage buildings are still in use and being used for socially,
economically important ventures. Adaptive reuse of colonial buildings of Galle fort fosters a circular
economy by repurposing structures to extend their lifespan, significantly reducing cost of new
construction, reuse resources, construction waste and lowering embodied energy. Results highlighted
that heritage buildings of Galle fort often have climate smart tropical architectural designs along with
energy-efficient passive designs. Six main building types, Dutch townhouses, row houses, courtyard
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houses, shop houses, service quarters and British bungalows were identified and strategies of circular
business models include converting former residential and commercial buildings into tourism focused
businesses; hotels, restaurants, villas, cafes, shop houses, etc., enhances the sustainable urban
regeneration. The life-cycle—based assessment reveals clear typology-specific patterns of circular
performance. Dutch townhouses and courtyard houses consistently demonstrate the highest circular
economy potential across all life-cycle stages due to their robust structural systems, adaptable spatial
configurations, and use of durable traditional materials. These characteristics support high levels of
fabric retention, reversible interventions, and functional flexibility, particularly in tourism-oriented
adaptive reuse projects. British bungalows demonstrate a balanced circular performance, benefiting
from their detached forms, clear structural logic, and relative ease of disassembly and refurbishment. In
contrast, row houses and shop houses show moderate circular potential, limited by narrow plots, shared
walls, and intensive commercial use. Service quarters exhibit the lowest adaptability, despite
maintaining strong continuity of their original functions. The study further indicates that circular
economy strategies are most effectively realised during the design, construction, and in-use stages,
where conservation-led decision-making, selective interventions, and passive climatic design can
significantly reduce material loss and operational impacts. Circular potential at the end-of-life stage is
comparatively limited, highlighting the critical importance of early-stage interventions in heritage
contexts, where demolition is both undesirable and often prohibited.
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Abstract: Regional branding of Agricultural or food products is constitutes a strategic
approach in promoting local produce, enhancing the market competitiveness and fostering
the sustainable rural development in Sri Lanka. Despite the strategic value, the
understanding of consumer preferences regarding regional agricultural brands remain
insufficiently examined. The study seeks to identify the key factors influencing consumer
preferences for regional agricultural brands, examine the relationship between consumer
demographics and their preference for regional agricultural products, and assess consumers’
willingness to pay a premium for sustainable regional agricultural products. Furthermore,
the research aims to identify the market potential and barriers for the expansion of regional
agricultural brands. Data were gathered from 217 respondents through face to face
interviews by using semi structured questionnaire. Analyses were done by quantitative and
qualitative methods. The regression results highlight the significant importance of consumer
awareness, perceived quality, availability, trust through certification, belief in superiority of
regional brands, emotional engagement and socio economic factors in shaping the consumer
preference for regional brands. The willingness to support the local farmers, and marketing
strategies centered on story telling play a vital role as powerful emotional drivers, while
price remains as a limiting factor. These findings align with global research and suggest that
effective branding strategies for Sri Lanka's regional agricultural products should combine
awareness, authenticity, availability and emotional storytelling, alongside policy support to
improve accessibility and pricing structures.

Keywords; Regional agricultural brand; Consumer preference; Market growth potential;
Sustainability
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1. Introduction

As global markets grow continually competitive and consumer preferences become more sophisticated,
the development of strong regional agricultural brands has emerged as a vital strategy for enhancing
rural livelihoods and improving national economic growth (Ilbery & Kneafsey, 2000; Belletti et al.,
2017). In Sri Lanka, where agriculture is a key sector supporting rural communities and contributing
significantly to employment and food security, branding regional agricultural products offers an
opportunity to capture added value, differentiate local produce, and expand market reach both
domestically and internationally. Other than that, previous studies highlights that consumers tend to
associate regionally produced agricultural products with sustainability due to different factors. The
shorter supply chains, reduced transportation related environmental impacts, and stronger support for
local agricultural economies, highlighting the potential of regional brands to contribute to
environmentally and socio economically sustainable food systems (Feldmann & Hamm, 2015).
However, the potential of such branding initiatives depends fundamentally on understanding consumer
preferences and aligning product offerings with market expectations (van Ittersum et al., 2007).

In addition to Sri Lanka’s rich diversity of agricultural commodities including globally recognized
products such as Ceylon tea, spices, indigenous rice varieties, and tropical fruits, many regional
products remain underdeveloped in terms of brand identity and market positioning (Athukorala &
Jayasuriya, 2012). Agricultural products such as “Ruhunu Meekiri, Bibile orange, Nawala pineapple,
are famous among local people, but there is no global identity or proper branding for them. Challenges
such as inconsistent quality standards, fragmented supply chains, and limited market research have
constrained the success of regional brands (Wickramasinghe & Cameron, 2002). As well, a global rise
in consumer awareness about product origin, authenticity, and sustainability is creating new
opportunities for agricultural products that reflect the unique characteristics of Sri Lanka’s diverse agro
ecological zones (Tregear, 2003; Barjolle & Sylvander, 2000).

It is very important to identify the key factors that drive consumer preferences including quality, price,
origin labeling, certification, and brand reputation is critical for crafting effective branding and
marketing strategies (Verbeke & Ward, 2006). Other than that, assessing consumers’ willingness to pay
a premium and their purchasing behavior provides valuable insights into the market potential for
developing and expanding regional agricultural brands (Grunert, 2005). However, empirical research
that systematically explores these aspects in the Sri Lankan context remains limited, creating a critical
knowledge gap.

The purpose of this study is to address this gap by systematically analyzing consumer preferences and
evaluating the market potential of regional agricultural brands in Sri Lanka. By examining the
determinants that influence consumer choices and estimating willingness to pay for branded regional
products, the research seeks to provide actionable insights for policymakers, producers, and marketers
to enhance the competitiveness and sustainability of Sri Lanka’s agricultural sector.

2. Materials and Methods

This study was conducted using the mixed method approach, integrating both quantitative and
qualitative data collection to comprehensively understand consumer preferences for regional
agricultural brands in Sri Lanka.

2.1 Data Collection

Primary data were collected through face to face interviews using a semi structured questionnaire,
designed to collect the data on consumer demographics, awareness, perceived quality, availability, trust
through certification, belief in superiority of regional brands, emotional engagement, and willingness
to pay a premium for regional agricultural products. In addition to that using additional sections of the
questionnaire collected data on market barriers and potential expansion strategies for regional brands,
consistent with best practices in consumer preference studies (Sirieix et al., 2008; Fernqvist & Ekelund,
2014). To ensure the clarity and suitability of the questionnaire, it was pre tested with a small sample
(n = 20). The pre test was conducted to identify ambiguities, unclear wording, and potential issues in
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the structure of the questions. Based on the feedback received, several revisions were made to improve
the clarity and relevance of the items.

In addition, the reliability of the multi item scales used in the questionnaire was assessed using
Cronbach’s alpha to evaluate the internal consistency of the constructs

A non probability sampling technique was employed, targeting Sri Lankan consumers across different
demographic groups (including urban and rural areas) to enhance the representativeness. A minimum
of 217 respondents was targeted for sufficient statistical power,

2.2 Data Analysis:

Collected data were analyzed using descriptive statistics to identify general trends and patterns in
consumer preferences. The binary logistic regression model was used to assess the impact of key
factors including consumer awareness, perceived quality, availability, trust through certification,
belief in superiority of regional brands, emotional engagement, and socio-economic factors on the
likelihood of consumers preferring regional brands.

The regression model was specified as:
Logit(P(Y=1)) = p0 + Bl (Awareness) + p2 (Perceived Quality) + 3 (Availability)
+p4(Trust) + B5( Belief'in Superiority) + p6 (Emotional Engagement)
+ B7 (Premium Price) + B8 (Packaging) + 79 (Value addition)
+ B710 (Income) + p11(Age) + p12(Gender) + &
where Y is a binary dependent variable indicating special preference for Regional Agricultural Brands
(1 = prefer, 0 = do not prefer).

Data cleaning, descriptive analyses, and preliminary cross tabulations were done using Microsoft Excel,
and binary logistic regression analyses were conducted using the Statistical Package for Social Sciences
(SPSS) software (version 26.0).

To ensure the robustness of the logistic regression model, goodness-of-fit tests (specifically the Hosmer-
Lemeshow test) and the Omnibus Tests of Model Coefficients were conducted. These diagnostic
measures verified the reliability of the coefficient estimates, aligning with the recommendations of Hair
et al. (2010) and consistent with similar studies in market and consumer behavior research.
Participation in the study was voluntary and based on informed consent. Confidentiality and anonymity
of respondents were strictly maintained throughout the data collection and analysis phases, to fulfil
ethical standards for social science research.

3. Results and Discussion

This section presents the descriptive and statistical analysis results of the study, providing an integrated
interpretation of the factors influencing consumer preferences for regional agricultural brands in Sri
Lanka.

3.1 Descriptive Statistics of Key Predictors
Table 3.1 summarizes the frequency distributions and proportions of key predictor variables, giving a

foundational understanding of respondents’ perceptions and preferences.

Table 3.1: Descriptive Statistics of Key Predictors (n=217)

Variable Categories Frequency  Percentage (%)
Awareness | Not aware (0) 58 26.7
Aware (1) 159 73.3
Quality | Low (1-2) 27 12.4
Moderate (3) 25 11.5
High (4-5) 165 76.0
Availability | Low (1-2) 66 30.4
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Moderate (3) 70 32.3
High (4-5) 81 37.3
Trust through certification | Low (1-2) 17 7.8
Moderate (3) 65 30.0
High (4-5) 135 62.2
Belief'in superiority | Not Believe (0) 78 359
Believe (1) 139 64.1
Intention to Support for Local Farmers | Low (1-2) 74 34.1
(Emotional Engagement)
Moderate (3) 30 13.8
High (4-5) 113 52.1
Willingness to pay premium Price | Low (1-2) 46 21.2
Moderate (3) 144 66.4
High (4-5) 27 12.4
Significance of Packaging | Low (1-2) 90 41.5
Moderate (3) 67 30.9
High (4-5) 60 27.6
Expectation of Value Addition | Low (1-2) 62 28.7
Moderate (3) 118 54.6
High (4-5) 36 16.7

According to the descriptive analysis it reveals that robust levels of awareness (73.3%) and perceived
quality (76.0% high ratings), suggesting that these factors are widely recognized among consumers. As
well emotional engagement factors also appear strong, with 62.2% of respondents assigning high
importance to trust through certification and 52.1% emphasizing their intention to support for local
farmers. On the other hand, availability shows a more balanced distribution, with only 37.3% assigning
it high importance, suggesting that practical access to regional products may be an area of concern.

According to the analysis, willingness to pay premium is moderate and high, 66.4% and 12.5% in
ratings, and low (21.1%), indicating a perception of price as a potential limiting factor. However, as
subsequent regression analyses reveal, this concern does not significantly impact actual preferences in
this context. The value addition is strongly recognized among consumers, with 71.4% of respondents
rating it at level 3 or higher, and only 11.6% giving it the lowest rating. This suggests that most
consumers place moderate to high importance on value added features, highlighting its relevance in
shaping preference and perceived product quality.

3.2 Regression Results and Interpretation

Binary logistic regression was employed to identify significant predictors of consumer preference for
regional agricultural brands. The Hosmer and Lemeshow test confirmed that the model fit the data well
(?=15.864, df =8, p=0.663), and the Omnibus Tests of Model Coefficients were significant (p < 0.05),
indicating the model’s overall validity.

According to the regression results, awareness, quality, availability, trust through certification, Belief
in Superiority, support for local farmers, income, and age were emerged as statistically significant
positive predictors (p < 0.05) (Table 3.2). These findings suggest that consumer preference is strongly
shaped by perceptual and emotional drivers, as well as by socio-economic factors.

Table 3.2: Binary Logistic Regression Results

Predictor B S.E.  p-value Exp(B) 95% CI 95% CI
Lower Upper
Awareness | 3.435 1.021  0.001*** 31.026 4.196 229.417
Quality | 0.941 0.367  0.010** 2.563 1.248 5.263
Availability | 0.734 0.360  0.042* 2.082 1.028 4218
Trust through certification | 1.160 0.452  0.010%* 3.188 1.316 7.728

111



Belief in superiority | 2.152 0.735  0.003** 8.606 2.039 36.320
Intention to Support for | 1.826 0.424  <0.001***  6.208 2.703 14.255
Local Farmers
Income | 0.000 0.000  0.019* 1.000 1.000 1.001
Age | 0.065 0.032  0.042* 1.068 1.003 1.137
Willingness to pay | -0.211 0.301 0.482 0.810 0.449 1.460
premium price
Significance of Packaging | 0.171 0.245 0.487 1.187 0.734 1.920
Expectation of Value | 0.896 1.255 0.475 2.449 0.209 28.654
Addition
Gender | 0.603 0.661 0.362 1.827 0.500 6.681
Constant | -24.553  5.583  <0.001***  0.000 - -

These findings strongly support the statistical importance of awareness (p = 0.001), perceived quality
(p =0.010), availability (p = 0.042), trust through certification (p = 0.010), and emotional engagement,
measured by Support for local farmers (p < 0.001), in shaping consumer preferences for regional
agricultural brands. The notably high odds ratio for awareness (Exp B = 31.026) underscores that
consumer knowledge is a powerful gateway to preference adoption. This finding is also consistent with
prior research on information dissemination and consumer engagement (Fernqvist & Ekelund, 2014).

The statistically significant influence of perceived quality (Exp B = 2.563) and availability (Exp B =
2.082) affirms the critical role of tangible product attributes in driving loyalty. In the same way, trust
through certification (Exp B = 3.188) and belief in brand superiority (Exp B) = 8.606) significantly
impact preference, highlighting the importance of strategic branding and communication. Emotional
drivers such as support for local farmers (Exp B) = 6.208) further demonstrate how ethical alignment
and local identity strengthen consumer relationships.

In spite of not being statistically significant in the regression model (B =-0.211, p = 0.482), willingness
to pay a premium price emerges as a notable perceptual concern among consumers. Descriptive analysis
reveals that 66.4% of respondents rated their willingness to pay as moderate, and 12.4% are high, while
21.1% indicated low willingness, suggesting a cautious attitude toward price premiums. This highlights
that although price is perceived as a limiting factor, it does not exert a significant behavioral influence
when compared to stronger emotional and perceptual drivers such as awareness, quality, and emotional
connection. Therefore, while price sensitivity should not be ignored, it appears to be outweighed by
other motivating factors in consumer decision-making for regional agricultural brands. Finally, income
(p = 0.019) and age (p = 0.042) emerged as significant positive predictors, suggesting that older and
higher-income consumers are more receptive to the authenticity, cultural value, and identity embedded
in regional brands.

4. Conclusion

This study provides a deeper understanding of the factors that influence consumers’ preferences for
regional agricultural brands in Sri Lanka, an area that has received relatively little attention despite its
increasing importance for rural development and strengthening local market competitiveness. The
findings reveal that consumer preferences are influenced by a combination of perceptual, emotional,
and socio-economic factors. In particular, awareness of regional brands, perceptions of product quality,
product availability, trust built through certification, the belief that regional brands are superior, and the
desire to support local farmers all play important roles in shaping consumer choices.

Although many respondents considered price to be a potential barrier, the results showed that it did not
have a statistically significant effect on actual consumer preferences. This suggests that stronger
perceptual and emotional factors such as trust in the brand and a sense of cultural connection play a
more influential role in shaping consumer decisions. In addition, the significant effects of income and
age highlight that demographic characteristics also influence how consumers perceive and accept
regional brands. These insights align with global literature and underscore the need for strategic
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branding approaches that incorporate authenticity, accessibility, emotional storytelling, and policy level
support. Enhancing brand visibility, building consumer trust, and improving distribution networks can
further elevate the market potential of Sri Lankan regional agricultural products.

The findings of this study provide several practical insights for promoting and expanding regional
agricultural brands in Sri Lanka. One of the most important priorities is increasing consumer awareness.
Marketing efforts should focus on communicating the origin, uniqueness, and cultural value of regional
products so that consumers better understand what makes them special. Campaigns that use emotional
storytelling and highlight local identity, tradition, and ethical consumption can help create a stronger
connection between consumers and these products.

Another key area is building consumer trust. Certification systems and clear quality assurance
mechanisms can play an important role in strengthening credibility. When consumers feel confident
that a product is authentic and meets reliable quality standards, they are more likely to choose regional
brands. At the same time, improving product availability is equally important. Expanding distribution
networks especially in areas where such products are currently difficult to find will help ensure that
consumers who prefer regional brands are actually able to purchase them.

From a policy perspective, supportive measures are also necessary. Improving distribution
infrastructure can help make regional products more widely accessible. In addition, financial support
mechanisms, such as incentives for regional brand producers, could help reduce production costs and
address concerns related to price sensitivity. Together, these efforts can enhance the visibility,
accessibility, and competitiveness of regional agricultural brands while contributing to broader rural
development objectives in Sri Lanka.

Overall, by combining empirical findings with practical interpretation, this study offers useful guidance

for policymakers, marketers, and producers who aim to strengthen the presence and impact of regional
agricultural brands in Sri Lanka and other similar emerging markets.
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Abstract: The construction industry is increasingly focusing on sustainable practices in
order to reduce environmental impacts and conserve natural resources. One possible
approach is the reuse of construction waste materials in new infrastructure projects.
Reclaimed Asphalt Pavement (RAP), which is produced during road rehabilitation and
maintenance activities, contains valuable aggregates that can potentially be reused in
concrete. This study investigates the feasibility of using Recycled Asphalt Aggregates
(RAA) obtained from RAP as a partial replacement for natural coarse aggregates in rigid
pavement concrete in Sri Lanka. RAP materials were collected and processed through
heating, crushing, sieving, and washing to obtain suitable RAA particles. The physical and
mechanical properties of RAA were tested and compared with those of conventional
aggregates. Concrete specimens were prepared by replacing natural coarse aggregates with
RAA at replacement levels of 0%, 5%, 10%, 15%, and 20%. The performance of the
concrete mixtures was evaluated through slump tests, compressive strength tests, and
flexural strength tests. In addition, Scanning Electron Microscopy (SEM) analysis was
conducted to examine the microstructural characteristics of the concrete. The results
showed that RAA has slightly lower specific gravity and higher water absorption compared
to natural aggregates. Although increasing RAA content reduced the compressive strength
of concrete, the mix containing 5% RAA still achieved a compressive strength of 27.87
N/mm? after 28 days, which satisfies the requirements for Grade 25 concrete used in rigid
pavements. Flexural strength also remained within acceptable limits. The findings indicate
that a small percentage of RAA can be successfully used in rigid pavement concrete
without significantly affecting performance. Therefore, the use of RAA offers a sustainable
solution for reducing asphalt waste and conserving natural aggregate resources in Sri
Lanka.

Keywords: Recycled Asphalt Aggregate (RAA); Rigid Pavement; Aggregate; Concrete
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1. Introduction

The concrete production requires a large amount of natural or virgin aggregates, which causes both
environmental and economic problems (Mostafa, et al., 2017). Using recycled materials such as
Recycled Asphalt Aggregates (RAA), obtained from old asphalt pavement waste, can reduce this
impact, extract the valuable materials from waste and support sustainability in the construction sector
(Kavitha , et al., 2023). And also, the country faces challenges in managing construction waste and
maintaining sustainability in material use. Incorporating RAA into rigid pavement construction could
help address these challenges by reducing the need for new raw materials while promoting eco-friendly
practices (Jaime, et al., 2024).

Recycled Asphalt Aggregates (RAA) are produced by crushing and processing reclaimed asphalt
pavement (RAP) (Kavitha , et al., 2023). This material contains aged asphalt binder and aggregates,
which can be reused in new construction. Many countries have successfully used RAA in flexible
pavements, but its use in rigid concrete pavements is still being explored. One of the main concerns
when using recycled asphalt aggregates in concrete is the presence of the asphalt coating on the
aggregate surface. This coating may affect the bond that forms between the aggregate particles and the
surrounding cement paste, which can influence the strength and long-term durability of the concrete.
Despite this concern, the use of RAA in rigid pavement construction provides several advantages.
Reusing these materials can help reduce construction costs, decrease environmental impacts associated
with natural aggregate extraction, and support sustainable construction practices by promoting the reuse
of waste materials within a circular economy framework. (Jaime, et al., 2024).

Before recycled asphalt aggregates can be widely used in Sri Lanka, it is important to carefully examine
their characteristics and performance under local environmental and construction conditions.
Evaluating the physical and mechanical behaviour of RAA, and comparing it with conventional natural
aggregates, is necessary to ensure that rigid pavements maintain the required strength and durability.
Although many international studies have investigated the use of recycled asphalt materials in pavement
construction, research related to their application in Sri Lanka remains limited. Therefore, this study
focuses on assessing the suitability of Recycled Asphalt Aggregates for rigid pavement concrete in the
Sri Lankan context and aims to contribute knowledge that can support more sustainable construction
practices in the future.

Recycled asphalt aggregates possess certain characteristics that may improve the performance of rigid
pavement concrete, particularly in terms of strength and long-term durability. (Salim, et al., 2009). This
study aims to assess the performance of recycled asphalt aggregates when used in rigid pavement
concrete under the climatic and traffic conditions found in Sri Lanka. The results of this research are
expected to provide useful knowledge for enhancing pavement quality and service life. In the long term,
these findings may contribute to developing safer, more durable, and economically efficient road
infrastructure within the country.

2. Objectives

To investigate the physical and mechanical properties of recycled asphalt aggregates in rigid pavements.
To determine the optimum mix ratio of concrete with coarse aggregate partially replaced by Recycled
Asphalt Aggregate (RAA) for rigid pavement.

3. Methodology

The study uses an experimental research design to investigate the physical, mechanical, and
performance characteristics of Recycled Asphalt Aggregates (RAA) when incorporated into rigid
pavement concrete. This research is involving a series of laboratory tests to determine the effectiveness
of replacing a portion of the natural coarse aggregates with RAA in concrete mixtures. The figure 1.
Shows the experimental methodology used in this study.
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Figure 1: Flow Chart of Methodology

3.1.Preparation of RAA

The RAP was included 15 years old asphalt pavements removed during road milled at Homagama —
Pitipana RDA Road (A004). Then collected RAP materials were softened in an oven at a temperature
of 150°C for about 45 minutes to crushing easier. After heating, the softened RAP materials were gently
crushed using a steel rod and timber rod by hand rolling to break them into smaller, manageable sizes.
The coarse RAP aggregates were retained above Smm by sieving. And also, wet sieving was carried
out to remove loose dust particles. After wet sieving, the aggregates were dried naturally in the sun and
Figure:2 shows the steps of RAA preparation.

AN

Figure 2: Procedure of RAA Preparation
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3.2.Characterization of RAA and Virgin Aggregates

Both RAA and virgin coarse aggregates were subjected to a series of laboratory tests to determine and
compare their physical and mechanical properties to full fill the specific range of aggregates for concrete
to rigid pavement. Such as, Flakiness Index, Soundness test, Specific Gravity of coarse aggregates,
Water Absorption, Aggregate Impact Value and Loss Angeles Abrasion Value were conducted in
accordance with ICTAD SCA/5: Section 1801.6, based on BS 812 Part 105.1, ASTM C88, ICTAD
SCA/5: 1801.7, based on ASTM C127, ICTAD SCA/5 Section: 1701.3 not more than 2%, based on
ASTM C127, ICTAD SCA/5: Section 1801 shall not be greater than 45, based on BS 812 Part 112, and
ICTAD SCA/S: Section 1801.1, based on ASTM C131 respectively (Institute for Construction Training
and Development (ICTAD), 2009).

3.3. Materials and Concrete

A concrete mix design was prepared with weight proportion as according to ICTAD SCA/S: Section
901A.3(a) to prepare Grade 25 (G25) concrete to find the materials quantities. Then, cement, fine
aggregate, and water were taking with weight proportion in accordance with ICTAD SCA/5: Section
901B.2(a), ICTAD SCA/5: Section 901B.2(c), and ICTAD SCA/5: Section 901B.2(b) respectively
(Institute for Construction Training and Development (ICTAD), 2009).

And also, RAA was partially replaced virgin crushed coarse aggregate with concerning gradation as
according to ICTAD SCA/S: Table: 1701.1 at 5%, 10%, 15% and 20% of each size of Smm and 10mm
and table:1, shows the aggregate distribution with proper gradation in weight proportion for 03 cubes
of each percentage (Institute for Construction Training and Development (ICTAD), 2009).

Table 1: Coarse Aggregate Distribution with Gradation of Each Size:

Grading for Coarse Aggregate for Concrete
Aggregate Distribution of Virgin and RAA
Mix of 5% Mix of 10% Mix of 15% Mix of 20%
§ = = = =
9 < = <@ = <9 =
Mixed Gradation é g § g § S § g §
. Weightsof | = | 5 2 s = s = S =
Sieve Design Coarse 2 ° NS S X S X S
. | Retained | Amount of | 0 NS EN X in X EN X
Size o Aggregate | .2 | & P X S ® n o S
% Coarse ., al = _ - —_—~ - ——~ - QX ~
(mm) for Mix ° S o - S o v 8P S o B0 S o ¢ 80
Aggregate . &l 2 8 <= 2 8 = 2 8 = o 8 =
o | e | ENES| ZEO[E%| ZEO[5°| 2§ |50 i3
& & |E|¢¥ z | @ z | @ T | B E
- S £ s & s & s
sl lg (¥ (2] 2] ¢
= %_ = 3 = 3 = 2
) ) ‘Bo = ) = ) =
= 2 = - E > = >
= = a = a = =
15.39x05% 15.39x10% 15.39x15% 15.39%20%
10 51.5 15.389 50 | 14.620 13.850 13.081 12.311
0.769 1.539 2.308 3.078
29.882 12.55%05% 12.55%x10% 12.55%x15% 12.55%20%
5 42 12.550 50 111.923 11.295 10.668 10.040
0.628 1.255 1.883 2.510
Pan 6.5 1.942 Totally Replaced by Virgin Coarse Aggregate
Total Aggregate | 29.882 29.882 100 29.882 29.882 29.882 29.882

Then, the cubes of 03 samples for each percentage (RAA - 0%,5%,10%,15% and 20%) of RAA and the
beam specimens of 03 samples for control (RAA - 0%) and optimum mix ratio (RAA - 5% from found
Compressive Strength) were cast and cured following standard procedures to make sure the results were
consistent and comparable. According with ICTAD SCA/5: Section 901B (Institute for Construction
Training and Development (ICTAD), 2009).
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3.4. Experimental Investigation of Gr 25 Concrete for Rigid Pavement

This experimental phase evaluated the physical and mechanical performance of RAA incorporated
concrete compared with control samples (0% - RAA). Under section 901B.3 (Institute for Construction
Training and Development (ICTAD), 2009). Such as, Workability of Concrete, Compressive Strength
of Concrete, and Flexural Strength of Concrete were conducted in accordance with ICTAD SCA/5:
Section 901A.3(b), ICTAD SCA/5: Section 901A.3(b), based on ASTM C78 respectively (Institute for
Construction Training and Development (ICTAD), 2009).

And also, The Scanning Electron Microscopy (SEM) test was carried out the microstructural
characteristics of concrete containing RAA (Optimum RAA mix ratio from previous compressive
strength - 5%) and Control (0%) to observe the morphology, the internal surface and bonding behaviour
between the cement paste and aggregates at a microscopic level.

4. Results
4.1.Physical & Mechanical Properties of Conventional and RAA Aggregates
Table 2: Aggregate Properties of Virgin VS RAA

Conducted Test on Material Standard
- . Limit Standard
No. Test Name Virgin RAA Testing Method Value Consideration
ICTAD - SCAO0S;
1 Flakiness (%) 20 7 BS 812; Part 105.1 <35 Section 1701.2 (BS-
812)
ICTAD - SCAO0S;
2 ALV (%) 27 13 BS 812; Part 112 <45 Section 1701.2 (BS-
812)
ICTAD - SCAO0S;
3 LAAV (%) 46 24 ASTM C131 33-57 Section 1801.5

(ASTM C131-01)
ICTAD - SCA05;

4 Soundness (%) 33 2.8 ASTM C88 <12 .
Section 1801.9

5 Water Absorption (%) 0.489 0.72 ASTM C127 02-4 ASTM C127
ICTAD - SCAO0S;

6 Specific Gravity 2.671 2.613 | ASTM C127 25-3 Section 1801.7
ASTM C127

The aggregate properties revealed significant differences between conventional aggregates and RAA
and table: 2 shows the properties of values of virgin and RAA. The flakiness index of the recycled
asphalt aggregates was found to be lower than that of the conventional aggregates, with values of 7%
and 20% respectively. This result indicates that RAA particles have a more favourable shape, which
can contribute positively to the workability and strength development of concrete. In addition, the
soundness test results for both aggregate types were relatively close, recording 3.3% for conventional
aggregates and 2.8% for RAA. These values suggest that both materials have a similar resistance to
weathering effects and environmental deterioration.

The measured specific gravity of recycled asphalt aggregates was 2.613, which is slightly lower than
the value of 2.671 recorded for conventional aggregates. This difference is likely caused by the thin
layer of aged asphalt binder that remains on the surface of the recycled particles. Because of this
variation in specific gravity, it is important to consider the effect during the concrete mix design process
so that the correct volume proportions of materials are maintained.
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The results indicated that recycled asphalt aggregates had a higher water absorption value of 0.72%,
whereas the conventional aggregates recorded 0.489%. This increase in absorption may be related to
the relatively porous characteristics of the aged asphalt layer surrounding the recycled particles or the
existence of small internal cracks within them. If this higher absorption is not properly considered
during the mix design stage, it may influence the workability of fresh concrete and could also affect its
strength.

COMPARISION OF CONVENTIONALVS RAA
mVirgin mMRAA
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(%) ABSORPTION GRAVITY
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PROPERTIES OF AGGREGATES
Figure 3: Aggregate Properties of Virgin VS RAA with Percentage

Regarding mechanical performance, the recycled asphalt aggregates exhibited greater resistance to both
impact and abrasion when compared with conventional aggregates. The Aggregate Impact Value (AIV)
for RAA was recorded as 13%, which is considerably lower than the 27% obtained for natural
aggregates, indicating a stronger ability to withstand sudden impact loads. In a similar manner, the Los
Angeles Abrasion Value (LAAV) of RAA was 24%, while conventional aggregates showed a much
higher value of 46%. This result suggests that RAA has better resistance to surface wear and
degradation. The improved mechanical behaviour of RAA is likely related to the residual asphalt layer
on the particles, which may act as a cushioning and protective coating that helps dissipate impact forces.

4.2. Concrete Properties

4.2.1. Workability of Fresh Concrete

The slump test results showed that all mixes had acceptable workability for rigid pavement applications
(10-30 mm slump (Institute for Construction Training and Development (ICTAD), 2009)), RAA
incorporation does not adversely affect the workability of concrete.

Slump Value Comparision With Standarad
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Figure 4: Slump Value Comparison with Standard values:
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4.2.2. Compressive Strength

The compressive strength results clearly showed a decreasing trend with increasing RAA content. At 7
days, the strength reduction compared to the control mix was 17.6% for 5% RAA, 24.4% for 10% RAA,
40.1% for 15% RAA, and 55.8% for 20% RAA. At 28 days, the strength reduction was 15.0% for 5%
RAA, 26.9% for 10% RAA, 37.3% for 15% RAA, and 53.0% for 20% RAA and figure: 5 shows the
compressive strength variation of after 07 days.

The 5% RAA mix still achieved a 28-day compressive strength of 27.87 N/mm?, which exceeds the
Grade 25 requirement of 25 N/mm?. This indicates that up to 5% of conventional coarse aggregate can
be replaced with RAA without compromising the strength requirements for rigid pavement applications.

Grade 25 - 07 Days Compressive Strength
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Figure 5: Compressive Strength Variation with RAA After 07 Days
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Figure 6: Compressive Strength Variation with RAA % After 28 Days
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4.2.3. Flexural Strength

The flexural strength test results showed that the 5% RAA mix achieved an average flexural strength
of 4.147 MPa, which is 8.8% lower than the control mix (4.549 MPa).

However, it is important to note that the flexural strength of the 5% RAA mix is still within acceptable
limits for rigid pavement applications.

Flexural Strength
4.6 4.549
45
4.4
43
4.2 4.147
4.1
4

3.9
Control RAA -5%

Sample Type

Flexural Strength

Figure 7: Flexural Strength Variation

4.2.4. SEM Test

The analysis started with an examination of the surface texture and morphological characteristics of the
samples. The virgin concrete samples displayed relatively dense and compact surfaces, typically
consisting of block-like or granular particles with limited presence of elongated or thread-like
formations. In comparison, the concrete containing 5% recycled asphalt aggregates presented a
noticeably different microstructural pattern. The images revealed a higher occurrence of needle-like
(acicular) formations and loosely arranged fibrous clusters, particularly concentrated in the central
portions of the observed areas. These structures often appeared as radiating crystal formations, which
may indicate modifications in the hydration products or microstructural development resulting from the
incorporation of RAA.

The SEM analyses were conducted at multiple magnifications (0.1KX, 0.5KX, 1KX, 5KX, and 10KX)
to examine both detailed surface characteristics and the overall morphology. Figures 8, 9, 10, and 11
illustrate the differences between the two samples: the virgin aggregate is displayed on the left, while
the RAA sample with the optimal replacement percentage is shown on the right.

| Magnification of 0.5KX

e e emr R wan o we= R
Figure 8: Magnification of 0.5KX Virgin VS
Optimum %

122



| Magnification of 1.0KX I

o SOOI SpaiArsEr Dol 1502025 W Sgrar i Oufe 5042005
(. D= 40mm lgm 00RX Tir 12015 H D= {25mm Nsg= 1E0KX Tire 164535

Figure 9: Magnification of 1.0KX Virgin VS Optimum
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Figure 10: Magnification of 5.0KX Virgin VS Optimum %
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Figure 11: Magnification of 10.0KX Virgin VS Optimum %

5. Concluding Discussion
The primary objective of this study was to assess if recycled asphalt aggregates (RAA) could be used
to partially substitute natural coarse aggregates while maintaining the concrete’s strength and overall

quality.

The physical and mechanical characteristics of recycled asphalt aggregates (RAA) indicate that they
are generally appropriate for use in concrete. Although the presence of an asphalt coating on the RAA
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surface leads to slightly lower strength compared to natural aggregates, incorporating RAA at a 5%
replacement level still allowed the concrete to meet the standards set by ICTAD.

Results from the compressive strength tests showed that concrete containing 5% RAA reached 27.87
N/mm? after 28 days, exceeding the minimum requirement for Grade 25 concrete. The flexural strength
of this mix was measured at 4.147 MPa, which is only marginally lower than that of the control mix at
4.549 MPa. Additionally, the workability of the 5% RAA mix remained within the acceptable limits for
rigid pavement applications.

SEM analysis indicated that even a modest addition of RAA, such as 5%, can noticeably influence the
microstructure of concrete. For use in pavements, these microstructural changes could offer benefits if
the RAA content is carefully optimized. However, further testing of mechanical performance and
durability is necessary to fully verify the practical advantages of this approach.

The study indicates that replacing 5% of natural coarse aggregates with RAA represents the optimal
level. Exceeding this proportion leads to reductions in both compressive and flexural strength below
the required standards. Implementing a 5% RAA replacement provides a sustainable approach to road
construction by lowering the demand for natural aggregates and helping to reduce asphalt waste.

The RAA can be safely used in rigid pavement concrete up to 5% replacement without compromising
strength or quality
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Abstract: Rapid urbanization in developing regions is increasing pressure on vegetation,
ecosystem services, and the sustainable use of natural resources. Understanding how urban
growth affects green cover over time is therefore essential for promoting resource-efficient
urban development. This study examines vegetation dynamics as an indicator of
sustainable urban growth through a comparative analysis of Ampara City and the peri-
urban Lahugala area in the Ampara District, Sri Lanka, using GIS and remote sensing
techniques. Multi-temporal Landsat 8 imagery from 2014 to 2023 was used to derive the
Normalized Difference Vegetation Index (NDVI) and the Normalized Difference Built-up
Index (NDBI), enabling the assessment of long-term changes in vegetation cover and built-
up expansion. Pearson correlation analysis was applied to evaluate the relationship
between vegetation dynamics and urban development. The results reveal a consistently
strong and statistically significant inverse relationship between NDVI and NDBI in both
areas (r = —1.000, p < 0.01), indicating that vegetation decline is closely associated with
increasing built-up areas rather than short-term environmental fluctuations. Ampara City
shows relatively stable vegetation conditions with occasional recovery periods, suggesting
that structured land management, ongoing agricultural activities, and localized greening
initiatives may help offset some impacts of urban expansion. In contrast, Lahugala exhibits
greater year-to-year variation in vegetation cover, highlighting the sensitivity of peri-urban
landscapes located near protected areas to even small-scale human disturbances. Overall,
the findings demonstrate that the integrated NDVI-NDBI approach provides a practical
framework for detecting vegetation loss, monitoring urban environmental pressure, and
supporting resource-efficient and climate-resilient urban planning in rapidly developing
tropical regions.

Keywords: Vegetation dynamics; Urban expansion; NDVI; NDBI; Sustainable urban
planning; Remote sensing and GIS
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1. Introduction

Urban growth is a complex and multidimensional process that extends beyond the physical expansion
of cities. It involves profound socio-economic transformations, including rising population densities,
increasing economic activity, and significant shifts in land use and resource consumption (Clark, 1982).
Urban centres often act as key drivers of regional and national development because they concentrate
infrastructure, skilled labour, and service networks that support economic efficiency and productivity.
The spatial clustering of economic activities within cities also encourages innovation, specialization,
and diversity, reinforcing the central role of urban areas in modern development pathways (Uduporuwa
et al., 2025).

Despite these benefits, the rapid and frequently unplanned nature of urbanization has intensified
pressure on land, water, energy, and ecological resources. Such pressures have raised important
concerns regarding sustainability and resource efficiency in urban planning. As cities expand, natural
landscapes are increasingly transformed into built environments, often leading to significant changes in
vegetation cover and ecosystem functioning. Understanding how urban growth affects natural
systems—particularly urban vegetation—has therefore become essential for developing more
sustainable planning strategies. In this context, the present study investigates vegetation dynamics in
relation to urban expansion in selected urban and peri-urban areas of the Ampara District in Sri Lanka,
with the aim of evaluating how spatial indicators of vegetation cover and built-up development can
inform resource-efficient urban planning.

At the global scale, urban expansion is closely associated with environmental change, primarily through
the conversion of natural ecosystems and landscapes into built infrastructure (Lu et al., 2019; Viana et
al., 2019). These transformations, largely driven by human activities, contribute significantly to
environmental degradation, habitat fragmentation, and disruptions to natural ecological processes.
Urbanization is continuing to accelerate worldwide. In 2019, more than half of the global population—
around 4.2 billion people—lived in urban areas, and this number is projected to approach nearly 6
billion by 2041 (Uduporuwa et al., 2025). Within this rapidly urbanizing context, vegetation plays a
critical role in maintaining ecological balance. Urban greenery helps regulate microclimates, reduce
flood risks, conserve biodiversity, and mitigate the Urban Heat Island (UHI) effect (Arachchi, 2023).
Consequently, monitoring vegetation dynamics has become an increasingly important component of
urban sustainability assessments and land-use planning.

These challenges are particularly evident in developing regions, where rapid urban growth is often
accompanied by rising energy demand and growing environmental stress. Cities are estimated to
account for approximately 60—80% of global energy consumption and contribute a similar proportion
of global CO: emissions (Polydoros and Cartalis, 2015). In non-OECD regions of Asia and Africa,
continued urban expansion is expected to further increase emissions, largely due to reliance on carbon-
intensive energy systems in transportation and the built environment (Polydoros and Cartalis, 2015). At
the same time, urban areas are becoming increasingly vulnerable to intensified heat waves associated
with the Urban Heat Island effect. The expansion of impervious surfaces and the widespread use of
construction materials such as concrete and asphalt can elevate urban temperatures several degrees
above surrounding rural areas. This temperature increase contributes to higher cooling energy demand
and can also intensify heat-related health risks (Polydoros and Cartalis, 2015). These trends highlight
the importance of integrating vegetation-based strategies into urban planning to enhance thermal
comfort, reduce energy consumption, and strengthen overall urban resilience.

Within Sri Lanka, the Ampara District in the Eastern Province provides a particularly relevant setting
for examining vegetation dynamics in the context of emerging urban growth. The district contains
ecologically important protected areas, including Gal Oya and Kumana National Parks, which provide
vital ecosystem services and serve as habitats for many endemic and migratory species. At the same
time, ongoing urban development, agricultural expansion, and population growth are gradually
transforming surrounding landscapes, particularly in and around Ampara City and nearby areas such as
Lahugala. With a population density of approximately 180 persons per km? (Department of Census and
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Statistics, 2022), the district exhibits diverse land-use patterns that offer useful opportunities for
examining interactions between urban development and environmentally sensitive ecosystems.
Investigating developing urban landscapes such as Ampara—rather than already highly urbanized
metropolitan areas like Colombo—also allows researchers to evaluate early planning interventions
aimed at preserving vegetation, reducing surface warming, and promoting sustainable urban growth
before irreversible environmental degradation occurs.

Within this local context, Ampara City functions as a rapidly developing administrative and economic
centre experiencing increasing urban pressure, while Lahugala, located near Lahugala—Kithulana
National Park, retains relatively extensive natural vegetation and serves as an important peri-urban
buffer landscape. The contrast between these two areas provides a valuable opportunity to examine
vegetation dynamics across different stages of urbanization and to generate insights that may support
sustainable and resource-efficient planning in regions bordering protected ecosystems.

Remote sensing techniques offer effective tools for monitoring these environmental changes over time.
The Normalized Difference Vegetation Index (NDVI) is widely used to assess vegetation density and
health, with higher values indicating dense vegetation and lower values representing sparsely vegetated
or non-vegetated surfaces (Sun et al., 2019). In contrast, the Normalized Difference Built-up Index
(NDBI) is commonly applied to identify built-up areas, where higher values correspond to greater
coverage of impervious surfaces (Asyraf et al., 2020; Thakur and Jaswal, 2025). When used together,
NDVI and NDBI improve the ability to distinguish between vegetated and developed land surfaces
(Yasin et al., 2021; Guha et al., 2018; Zha et al., 2003). Correlation analysis between these indices also
allows for a quantitative assessment of the relationship between vegetation cover and built-up intensity,
providing statistical evidence of how urban expansion influences green spaces and supporting more
informed urban planning decisions (Thakur and Jaswal, 2025).

Overall, studies of vegetation dynamics using NDVI and NDBI offer a robust analytical framework for
supporting resource-efficient urban planning. By identifying areas experiencing vegetation decline and
rapid built-up expansion, planners and policymakers can prioritize strategies such as green
infrastructure development, zoning regulations, and ecosystem conservation. These measures can help
mitigate Urban Heat Island effects, regulate microclimates, enhance biodiversity, and improve long-
term urban sustainability. Early assessments in developing urban landscapes such as Ampara are
particularly valuable because they enable proactive planning measures aimed at preserving vegetation
and managing urban growth more sustainably, thereby reducing future warming, energy demand, and
environmental degradation.

2. Methodology

2.1.Study Area

The study was carried out in Ampara City (7°17'30" N, 81°40'20" E) and Lahugala (6°52'22" N,
81°43'21" E) in the Ampara District of Sri Lanka. These two locations were selected because they
represent different land-use characteristics and levels of urban development within the district. Ampara
City is a rapidly developing administrative and commercial center that has experienced notable changes
in population, infrastructure development, and land use over the past decades. In contrast, Lahugala is
largely rural and is located near the Lahugala—Kithulana National Park, an ecologically important
protected area dominated by forest vegetation and natural habitats.The selection of these two sites
allowed a comparison of vegetation conditions between urban and peri-urban environments, helping to
understand how increasing urbanization may influence vegetation health and land-cover patterns.
Similar remote sensing and GIS approaches have been widely used to analyze vegetation dynamics and
urban expansion in heterogeneous landscapes (Weng, 2012; Singgalen, 2023).

2.2.Data Collection

Satellite imagery and related spatial data used in this study were obtained from the United States
Geological Survey (USGS) Earth Explorer database. The analysis was based primarily on Landsat 8
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satellite images, which provide multispectral data suitable for monitoring vegetation and land-cover
changes over large geographic areas.

Landsat imagery has a spatial resolution of 30 meters, meaning that each pixel in the image represents
an area of approximately 30 m x 30 m on the ground. This resolution is widely used in environmental
and land-use studies to observe vegetation distribution and urban development patterns.

Figures 1 and 2 present the methodological workflow used in this study, illustrating the steps followed
in calculating the Normalized Difference Vegetation Index (NDVI) and the Normalized Difference
Built-up Index (NDBI).

Temporal/Spatial data (collected from the Landsat

Temporal/Spatial data (collected from the Landsat
Collection 2 Level 1(Landsat 8))
2014-2024

Collection 2 Level 1(Landsat 8))
2014-2024

- == =

iy

Figure 1: Process flow diagram for NDVI Figure 2: Process flow diagram for NDBI

2.3. Normalized Difference Vegetation Indexes (NDVI) Calculation

Vegetation conditions within the study areas were assessed using the Normalized Difference Vegetation
Index (NDVI), which is one of the most commonly used indicators for evaluating vegetation density
and health using satellite imagery.Healthy vegetation reflects near-infrared (NIR) radiation strongly
while absorbing red light for photosynthesis. NDVI uses this difference in reflectance to estimate the
presence and condition of vegetation.

The analysis was conducted using ArcGIS software (version 10.8). Landsat 8 spectral bands were used
to calculate the index, specifically Band 5 (Near Infrared) and Band 4 (Red). The NDVI layer was
generated using these bands as part of the vegetation analysis (Singgalen et al., 2023).

NDVI (Land Sat 08) = (IR Band (5) - R Band (4)) / (IR Band (5) + R Band (4)) 1N
Where,
NIR = Near Infrared Radiance R = Red Band

NDVI values generally range between —1 and +1. Higher NDVI values indicate dense and healthy
vegetation, while values close to zero represent sparse vegetation or bare soil, and negative values
typically correspond to water bodies or non-vegetated surfaces.
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2.4 Normalized Different Built-up Indexes (NDBI) Calculation

Based on the SWIR band 6 and NIR band 5 used as data makeup and modified to NDBI analysis, built-
up indexes were obtained to determine the relationship between the LST and NDBI development
procedure (Singgalen et al., 2023).

NDBI = (SWIR Band (6) - NIR Band (5)) / (SWIR Band (6) + NIR Band (5)) 2)
Where,

NIR = Near Infrared Radiance

SWIR = Short Wave Infrared Radiance

The resulting NDVI and NDBI raster images corresponding to the study areas were generated for further
analysis. These index values typically fall within the range of —1 to +1. Higher NDBI values are
generally associated with urban infrastructure and built-up areas, while lower values represent
vegetation, water bodies, or bare land.

The classification of land-cover types was carried out through visual interpretation and clustering of the
resulting index images. Areas with higher NDBI values were identified as built-up surfaces, while areas
with lower values were classified as non-built-up land covers, including vegetation and bare soil (Ullah
et al., 2023).

2.5 Correlation analysis

Pearson correlation analysis was used to examine the relationship between vegetation cover and built-
up intensity by analysing NDVI and NDBI values extracted from raster datasets. In this analysis, each
30 m x 30 m raster pixel within the study area was treated as an observation unit, allowing the results
to represent the spatial variability of vegetation and built-up surfaces across the entire study area.In this
study, NDVI was used to represent vegetation density and health, while NDBI was used to indicate the
extent of built-up surfaces, including buildings and road infrastructure. The Pearson correlation
coefficient (r) was used to measure the strength and direction of the relationship between the two
variables, with values ranging from —1 to +1. Values closer to —1 indicate a strong inverse relationship,
meaning that vegetation cover tends to decrease as built-up intensity increases, whereas values closer
to zero indicate a weak or negligible linear relationship.

3. Discussion
3.1. Normalized Different Vegetation Indexes (NDVI) in Ampara City
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The NDVI mean values for Ampara city from 2014 to 2023 show significant interannual variations,
reflecting changes in vegetation cover over the decade(Figure 3).
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Figure 3: NDVI analysis in Amapara city

In 2014, the NDVI was 0.433, indicating moderate vegetation health, but in 2015 it decreased slightly
to 0.399. A recovery was observed in 2016 (0.444) and continued until 2017 (0.475), indicating
improved greenness and vegetation density. The highest NDVI was recorded in 2018 (0.510) and
remained high in 2019 (0.508), possibly due to favorable climatic conditions or increased vegetation
cover. However, since 2020, NDVI values have shown a declining trend, falling to 0.477 in 2020 and
0.418 in 2021. There was a slight improvement in 2022 (0.481), but the lowest value of the decade was
observed in 2023 (0.368), indicating a decline in vegetation health. These fluctuations may be associated
with seasonal rainfall variability, land use changes, or anthropogenic pressures, highlighting the
importance of monitoring vegetation dynamics for sustainable land management in Ampara City.
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Figure 4: NDVI value descriptive statistics in Ampara City

The NDVI mean values for Lahugala from 2014 to 2023 show considerable year-to-year fluctuations,
reflecting dynamic vegetation conditions in the area.
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Figure 5 : NDVI analysis in Lahugala area

In 2014, the NDVI was 0.279, indicating moderate vegetation cover, but it declined in 2015 (0.226) and
remained relatively low in 2016 (0.235). A notable increase occurred in 2017, reaching 0.303,
suggesting improved vegetation health. However, in 2018, NDVI dropped again to 0.245, before
recovering to 0.280 in 2019. A slight decrease was seen in 2020 (0.269), followed by a further reduction
to 0.213 in 2021, marking one of the lowest points in the decade. In 2022, NDVI values rose sharply to
0.304, the highest in the series, before slightly decreasing to 0.281 in 2023. The box plot illustrates these
variations in certain years (e.g., 2014, 2017, 2021) indicating higher variability in vegetation conditions.
These fluctuations could be influenced by seasonal rainfall patterns, drought events, and anthropogenic
factors such as agricultural expansion or deforestation, underlining the need for targeted vegetation
management and conservation in Lahugala.

Given its ability to provide a precise and quantitative analysis of the strength, mass, and geographical
distribution of vegetation, NDVI was selected as a key indicator for this study. NDVI is particularly
valuable for analyzing changes in vegetation patterns over time, detecting degradation, and assessing
the impact of climate and human factors on vegetation (Han et al., 2022).NDVI is a critical tool for
analyzing changes in vegetation patterns over time, detecting degradation, and assessing the impact of
climate and human factors on vegetation. NDVI is particularly valuable for analyzing changes in
vegetation patterns over time, detecting degradation, and assessing the impact of climate and human
factors on vegetation in regions such as Lahugala that are proximal to protected forests.Thus, by
enabling the assessment of vegetation patterns in relation to human influence and environmental
variability.
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Figure 6 : NDVI value descriptive statistics in Lahugala area

3.3. Normalized Different Built-up Indexes (NDBI) in Ampara City
Based on the provided data, Ampara showed a general trend of decreasing NDBI values from 2014 to
2023, accompanied by a corresponding increase in NDVI values(Figure 7).
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Figure 7: NDBI — Analysis results in Ampara city

This suggests a decrease in built-up areas and an increase in vegetation over the decade. The NDBI
values for Ampara ranged from -0.2239 to -0.1610, with an average of -0.2291. The NDVI values for
Ampara ranged from 0.3682 to 0.5099, with an average of 0.4578. The graph illustrates the inverse
relationship between these two indices, showing that as NDBI decreases, NDVI increases.
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Figure 8: NDBI value descriptive statistics in Ampara City

3.4. Normalized Different Built-up Indexes (NDBI) in Lahugala Area.

Lahugala exhibited a different pattern compared to Ampara. While the NDBI values for Lahugala were
generally negative, indicating a predominantly vegetated area, there was a less pronounced trend of
change over the decade.
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Figure 9: NDBI — Analysis results in Lahugala area

The NDBI values for Lahugala ranged from -0.2646 to 0.0041, with an average of -0.1770. The NDVI
values for Lahugala ranged from 0.1217 to 0.4939, with an average of 0.3541. Similar to Ampara, there
is an inverse relationship between NDBI and NDVI, but the changes in both indices are more variable.
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Figure 10: NDBI value descriptive statistics in Lahugala Area

3.5.Correlation between NDBI and NDVI in Amapara city and Lahugala peri-urban area

The present study demonstrates a consistently very strong and statistically significant inverse
relationship between vegetation cover and built-up intensity in both Ampara City and Lahugala during
2014-2023, with Pearson correlation coefficients of r =—1.000 (p < 0.01). This indicates that vegetation
dynamics and built-up expansion are tightly coupled and systematically linked to land-cover
transformation processes rather than random variation (Weng, 2012). Spatial analyses further confirmed
that high NDBI values correspond to low NDVI values, highlighting the concentration of built-up
surfaces in areas where vegetation has declined, while low NDBI areas retain higher vegetation cover.
Although similar spatial relationships were observed in both regions, Lahugala exhibited greater inter-
annual variability due to dynamic land-use activities, emphasizing the ecological sensitivity of buffer
zones near protected ecosystems (Gill et al., 2007; Ullah et al., 2023; Dahanayake et al., 2024).

Temporal trends revealed distinct dynamics between the two regions. Ampara City exhibited high
temporal stability, with consistently higher NDVI and lower NDBI values than Lahugala, indicative of
structured and gradual land-cover transformation. Periods of vegetation recovery even when NDBI
remained stable suggest that vegetation dynamics are influenced not only by urban expansion but also
by local land management practices, conservation initiatives, urban greening efforts, and maintenance
of agricultural patches (Altiner & Bingol, 2025; Bowler et al., 2010; Weng, 2012). Minor declines in
NDVI between 2019 and 2023, despite stable NDBI values, likely reflect climatic variability (e.g.,
rainfall and temperature anomalies) and localized land-use activities, including seasonal agriculture,
shifting cultivation, or peri-urban management practices (Singgalen, 2023; Alademomi et al., 2022).
Similar patterns have been observed in other studies: Altiner & Bingol (2025) reported that targeted
green-space preservation maintained NDVI values in rapidly urbanizing zones; the Bhopal study
documented vegetation recovery in previously barren areas due to reforestation or fallow land
management; and Alademomi et al. (2022) found that NDVI variations in Lagos were influenced not
only by urban expansion but also by transitions from wetlands and bare land to mixed vegetation.
Collectively, these findings indicate that even in areas experiencing moderate urbanization, vegetation
cover responds to a combination of ecological, climatic, and anthropogenic factors, emphasizing the
importance of context-specific land management in sustaining urban ecosystem services.

These results align closely with Altiner and Bing6l (2025), who showed that preserved urban green
spaces maintain higher NDVI values and reduce land surface temperature (LST), whereas conversion
of vegetated areas into built-up spaces increases NDBI and LST, highlighting the importance of urban
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green infrastructure in mitigating heat and maintaining ecological balance. Similarly, the Bhopal study
reported strong correlations between LST and NDBI and negative correlations between NDVI and LST,
showing that built-up expansion drives surface warming while vegetation loss exacerbates urban heat
island effects. In Lagos, Alademomi et al. (2022) demonstrated that conversion of mixed vegetation
and bare land to built-up areas increased NDBI and LST and decreased NDVI, further supporting the
generalizability of the inverse vegetation—built-up relationship across tropical urban landscapes.

Spatial analysis further corroborates these findings. In Ampara City, high NDBI values correspond to
low NDVI values, indicating that built-up areas are concentrated in zones where vegetation cover has
been diminished. Areas characterized by low NDBI retain comparatively high NDVI values, suggesting
that urban expansion remains spatially constrained and vegetation persists in discrete patches. In
Lahugala, although a similar inverse spatial relationship is observed, the distribution of vegetation and
built-up areas is less uniform due to dynamic land-use patterns. Even small increases in built-up surfaces
in Lahugala are associated with measurable declines in vegetation, emphasizing the vulnerability of
peri-urban and buffer landscapes to incremental anthropogenic pressures (Ullah et al., 2023;
Dahanayake et al., 2024).

Temporal trends reveal distinct dynamics between the two regions. Ampara City exhibits high temporal
stability, with consistently higher NDVI and lower NDBI values than Lahugala, indicative of a
structured and gradual land-cover transformation. Notably, periods of vegetation recovery are observed
even when NDBI remains negative or stable, suggesting that vegetation dynamics are influenced not
only by urbanization but also by factors such as land management practices, agricultural persistence, or
local conservation initiatives. For instance, between 2019 and 2023, minor declines in NDVI despite
stable NDBI values indicate the combined influence of climatic variability and land-use practices on
vegetation patterns. In contrast, Lahugala displays higher inter-annual variability, reflecting the
dynamic nature of peri-urban and rural landscapes where seasonal agriculture, shifting cultivation, and
localized settlement expansion drive rapid but often transient changes in vegetation cover (Singgalen,
2023). Nevertheless, the consistently strong inverse correlations demonstrate that vegetation responds
systematically to land-surface modifications, emphasizing the high ecological sensitivity of areas
adjacent to protected ecosystems.

From a planning and environmental governance perspective, the findings of this study provide
important insights for guiding sustainable urban development strategies in Ampara District. The
consistently strong inverse relationship observed between NDVI and NDBI indicates that vegetation
dynamics are closely associated with the spatial expansion of built-up areas. This pattern confirms that
vegetation decline is closely linked to land-cover transformation driven by urban development. As a
result, these findings highlight the importance of adopting planning approaches that balance urban
growth with ecological sustainability.

In Ampara City, the gradual increase in NDVI together with the declining trend in NDBI suggests that
opportunities exist for relatively controlled and environmentally sensitive urban expansion. The
persistence of vegetation patches within the urban landscape indicates that integrating green
infrastructure into development planning can help maintain ecological functions while accommodating
urban growth. Municipal planning authorities could therefore consider implementing spatial zoning
mechanisms that distinguish clearly between built-up development zones, agricultural preservation
areas, and ecological conservation zones. Areas with relatively high vegetation density should be
protected from uncontrolled land conversion, while restrictions on deforestation and fragmentation of
remaining green spaces should be incorporated into land-use policies.Urban ecological planning should
also prioritize the preservation and expansion of green infrastructure. Increasing the availability of
urban green spaces, including public parks, roadside tree corridors, and urban forestry networks, can
significantly enhance ecosystem service provision. Vegetation within cities plays an important role in
regulating local microclimates, improving air quality, and reducing urban heat accumulation, while also
contributing to carbon sequestration and improved urban livability (Bowler et al., 2010).
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Evidence from previous studies further demonstrates the broader environmental and economic benefits
of urban vegetation. For example, a large-scale assessment conducted in California estimated that
existing urban trees reduce annual air-conditioning energy consumption by approximately 2.5 %, while
peak electricity demand can decline by nearly 10 %, resulting in substantial economic savings for
utilities and households (McPherson and Simpson, 2003). Similarly, modelling-based research carried
out in Cairo found that increasing urban tree coverage in densely built environments can lower air
temperatures by about 0.2-0.4 K, which contributes to reductions in cooling energy demand and
improvements in outdoor thermal comfort (Aboelata and Sodoudi, 2020). Although the magnitude of
these benefits may vary depending on climatic conditions and urban density, these findings highlight
the potential of vegetation-based strategies to reduce heat accumulation and support more energy-
efficient urban environments. Such co-benefits provide further justification for incorporating tree-
planting programs, urban forestry initiatives, and green infrastructure requirements into urban
development policies.

In contrast to the relatively stable patterns observed in Ampara City, the higher interannual variability
identified in Lahugala highlights the ecological sensitivity of peri-urban landscapes located close to
protected ecosystems. The proximity of Lahugala to Lahugala—Kithulana National Park suggests that
even relatively small increases in built-up areas could contribute to habitat fragmentation, reduced
ecological connectivity, and declining ecosystem resilience. These findings underline the importance
of maintaining effective buffer-zone management and implementing stricter land-use regulations in
peri-urban regions. Controlled settlement expansion, protection of forest buffer zones, and land-use
practices that maintain ecological integrity are therefore essential for safeguarding biodiversity and
ecosystem services in landscapes located adjacent to protected areas (Gill et al., 2007).

Remote sensing studies conducted in other regions have also demonstrated the value of vegetation
indices for monitoring ecological changes in protected landscapes. For example, NDVI-based
monitoring carried out in the Santa Monica Mountains National Recreation Area and Channel Islands
National Park revealed long-term declines in vegetation greenness in some protected areas, highlighting
how surrounding environmental pressures and climate variability can influence vegetation dynamics
even within conservation landscapes (Gillespie et al., 2017). Such studies demonstrate how satellite-
based vegetation monitoring can detect subtle ecological changes over time and provide valuable
information for conservation planning. In a similar way, continuous NDVI-based monitoring could help
identify early signs of vegetation stress in peri-urban landscapes surrounding protected ecosystems such
as Lahugala.

The spatial identification of vegetation-deficient zones through NDVI-NDBI analysis also provides
useful guidance for nature-based planning interventions. In rapidly developing urban environments,
nature-based solutions offer cost-effective strategies for addressing climate-related challenges while
maintaining ecosystem services. For example, the use of green roofs and vegetated building surfaces
can reduce urban heat accumulation, enhance stormwater retention, and partially compensate for
ecological functions lost due to land-cover transformation (Oberndorfer et al., 2007; Santamouris,
2014). Similarly, roadside vegetation corridors and urban tree networks can enhance shading, lower
surface temperatures, improve air quality, and reduce building energy demand (Bowler et al., 2010;
Nowak and Heisler, 2010).

Beyond these site-specific interventions, the methodological framework applied in this study also offers
a practical decision-support tool for environmental monitoring and urban planning. The integration of
NDVI and NDBI derived from satellite imagery enables planners to track vegetation loss and built-up
expansion in a spatially explicit manner. Such approaches can support evidence-based planning by
allowing authorities to identify emerging environmental pressures, prioritize ecological restoration
areas, and monitor the effectiveness of urban greening initiatives over time (Ullah et al., 2023;
Dahanayake et al., 2024).Overall, the findings emphasize the need to integrate green infrastructure,
ecosystem conservation, and nature-based solutions into urban development policies. Incorporating
vegetation protection into land-use planning can help cities such as Ampara achieve more balanced and
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resource-efficient growth while preserving ecosystem services and enhancing climate resilience. The
NDVI-NDBI analytical framework therefore offers a practical tool for guiding sustainable planning in
both urban and peri-urban areas.

4. Conclusion:

The findings of this study confirm that vegetation dynamics are strongly and systematically governed
by built-up expansion in both urban and peri-urban landscapes of the Ampara District, as evidenced by
the consistently significant inverse NDVI-NDBI relationship. The contrasting temporal responses
between Ampara City and Lahugala underscore the role of structured urban development, land
management practices, and conservation measures in moderating vegetation loss, while highlighting
the heightened vulnerability of peri-urban and buffer-zone environments to even limited anthropogenic
disturbance. The spatial identification of vegetation-deficient and high built-up intensity zones provides
practical guidance for targeted green infrastructure implementation, buffer-zone protection, and nature-
based solutions aimed at mitigating urban heat, regulating microclimates, and sustaining ecosystem
services. By integrating multi-temporal remote sensing with quantitative correlation analysis, this study
establishes NDVI-NDBI as a reliable and scalable tool for assessing environmental pressure and
resource efficiency in developing urban regions. Ultimately, the results emphasize the importance of
proactive, early-stage planning in rapidly urbanizing tropical contexts to prevent irreversible vegetation
degradation, enhance climate resilience, and support long-term sustainable urban development.
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Abstract: This study employs a Narrative Literature Review to identify characteristics,
applications, chemical composition, global abundance, sustainability, benefits and limitations of
Bio-based SCMs. Being a significant contributor of global GHG emission, cement production is
solely responsible for about 8% of the total emissions. The annual global cement demand which is
about 4Gt, is expected to rise further due to urbanization and population trends. While industrial
by-products as fly ash and Ground Granulated Blast Furnace Slag (GGBS) have been reducing the
clinker content, the transition towards clean energy is precipitating a global scarcity of these
materials as carbon-intensive industrial processes in coal-fired plants and primary steel furnaces are
gradually being decommissioned. In contrast, waste-derived bio-based materials offer a resource-
efficient pathway that valorizes agricultural and organic residues without total reliance on virgin
raw materials or heavy industrial processes. This study focuses on the strategic shift towards bio-
based Supplementary Cementitious Materials (SCMs) including Rice Husk Ash (RHA), Sugarcane
Bagasse Ash (SCBA), Rice Husk Biochar (RHB), Nano Eggshell Powder (NEP) and Palm Oil Fuel
Ash (POFA) as futuristic alternatives. Studies have revealed 2Gt of annual agricultural residues
provide an abundant and regenerative resource base. Given the inherent challenges in achieving
high structural strength without conventional cement, the review emphasizes application-driven
adoption where performance requirements are moderate and significant environmental gains are
guaranteed. Life Cycle Assessments confirm that top-performing bio-based SCMs can reduce the
Global Warming Potential (GWP) of cement production by 50% to 90%. The findings highlight
that while supply chain limitations and variability in material composition remain key challenges,
bio-based materials demonstrate strong potential in resource-efficient concrete systems when
matched appropriately with suitable applications. In conclusion, bio-based SCMs offer a resilient,
resource efficient and sustainable pathway that mitigates the potential scarcity of industrial by-
products in addition to their guaranteed reduction in carbon emissions.

Keywords: Bio-based Materials; Global Warming Potential; Partial Cement
Replacements; Resource Efficiency; Supplementary Cementitious Materials;
Sustainability
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1. Introduction

Being one of the largest industrial contributors to global warming and climate change, construction
industry is responsible for approximately 39% of the global CO: emission and 36% of global energy
consumption (Chen et al., 2023). The cement production generally accounts for about 7-8% of the total
global CO: emission confirming its significant environmental impact compared to any other individual
building material (Olsson et al., 2023; Yang et al., 2024). The current global demand for cement is about
4 Gt per year and is expected to rise further due to urbanization and population trends (Shah et al.,
2022). Using Industrial By-Products (IBPs) such as fly ash, Ground Granulated Blast Furnace Slag
(GGBS), and silica fume as Supplementary Cementitious Materials (SCMs) is a strategy which had
been proposed and implemented with the aim of reducing the significant GHG emission of concrete
production. Siddiq et al. (2025) and Tran et al. (2025) report that replacing 30-50% of cement with IBPs
has the potential to reduce the Global Warming Potential (GWP) of concrete by 25-61% compared to
conventional material mixes.

But, with the global transition towards clean energy production and decarbonization, abandonment of
coal energy plants has started, resulting a substantial reduction of the availability of coal fly ash in the
future (Foit et al., 2020; Olatoyan et al., 2023). Akintayo et al. (2025) highlight that availability of
GGBS can be constrained due to the reduction in slag output followed by steel industry’s transition
from blast furnaces towards electric arc furnaces. Shah et al. (2022) have reported that the availability
of conventional secondary cementitious materials such as coal fly ash and GGBS produced from
Industrial By-Products (IBPs), has been declining compared to the cement production for the past 16
years. Refer Figure 1. Shah et al. (2022) have further reported that the global cement production has
more than doubled from 1.80 Gt in 2002 to 4.05 Gt in 2018 mainly due to the socio-economic
development in China (Cement production in China increased from 0.64 Gt in 2002 to 2.2 Gt in 2018).
Since this rate of increase has occurred faster than the growth in total generation of secondary
cementitious materials, the ratio of secondary cementitious materials to cement fell from 97% by mass
(1.74 Gt) to 86% by mass (3.48 Gt). This decline could be mainly attributed to the reduced generation
of coal fly ash and GGBS, two of the most used secondary cementitious materials, whose contribution
changed from 25% (0.44 Gt) to 17% (0.70 Gt) by mass compared to the total cement production.

Ngayakamo and Onwualu (2022) attest that the global agricultural waste production each year including
eggshells and rice husks is estimated to reach approximately 2 billion tons. Thomas et al. (2021) and Yin
et al. (2025) suggest that valorising agricultural or biomass waste in cementitious composites can
simultaneously tackle waste management, resource depletion, and CO: reduction, aligning with
circular-economy and SDG targets. The aim of this study is to review global applications in bio-based
materials used as partial replacements for cement, including their composition, production methods,
environmental benefits and limitations associated.

2. Methodology

This global study on Bio-based Materials has adopted a Narrative Literature Review (NLR) due to the
broad and heterogeneous nature of their applications, benefits and limitations in the global context.
Narrative reviews are more appropriate when the objective is to provide an integrative overview,
identify themes and gaps, and synthesize diverse evidence rather than answering a narrow pre-defined
question (Ahmad, 2025). Published literature (journal articles, conference papers, books, reports) after
2020 (including 2020) were selected based on their titles and keywords. Selection bias may have arisen
because the review is not systematic and relies on studies identified solely through database searches
and author judgement. To reduce this risk, multiple databases as Scopus, Google Scholar were searched
using broad combinations of the keywords ‘bio-based’, ‘supplementary cementitious materials’,
‘cement replacement’, ‘agricultural waste’, ‘ash’, ‘biochar’ and ‘low-carbon’. Reference lists of key
papers were also screened (snowballed) to identify additional relevant studies. Though a formal tool to
reduce the bias risk was not applied, studies were appraised informally for relevance and quality.
Priority was given to peer-reviewed journal articles reporting experimental or quasi-experimental work
specifically on applications of bio-based SCMs in concrete. Only the articles published in English were
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included, relevant work published in other languages have not been considered, resulting language bias
as another limitation.

3. Findings and Analysis

3.1 Transition from conventional SCMs to Bio-based SCMs

According to Akintayo et al. (2023) and Caldas et al. (2022), substitution of cement and aggregates
with low carbon alternatives is the most effective strategy to reduce carbon emissions, having proved
that a reduction of 94% is possible depending on the level of substitution and the material used. The use
of mineral based Industrial By-Products (IBP) such as fly ash, Ground Granulated Blast Furnace Slag
(GGBS) and silica fume as Supplementary Cementitious Materials (SCMs) is a method which had been
frequently proposed and implemented to reduce the GHG emissions of concrete production. Replacing
30-50% of cement with IBPs has the potential to reduce the Global Warming Potential (GWP) of
concrete by 25-61% compared to conventional material mixes (Khankhaje et al., 2024; Qaidi et al.,
2022; Siddiq et al., 2025; Tran et al., 2025).

Figure 1 below depicts the global generation rates of secondary CMs from 2002 to 2018. Maximal
substitution of Portland cement clinker with these materials could have avoided up to 1.3 Gt of CO»-
equivalent (~44% of cement production and ~2.8% of anthropogenic emissions of CO;-equivalent) in
2018. It also shows that almost all the highest cement producing countries can locally generate and use
secondary CMs substituting by up to 50% of their domestic Portland cement clinker, while majority of
the countries are able to potentially substitute 100% of their Portland cement clinker. This figure thereby
highlights the importance of following regionally optimized mix designs for CMs and systemic
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Figure 1: Global Production of Cement and Generation of Secondary Cementitious Materials
(Shah et al., 2022)

Ngayakamo and Onwualu (2022) attest that the global agricultural waste production including eggshells
and rice husks is estimated to reach approximately 2 Gt per year. Since the cement production keeps
increasing and the abundance of IBPs also may decrease, focusing more on bio-based SCMs stands as
a futuristic and sustainable option in the current context.

Reported CO: emissions for producing agricultural ashes such as RHA and SCBA are on the order
0f 26-103 kg CO: per tonne, far below that of cement (800-1000 kg CO2 per tonne). When such ashes
are used to replace clinker, the incremental emissions resulted from collection and processing of them
are minor compared to the major avoided emissions, landfill and open dumping from cement
production. Therefore, agricultural SCMs can reduce the carbon emissions and promote sustainable
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construction by lowering the reliance on clinker production (Onsongo et al., 2025). Onsongo et al.
(2025) further highlight that despite this transition from a clinker-dependent production to a bio-based
process giving rise t challenges in addition to its opportunities, it has now become a critical strategic
decision to make in reducing carbon emissions and improving sustainability in the current context.

3.2 Advantages of Bio-based Materials as Supplementary Cementitious Materials (SCMs)
Majority of the conventional SCMs are inorganic (mineral based) materials with the potential to reduce
CO; emissions by reducing the cement clinker content (Gupta et al. 2020; Senadheera et al. 2023).
Conventional SCMs produced by Industrial By-Products (IBP) such as Fly Ash (FA), GGBS, and Silica
Fume (SF) are commonly being used in the global cement and concrete industry due to their specific
pozzolanic activities and mechanical properties (Foit et al. 2024; Shakouri et al. 2020; Suarez-Riera et
al. 2020).

3.2.1 Reduction of the Carbon Emission resulted from Clinker production

Clinker production accounts for approximately 93.9% from the total Global Warming Potential (GWP)
of traditional cement production. The GWP of clinker is significant due to the calcination of limestone
and combustion of fuel during clinkerization, resulting 897 kg CO,-equivalent per ton of clinker
produced (Petroche & Ramirez, 2022). Therefore, reducing the clinker content in cement with the use
of SCMs or alternative binders can lower emissions by 25-70%, depending on the approach utilized
(Nie et al., 2022; Supriya et al. 2023). Durastanti and Moretti (2024) state that it is critical to reduce the
production of clinker in order to achieve climate targets by reducing the environmental impact from the
construction sector.

Onsongo et al. (2025) emphasise that incorporation of agricultural-based SCMs such as Rice Husk Ash
(RHA), coffee husk ash, Sugarcane Bagasse Ash (SCBA) and Palm Oil Fuel Ash (POFA) into cement
production can result in a significant reduction of the clinker requirement, while maintaining the
performance standards of Ordinary Portland Cement (OPC). Onsongo et al. (2025) further attest that
locally sourced waste materials can lower the carbon footprint of cement by up to 40%, presenting itself
as a promising solution to lower the clinker content.

3.2.2 Reduction of Waste Disposal burden through Re-utilization

Duque-Acevedo et al. (2022) highlight that reframing of agricultural waste biomass such as rice husk,
sugarcane bagasse and other residues from a disposal problem towards a secondary raw material for
concrete, bricks and other building products, helps to close loops between agriculture and construction.

While SCMs such as fly ash, GGBS and silica fume are sourced from industrial by-products, exhibiting
a smart method for waste utilization, sustainability and long-term availability of them are now under
scrutiny mostly due to the impending shutdown of coal-fired power plants (due to the global transition
towards clean energy sources), challenging the consistent supply of fly ash in the future (Ahmed et al.,
2024). Akintayo et al. (2025) also warned that availability of GGBS may get constrained due to the
reduction in slag output resulted by steel industry’s transition from blast furnaces towards electric arc
furnaces. Onsongo et al. (2025) report that incorporating agricultural ashes as SCMs in Africa, has the
potential to reduce the carbon footprint of cement by up to 40% through lowering clinker demand and
avoiding waste disposal emissions.

3.2.3 Enhancing Durability Properties of Concrete

Ashes which are rich in silica such as RHA, SCBA react with Ca(OH). and form additional calcium
silicate hydrate (C-S-H), to give better strength and durability (Adhikary et al., 2022; Ahmed, 2024).
RHA, SCBA and SCFA refine the pore structure, reduce permeability, water absorption, chloride
ingress, and improve the resistance to acids and sulphates at optimum contents, ultimately increasing
the durability properties of concrete (Adhikary, Ashish & Rudzionis, 2022). Neto et al., 2021) found
that 5% replacement of SCBA has resulted 97% increase in service life against chloride ingress and
mitigation of Alkali Silica Reaction (ASR) by forming additional C-S-H. In depth reviews on SCMs
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have quantified that 5-20% of SCM replacement can increase the long-term durability by 15-30% while
lowering the CO. emissions (Fode et al., 2023).

3.2.4 Carbon Sequestration Potential

Carbon sequestration is capturing CO: from the atmosphere and storing its carbon in a form that stays
out of the air for longer periods as decades to centuries or more. All substances with a long lifecycle
including but not limited to soil, vegetation, oceans, rocks and can act as carbon reservoirs (Don et al.,
2024; Osman et al., 2022). Usually bio-based materials such as straw, wood, paper, food waste, bamboo
are not sequestering Carbon. This occurs because these materials ultimately decompose, after which
microorganisms convert their stored carbon back into CO2 (or CHa), thereby completing the short-term
carbon cycle rather than enabling long-term carbon sequestration. Unlike usual bio-based materials,
biochar is a carbon-rich solid produced by pyrolyzing biomass under oxygen-limited conditions,
resulting in a highly stable, aromatic carbon structure that can persist in soil for decades to centuries
(Luo et al., 2023). This microstructural stability allows biochar such as coffee or rice husk biochar to
act as a carbon sink by physically protecting carbon from microbial decomposition and chemically
binding with soil minerals, sequestering carbon in the soil and reducing atmospheric CO: levels (Li &
Tasnady, 2023). Don et al. (2024) and Fawzy et al. (2021) argue carbon sequestration to be
beneficial because it creates negative emissions, helping offset fossil CO: which is hard to eliminate
and ultimately contributing to mitigation of climate change.

3.2.5 Resource Efficiency & Reduction in Primary Extraction

The partial substitution of non-renewable raw materials such as limestone, clay and other virgin
materials required for cement production with bio-based SCMs, reduces the need for conventional
SCMs (often industrial by-products). Long-term availability of SCMs such as fly ash, GGBS and silica
fume which are produced from Industrial By-Products is rendered uncertain in the current context
(Charitha et al., 2021; Thomas et al., 2021).

Ashes from waste such as rice husk and sugarcane bagasse are prevalent in tropical and subtropical
regions, while barley, canola and oats are cold weather crops that demonstrate promising pozzolanic
activity (Ahmed et al., 2024). Ability to obtain agricultural ashes from diverse climates improves the
resilience of supply chains and provides a geographically wide resource base for low-carbon concrete.

3.2.6 Circularity and Sustainability

The sustainability of biomass ashes depends significantly on their sourcing pathway. If these Bio-based
materials are generated as unavoidable by-products of existing energy production or agricultural
processes (biomass power plants, chena cultivation), their use as SCMs can significantly reduce net
CO: emissions by minimizing the existing clinker production (Ahmed et al., 2024).

This transition towards Bio-Based Materials as SCMs not only decreases the carbon emissions resulting
from cement production but also supports sustainable construction through achieving global climate
targets and SDGs such as Responsible Consumption and Production (SDG 12) and Climate Action
(SDG 13) (Onsongo et al., 2025). Onsongo et al. (2025) further highlight that adopting green cement
could revolutionize the cement industry by improving resource efficiency and promoting sustainable
development across the globe. Valorising AWB reduces landfilling, open burning, and associated air
and land pollution. It is explicitly being promoted under EU Circular Economy Plan and bioeconomy
policies. Since policy frameworks and strategies becoming increasingly centred on replacing
fossil-based and mineral raw materials with bio-based, renewable, and recycled feedstocks in the
construction value chain (Le, Salomone & Nguyen, 2023), this transition towards Bio-based SCMs
stands as a futuristic and sustainable solution in the current context.
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3.3  Characteristics of Commonly utilized Bio-based Materials as SCMs in the Global Context
3.3.1 Rice Husk Ash (RHA)

Rice Husk Ash is obtained through combustion of the protective covering of rice grains which is an
agricultural waste material. Following a controlled incineration or burning of rice husks, it undergoes a
grinding process to achieve high fineness. The temperature is controlled around 600-800°C to maximize
the reactivity by producing more amorphous silica rather than obtaining more crystalline silica
(Khankhaje et al., 2025; Suomie, Mishra & Das, 2025). Production of RHA incurs less than 10% of the
GHG emissions associated with the total clinker production, transforming a voluminous agricultural
waste which is often dumped or openly burned, into a valuable resource (Montazeri et al., 2025).
Khankhaje et al. (2025) further highlight that utilization of RHA will reduce the demand for limestone
extraction and energy-intensive cement manufacturing.

Its high content of amorphous silica (85-95%) and large specific surface area makes it highly
pozzolanic. Calcium silicate hydrate (C-S-H) gel formed by the reaction of RHA with calcium
hydroxide refines the pore structure, increases compressive strength (optimal at 10-20% replacement),
and reduces the chloride permeability by a significant amount (Montazeri et al., 2025; Suomie, Mishra
& Das, 2025). But, the porous and hygroscopic nature of RHA particles increase the water demand of
the mix and can reduce concrete’s workability if superplasticizers are not used (Khankhaje et al., 2025;
Suomie et al., 2025).

3.3.2 Rice Husk Biochar (RHB)

A carbon-rich, porous material produced from the thermochemical conversion (via pyrolysis) of rice
husk waste, distinct from Rice Husk Ash (RHA) due to its high fixed carbon content and lower silica
levels. Pyrolysis helps to retain more fixed carbon compared to ash since the thermal decomposition
takes place in an oxygen-limited environment unlike full combustion (Chen et al., 2025). RHB has the
ability to act as a carbon sink, sequestering carbon within the concrete matrix. Studies show that it can
decrease the GWP of traditional cement by up to 88%, as it offers a negative emission potential (T.
Chen et al., 2025).

Its honeycomb shaped porous structure helps to sustain hydration, creating a reservoir effect for internal
curing by gradually releasing water and mitigating autogenous shrinkage while enhancing long-term
strength combustion (Chen et al., 2025; Senadheera et al., 2023). Chen et al. (2025) further state that
RHB contains lower levels of impurities compared to RHA and can accelerate the setting time by acting
as nucleation sites promoting the formation of hydration products and densifying the matrix. Since the
silica content is lower than in RHA, its primary role is often as a filler and internal curing agent rather
than a highly reactive pozzolan. Excessive dosages of RHA have the potential to compromise the
structural integrity due to high porosity (Chen et al., 2025; Senadheera et al., 2023).

3.3.3 Sugarcane Bagasse Ash (SCBA) / Fly Ash (SCFA)

SCBA obtained from the boiler exhaust (fly ash) or bottom ash of sugar mills after burning the bagasse
(the fibrous residue of sugarcane) for energy generation purposes can also be identified as a significantly
resource efficient material (Abbass & Akhai, 2025; Alvarenga & Cordeiro, 2024). Abbass and Akhai
(2025) further attest that it is a valorization of an energy generation by-product which will otherwise be
dumped somewhere, while preventing potential land and groundwater contamination. To be used as a
cement replacement, SCBA obtained from sugar industry boilers often requires minimal processing as
drying, sieving or grinding to reduce particle size and increase reactivity (Abbass & Akhai, 2025;
Yaseen, 2024). They further state that the high energy costs associated with intensive industrial grinding
can also be avoided by using SCBA which has been minimally processed.

SCBA has pozzolanic ability since it contains silica and alumina to react with calcium hydroxide
forming binding gels (C-S-H). It can also improve the long-term compressive strength up to 8% over
reference mortars and has the potential to enhance the acid resistance (Abbass & Akhai, 2025;
Alvarenga & Cordeiro, 2024). However, Alvarenga and Cordeiro (2024) have identified that SCBA can
reduce the workability due to its increased water absorption and capillarity which can be attributable to
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irregular, fibrous and honeycomb shapes of the SCBA particles. Moreover, depending on the source of
collection of SCBA, Quartz and carbon particles can also be present as contaminants.

3.3.4 Nano Eggshell Powder (NEP)

NEP is a calcium-rich bio filler and cementitious additive derived from poultry waste, specifically
processed to the nanoscale to enhance the properties of High-Strength Concrete (HSC). Nanoparticles
obtained through washed, dried and calcined (sometimes) eggshells through extended grinding or by
other specific synthesis methods can be used as a bio-filler or accelerator (Amin et al., 2022).

Amin et al. (2022) further highlight its diversion of food waste from landfills and reduces the
consumption of natural limestone (calcium carbonate) resources. Since NEP can accelerate the setting
time of concrete while improving its microstructure by filling pores in contrast to most of the other
pozzolans, it can be used in combination with waste derived pozzolans like SCBA, to compensate for
the delay in setting time caused by the ash (Amin et al., 2022).

3.3.5 Palm Oil Fuel Ash (POFA)

POFA is a by-product generated by the palm oil production which is the highest-produced vegetable oil
globally. It is a black powder produced when oil palm shells, empty fruit bunches and fibers are burned
in power plant boilers at temperatures 850°C-1000°C to generate electricity and heat for the mills
(Ahmed et al., 2024). Globally, the palm oil industry produces over 60 million tons of oil per year,
generating approximately 12 Mt of POFA as waste. Malaysia and Indonesia jointly account for nearly
80% of this output (Ahmed et al., 2024). It has been further highlighted that, due to its low nutritional
value, POFA is usually discarded in open fields where it can get carried by the wind leading to smog,
visibility issues and severe respiratory health hazards. Repurposing POFA as an SCM solves a
significant waste disposal issue in addition to the guaranteed reduction in carbon footprint and energy
consumption of cement production. Depending on the varying combustion efficiency of the power
plant, POFA can contain high levels of unburned carbon with high LOI values (up to 21.6%), which
can negatively interfere with the cement matrix. POFA possesses excellent pozzolanic reactivity and
can increase the ultimate strength and durability of concrete (Oyejobi et al., 2024). It can significantly
lower the chloride penetrability of concrete and massively improves its resistance to sulfate attacks and
Alkali-silica reactions (ASR). POFA can it can significantly prolong both initial and final setting times
while higher replacement levels can cause up to a 50% reduction in slump, requiring superplasticizers
to maintain the workability (Ahmed et al., 2024).

3.4  Global Applications of Bio-based Materials as SCMs in concrete

Below, Table 1: Global Applications of Bio-based Materials as SCMs, summarises the applications of
different bio-based materials in the global context. The application of RHA and Biochar marked as
“potential” in the table are recommendations given by the author, unlike all other actual applications
which are reported here.

Table 1: Global Applications of Bio-based Materials as SCMs

Bio-based Sy
SCM Applications Sources
Concrete pavement for a NT2 (medium traffic) road in Columbia, replacing A
cement 24.9% of RHA
Rice Husk In blended cements to improve durability and sustainability B,C
Ash (RHA) e .
As a pozzolanic additive in blocks and masonry units D
For Pervious / porous concretes for stormwater management (potential) E
In Reinforced Concrete (RC) beams known as SCBA-RPET beams F
Sugarcane
Bagasse Ash  In High-Strength Concrete (HSC) properties with Nano Eggshell Powder (NEP) G
(SCBA) In blended cements with RHA or other SCMs to enhance durability D
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As a filler in Two-Stage Concrete (TSC), Ultra High-Performance Concrete

(UHPC) and Self-Compacting Concrete (SCC) H
RHA & Eco-friendly geopolymer bricks from alkali-activated SCBA and RHA I
SCBA In pavement-oriented concretes replacing 10-20% of cement while improving N
mechanical and durability performance
In precast concrete elements as blocks, panels and pavers to enhance 1K
sustainability 2
Biochar Agricultural waste-derived biochar (RHA, SCBA) in manufacturing concrete, J
(in general)  bricks, and reinforced panels
As an additive in asphalt mixtures for road construction due to its binding L
properties and potential to improve durability (potential)
For ordinary, aerated and Ultra High Strength reinforced concrete in Malaysia O,P
Palm Oil Fuel For Self-Compacting Concrete (SCC) in Thailand and Malaysia at a 30-40% Q
Ash (POFA) replacement
15-25% POFA is appropriate for reinforced concrete - A study in Bangladesh Q

(potential)

A - (Camargo-Pérez, Abellan-Garcia & Fuentes, 2023), B - (Ozturk et al., 2022), C - (Hu, He & Zhang,
2020), D - (Jittin, Bahurudeen & Ajinkya, 2020), E - (Khankhaje et al., 2025a), F - (Daniel, Onchiri &
Omondi, 2024), G -(Aminetal.,2022), H - (Abdalla et al., 2024), I - (Abbass & Akhai, 2025),
J - (Duque-Acevedo et al., 2022), K - (Legan, Gotvajn & Zupan, 2022), L - (Kumar et al., 2023),
M - (Infurna, Caruso & Dintcheva, 2023), N - (Narayanan & Kumar, 2025), O - (Amran et al., 2021),
P - (Olivia et al., 2024), Q - (Mujedu et al., 2020)

Khan et al. (2025) establish that substitution of 10% of OPC with unprocessed RHA provides an eco-
friendly and cost-efficient pathway towards green construction in Bangladesh and other rice-producing
regions. As a significant structural application, SCBA used as a 5% partial cement substitute in
Reinforced Concrete (RC) beams (SCBA-RPET beams) has shown to be suitable for use because of
their concrete shear strain pattern (Daniel, Onchiri & Omondi, 2024). Amran et al. (2021) and Olivia et
al. (2024) note that in Malaysia, properly processed POFA had been used as an SCM in concrete since
the 1990s, showing successful performance in ordinary, aerated and ultra-high-strength reinforced
concretes. In Thailand and Malaysia, Self-Compacting Concrete (SCC) with POFA has been developed
extensively, with up to 30-40% cement replacement while meeting the required flow for SCC and
providing medium to higher strength suitable for structural and precast SCC elements (Mujedu et al.,
2020). A structural-grade concrete study from Bangladesh has used samples up to 45% POFA as cement
replacement and showed optimum mechanical performance at 15-25% POFA, achieving ~39 MPa at
28 days (appropriate for reinforced concrete elements) (Mujedu et al., 2020).

3.5 Limitations for the use of Bio-based Materials as SCMs in concrete

The use of agricultural ashes as sustainable SCMs provides a strategic direction for the construction
industry to adopt low-carbon concrete solutions across various climates while promoting advancements
in production methods, performance standards, and emerging technologies such as hybrid materials and
3D printing (Ahmed et al., 2024). Onsongo et al. (2025) highlight that cost-efficient processing, policy
support and market awareness are critical for scaling up the use of agricultural SCMs while variability
in material quality, processing infrastructure and poor supply chains can be identified as limitations for
large-scale adoption of them.

3.5.1 Reduced Workability of concrete due to high water demand

These waste derived SCMs often require grinding which leads to very fine particles. Due to the large
surface area of these fine particles, the overall water demand increases (Jhatial et al., 2023). Upon 10-
20% replacement of most of these ashes such as RHA, SCBA, slump may often decrease and require
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more water or superplasticizer due to their porous and very fine microstructure (Charitha et al., 2021;
Thomas et al., 2021).

3.5.2 Loss of Strength at Higher Dosages

When bio-based materials are used as partial cement replacements, the strength typically increases only
up to an optimum level of dosage. After a broad review, Sakir et al. (2020) have concluded that 5-20%
replacement by SCMs usually enhances strength and durability, but excessive replacement or overly
reactive SCMs can disturb the Ca(OH): buffer and compromise the steel passivity and performance.
During a study where several mixes of SCBA and RHA were used, most mixes having a replacement
level of ~5-10% have reduced the compressive strength (Channa et al., 2022; Memon et al., 2022).
Usually, agricultural ashes increase water absorption and reduce mix fluidity at higher levels, leading
to a more porous microstructure and eventually a lower compressive strength (Ahmed, 2024).

3.5.3 Variability in the Material Composition

Composition of bio-based materials ashes (SiO:, CaO, unburnt carbon, alkalis) produced from
agricultural and biomass ashes varies with the feedstock, season and combustion conditions, leading to
changes in their oxide composition, carbon content and mineralogy to result in inconsistent reactivity
and concrete performance (Bora et al., 2024; Park & Lee, 2024). Overmann et al. (2025) and Zhao et
al. (2024) have warned that despite their own name as RHA, Wood Ash or Biochar, the feedstock and
process conditions jointly control a bio-based material’s carbon content, residual ash content, silica
form (crystalline or amorphous), alkalis and trace elements, resulting their characteristics to range from
a beneficial pozzolan to an essentially inert diluent or a performance-impairing additive. Since the
material composition can vary with the soil type, water availability, temperature and soil fertility even
for the same species, two samples of rice husk or straw from different farms or seasons can yield ashes
and biochar with different oxide ratios and Loss on Ignition (LOI). Thomas et al. (2021) state that ashes
which are poorly burned or inadequately (coarsely) ground are less reactive and can reduce strength and
durability. Pozzolanic reactivity of SCBA has been tripled and improved the performance of concrete
by sieving followed by grinding for 45 minutes.

3.5.4 Lack of Standards and Specifications

Adhikary, Ashish and Rudzionis (2022) and Endale et al. (2023) emphasize the high variability in ash
composition (SiO- content, fineness, LOI test results) and lack of standard specifications compared to
those of fly ash and GGBS, will constantly need case-by-case optimisations which will be inefficient
and inconsistent. Ahmed et al. (2024) and Snellings et al. (2023) highlight that though coal fly ash has
ASTM C618 to benchmark the standards, there are no dedicated and widely recognized standards for
Bio-based SCMs, specially in North American and European regions.

3.5.5 Supply chain and Scalability Limitations

The potential of agricultural SCMs is often scarce relative to the national clinker demand. Amadi and
Mahachi (2025) question their impact at scale by highlighting that agricultural waste SCMs in South
Africa can only replace about 1.5% of its clinker demand. Arrigoni et al. (2020) have identified
geographical dependence also as a retarder since agricultural residues are often being concentrated in
specific regions and transporting them for long distances may nullify their economic and environmental
benefits.

4. Conclusions and Recommendations

The transition towards bio-based SCMs as partial cement replacements offers a promising pathway to
enhance sustainability through resource efficiency in cement production. The significant GHG emission
and resource intensity of Portland cement manufacturing establish the need of integrating bio-based
SCMs derived from agricultural residues. They provide a practical strategy to reduce clinker content in
addition to the valorisation of industrial waste streams. These materials contribute to lower embodied
carbon, reduced reliance on virgin raw materials, and improved circularity within the construction
sector. Global applications demonstrate that bio-based SCMs can maintain or enhance long-term
mechanical and durability performance, when properly processed and proportioned. However,
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challenges such as variability in material properties, reduction in fresh concrete properties, limited
standardization, and supply chain constraints continue to restrict their widespread adoption. Addressing
these barriers through research, establishing quality control measures, and supportive regulatory
frameworks will be critical in the future. In conclusion, the use of bio-based SCMs from an application-
based approach is a viable and resource-efficient strategy towards sustainable concrete and broader
decarbonisation efforts for the future of the built environment.
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Abstract: The mounting pile of demolished concrete has driven the need for precise
material models that can capture how recycled concrete particulates behave under pressure.
This research introduces a constitutive model for pulverized concrete particles subjected
to three-dimensional stress. To collect the data, cubic specimens were compacted and
analyzed in a triaxial test apparatus, which allowed for independent control over the three
principal stresses (a1, 02, d3). Throughout various stress paths, the team recorded stress—
strain responses, volumetric shifts, and particle crushing. These experimental findings
were then used to build Haigh-Westergaard failure surfaces within MATLAB. Ultimately,
these results served as the foundation for a 3D constitutive model designed to predict how
pulverized concrete performs in practical engineering, from backfill and ground
improvement to recycled-aggregate design. This proposed model offers a functional
framework for numerical simulations and promotes the sustainable reuse of concrete waste.

Keywords: Pulverized concrete; Triaxial test apparatus; Haigh-Westergaard (Vestergaard)
failure surface; principal stresses; MATLAB Software
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1. Introduction

The construction industry ranks among the world’s largest consumers of natural resources and remains
a major contributor to landfill waste. Construction and demolition waste (CWD) is generated globally,
consisting of materials like RCA, brick, plaster, gypsum, glass, asphalt, stone, steel, Fiber, and
polymers. Notably, recycled concrete makes up a significant portion about 80% of this waste [20].
Consequently, the push toward a circular economy has sparked extensive research into recycling end-
of-life concrete. While the use of coarse recycled aggregate (CRA) is now relatively well-established,
a more pressing challenge persists how to effectively use the fine, pulverized fraction of crushed
concrete. These pulverized concrete particulates (PCPs) are often dismissed as a problematic byproduct,
yet they possess unique traits such as high porosity and a large surface area from residual cement paste
that fundamentally change the properties of new concrete. A lack of precise understanding regarding
how these particulates influence mechanical behaviour has been the primary barrier to their use in
structural applications. Standard material models designed for conventional concrete, or even those
modified for CRA, fail to accurately predict the stress-strain response, modulus of elasticity, and post-
peak behaviour of concrete containing PCPs. This research addresses that critical gap by developing a
dedicated Concrete Material Model for Pulverized Concrete Particulates. The goal is to formulate a
robust model that captures the composite mechanical behaviour of PCP-based concrete, giving
engineers the tools they need to confidently design and analyse structures using this sustainable
material.

Figure 1: Concrete Wastage

The global construction industry is at a critical crossroads, caught between skyrocketing infrastructure
demands and the urgent pressure to shrink its massive environmental footprint. As the most widely used
man-made material on Earth, concrete consumes a staggering amount of virgin aggregates and remains
a major contributor to the world's landfills. Turning construction and demolition (C&D) waste into
recycled concrete aggregates (RCA) is now a cornerstone of the industry's shift toward a circular
economy. However, the crushing process produces more than just coarse RCA; it also generates vast
quantities of fine "pulverized concrete particulates" (PCPs). While coarse RCA has gained some level
of acceptance, PCPs are still largely dismissed as a problematic waste product, typically downcycled
into low-value road base or landfill.

The main technical hurdle to using PCPs in high-value concrete is their porous, composite nature.
Unlike clean, inert natural sand, PCPs consist of original fine aggregate particles encased in a weaker,
porous matrix of leftover hydrated cement paste. This leads to significantly higher water absorption,
which necessitates higher water-cement ratios, creates weaker Interfacial Transition Zones (ITZs), and
generally degrades the mechanical performance of the resulting concrete.

To date, most research on PCP-concrete focuses on its performance under simple, uniaxial compression
essentially standard cube or cylinder tests. While useful, these tests fail to capture how the material
behaves under the complex, multiaxial stress states found in real-world structures like foundations,
retaining walls, dams, and elements in seismic zones. In these applications, the concrete is subjected to
a confining pressure(o3) that significantly influences its ultimate strength (o1) and ductility.
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For a new, quasi-brittle composite like PCP concrete, a basic uniaxial strength value isn't enough for
structural design. Instead, engineers need a comprehensive material model that describes how the
material fails under combined shear and normal stresses. The Mohr-Coulomb failure criterion a staple
in soil and rock mechanics is perfectly suited for this. It defines strength using two key parameters:
cohesion (c) and the internal friction angle (@), which together explain exactly how the material gains
strength under confinement.

Consequently, this research moves past simple uniaxial testing. We use a rock triaxial apparatus to
subject cylindrical PCP concrete samples to various confining pressures (03) and record the peak axial
stress (o1) at the point of failure. These principal stress pairs are then mapped onto the Vestergaard
stress plane. This specific transformation offers a powerful way to linearize the failure envelope, making
it possible to determine the (c) and @ parameters precisely through regression analysis.

A major gap remains in current literature, as these specific parameters for PCP-based concrete are
largely unknown. By systematically deriving these values, this research develops a robust material
model. Implemented via MATLAB, this model provides the data necessary for engineers to safely
integrate pulverized concrete particulates into structural design software, finally turning a waste product
into a high-value resource.

2. Objectives
I.  Prepare pulverized concrete particulate samples with controlled particle size distribution.
II.  Conduct rock triaxial tests on cubic specimens to obtain stress—strain behaviour under various
stress paths.
III.  Measure principal stresses (g1, 02, d3) and corresponding strains to identify failure modes.
IV.  Develop Vestergaard (Haigh-Westergaard) failure envelopes from test data.

3. Literature Review

The construction industry is currently facing a massive waste crisis. Cement-based materials are among
the most common man-made products on Earth [10]. While the use of recycled aggregate from
construction and demolition waste (CDW) to replace natural sand and gravel has grown lately [1], most
of this material still ends up in landfills. This research aims to find a practical way to reuse this waste
powder in new structural concrete.

Before engineers can use this "PCP concrete," they need to know exactly how it behaves under real-
world conditions—not just during simple crushing, but under complex, multi-directional pressures. This
critical strength data, known as a material model, simply doesn't exist yet.

Our study will be the first to develop this essential model. We will test PCP concrete samples in a rock
triaxial machine to measure their true strength under confinement. Then, we will analyze this data using
MATLAB to build a reliable model that finally lets engineers design sustainable structures using this
recycled material

Figure 2: Construction and Demolished Wastage
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3.1 Rock Triaxial Test

In geotechnical engineering, the triaxial test serves as a fundamental technique for determining the
mechanical properties and shear strength of materials like rock, soil, and granular particles. Its primary
goal is to replicate the underground (in-situ) stress conditions that a material naturally encounters.
During the test, a cylindrical specimen is placed inside a high-pressure cell where a fluid exerts a
uniform confining pressure ($\sigma 3$). Next, a separate, increasing axial load ($\sigma 1$) is
applied vertically until the specimen fails. For testing hard rock, a specialized, high-stiffness device
known as a rock triaxial apparatus is used to withstand the intense pressures required. This method
establishes the material's strength characteristics and, when paired with deformation measurements,
provides the full stress-strain data needed to calculate elastic properties like Young's modulus and
Poisson's ratio

Figure 4: Mould & Testing Sample
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4. Methodology

The research methodology began with a comprehensive literature review to establish suitable
procedures and investigate current applications for pulverized concrete. This was followed by an in-
depth theoretical analysis of failure planes, Westergaard stress planes, and principal stresses. Based on
these findings, an appropriate range of replacement ratios was determined, and concrete cubes were cast
at those specific levels for a 28-day curing period. After curing, samples were cored from the cubes and
subjected to compressive strength and rock triaxial testing to gather empirical data. Finally, these results
were analysed to develop a predictive material model using MATLAB software.

5. Results and Discussion
5.1 Workability

Figure 5: Slump test

350

300
250 220 mm

200
150
100
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127 mm

Control sample 10% P.P. 30% PP

Figure 6: Slump test Results

Slump increased with increasing PP content. This happens for two reasons.
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First, the pulverized particulates are highly porous and act like sponges, absorbing the free mixing water
immediately.

Second, the particles are more angular than natural sand, which creates higher internal friction.

5.2 Rock Triaxial Data

‘‘‘‘ Toneioh 01

Figure 8: Axial strain, Lateral strain and Load curve of 10% Sample

Figure 9: Axial strain, Lateral strain and Load curve of 30% Sample

162



To mathematically describe our material, we use a Constitutive Model, which specifies how the material
deforms under load. While there are complex models like Mohr-Coulomb—which we used for failure
analysis, the simplest baseline for any rock mass is the Linear Isotropic Elastic model. This follows
Hooke’s Law, assuming that strain is directly proportional to stress, linking the 6 stress and strain
components in a linear matrix;
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Ei€11 = 011 — V(022 + 023)

Esery = 035 — V(041 + 022)

Solving for o41and oy, gives,
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Figure 10: Stress Results Graph
Table 1: Stress Results

Test No. g11(MPa) 05, (MPa) 033 = 0,,(MPa) Max Load (kN)
Test 01 11240 1958 1958 69.7
Test 02 0.445 221 221 59.4
Test_10_1 76585 19717 19717 58.1
Test_10_2 847 30953 30953 53.5
Test 30_1 104.2 75.4 75.4 53.6
Test_30_2 240.7 115.8 115.8 58.6
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5.3 Discussion

Experimental inconsistencies prevent the inclusion of a representation of the final model in the
Vestergaard stress plane. Unreliable lateral strain data were caused by problems with signal noise,
machine calibration, and strain-gauge orientation. Furthermore, the accurate stress calculation needed
for such high-fidelity modelling was made impossible by the absence of instantaneous cross-sectional
area measurements.

Conclusion

e Pulverized particulates rely heavily on mechanical interlocking (friction) rather than cement paste
cohesion.

e The Mohr-Coulomb Criterion was successfully substantiated as the most appropriate model for
predicting this shear behaviour.

e Current standard rock mechanics instrumentation is insufficient for complex 3D failure surface

mapping.
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Abstract: The growing contamination of water bodies by industrial dyes has created a
critical demand for sustainable and efficient wastewater treatment technologies.
Photocatalysis is a promising approach that can completely degrade organic pollutants
under light irradiation, offering an environmentally friendly solution. Conventional
synthetic photocatalysts such as titanium dioxide (TiO2) and zinc oxide (ZnO) are effective
but costly to synthesize and limited by their environmental footprint. Natural minerals
provide an attractive alternative due to their abundance, stability, and intrinsic
photocatalytic properties. This study evaluated three natural minerals, ilmenite (FeTiOs),
hematite (Fe20s), and natural rutile (Ti0), as potential photocatalysts for dye degradation.
Six criteria were considered: photocatalytic activity, band gap energy, resource abundance,
cost and processing requirement, environmental sustainability, and stability. The analysis
was conducted using the PROMETHEE multi-criteria decision-making (MCDM)
approach in Visual PROMETHEE software. Results showed that ilmenite achieved the
highest net preference flow (® = 0.2500), followed by hematite (® = 0.1500) and natural
rutile (@ = -0.4000). Ilmenite exhibited a favourable balance between efficiency, cost, and
sustainability, making it the most suitable mineral photocatalyst. The study highlights the
potential of ilmenite for low-cost and eco-friendly wastewater treatment applications and
demonstrates the usefulness of MCDM methods for rational material selection in
sustainable water treatment.

Keywords: Photocatalysis, Ilmenite, Hematite, Rutile, PROMETHEE, Wastewater
Treatment
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1. Introduction

Water contamination from synthetic dyes has emerged as a major environmental and public health issue
worldwide. Rapid industrialization, particularly in the textile, printing, leather, and paper sectors, has
resulted in the continuous discharge of large quantities of dye-containing wastewater into aquatic
systems (Periyasamy et al., 2024). These dyes are designed to resist degradation by light, heat, and
microbial activity, making them persistent and difficult to remove by conventional treatment processes.
Many are toxic, mutagenic, or carcinogenic, posing long-term ecological risks and health hazards
(Tchounwou et al., 2004). Conventional treatment techniques such as coagulation, adsorption, and
membrane filtration can remove dyes physically but fail to achieve complete degradation, often
transferring pollutants from water to solid waste streams (Hanafi et al., 2020).

Photocatalysis, a type of advanced oxidation process (AOP), has gained significant attention as an
efficient and sustainable method for degrading organic contaminants. It utilizes light energy to activate
semiconductor materials that generate electron—hole pairs, which subsequently form reactive oxygen
species capable of oxidizing pollutants into harmless compounds such as CO: and H2O (Andreozzi et
al., 1999). This process offers several advantages, including operation under mild conditions, potential
for solar activation, and minimal chemical input. The performance of a photocatalyst depends primarily
on its band gap, charge carrier mobility, surface area, and chemical stability (Liu et al., 2020).

Titanium dioxide (TiO:) has long been recognized as one of the most efficient photocatalysts due to its
strong oxidative power, photochemical stability, and low toxicity (Ijaz et al., 2021). However, synthetic
TiO2 production involves high-temperature calcination, use of expensive precursors, and limited
absorption of visible light because of its wide band gap of approximately 3.2 eV. These limitations
hinder its large-scale application, especially in developing countries where cost and sustainability are
key factors (Racovita et al., 2022). Consequently, attention has shifted toward naturally occurring
minerals that possess intrinsic photoactive properties and are abundantly available at low cost (Zhao et
al., 2024).

Natural minerals such as ilmenite (FeTiOs), hematite (Fe2Os), and rutile (TiO2) contain metal oxides
capable of generating charge carriers under light irradiation (Usgodaarachchi et al., 2022). These
materials can be directly used or minimally processed to function as efficient photocatalysts. I[Imenite,
a mixed iron—titanium oxide, exhibits a pseudo-rutile crystal structure and contains both Ti*" and Fe*
ions. The Fe?"/Fe* redox cycle plays a crucial role in enhancing electron—hole separation and
suppressing recombination, which significantly improves photocatalytic activity (Guo et al., 2022).
Hematite, an iron oxide mineral with a band gap of about 2.1 eV, absorbs visible light effectively and
is among the most abundant semiconductors in nature (Wan et al., 2023). However, its poor conductivity
and short carrier diffusion length often limit efficiency unless modified through doping or
nanostructuring (Saremi-Yarahmadi et al., 2010). Natural rutile, a mineral form of TiO:, exhibits
excellent chemical stability and high oxidation potential, yet its relatively large band gap restricts
visible-light utilization and requires ultraviolet irradiation (Li et al., 2018).

Utilizing such minerals directly as photocatalysts represents an important step toward the circular
economy and resource efficiency. Natural minerals are widely distributed, non-toxic, and require
minimal processing, which reduces both economic cost and carbon footprint. Their valorization not
only provides an eco-friendly alternative to synthetic catalysts but also enhances the economic value of
locally available raw materials (Ngulube et al., 2024). For instance, ilmenite deposits in Sri Lanka and
other coastal regions offer substantial potential for sustainable wastewater treatment technologies based
on indigenous resources (Subasinghe et al., 2022). This approach integrates environmental protection,
material sustainability, and local economic development, contributing directly to United Nations
Sustainable Development Goal 6 on clean water and sanitation.

The exploration and comparison of ilmenite, hematite, and natural rutile as photocatalysts provide
valuable insight into the feasibility of natural mineral utilization for dye degradation. Their performance
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is influenced by multiple interrelated factors such as photocatalytic efficiency, band structure, resource
availability, cost, toxicity, and durability. A balanced evaluation of these parameters is essential for
identifying the most sustainable and effective mineral catalyst for large-scale wastewater remediation.

2. Common Photocatalysts for Wastewater Treatment

Photocatalysis has been widely investigated as a promising technique for the degradation of organic
pollutants in wastewater due to its ability to completely mineralize complex dye molecules into
harmless products using light energy. Over the past decades, a variety of semiconductor photocatalysts
have been developed, primarily based on metal oxides, sulfides, and nitrides. These materials differ in
electronic structure, light absorption range, and stability, which influence their photocatalytic
performance and suitability for practical applications (Shareef et al., 2023).

Among the most extensively studied photocatalysts, titanium dioxide (TiO2) remains the standard due
to its high stability and strong oxidative ability, although it is limited to ultraviolet activation. Other
semiconductors such as zinc oxide (ZnO), hematite (Fe20s), bismuth vanadate (BiVOs), graphitic
carbon nitride (g-CsNa), and cadmium sulfide (CdS) have also shown significant potential. However,
each material faces distinct challenges such as photocorrosion, toxicity, narrow absorption range, or
complex synthesis routes (Barzagan et al., 2022; Ameta et al., 2016). Table 2.1 summarizes the key
properties, advantages, and limitations of commonly used photocatalysts for wastewater treatment. This
comparative overview highlights the need for exploring naturally available minerals as sustainable, low-
cost, and environmentally benign alternatives.

Table 2.1: Summary of common photocatalysts used in wastewater treatment

Photocatalyst Band Gap Light Advantages Limitations References
(eV) Response
TiO2 Stable, non-toxic, . (Barzagan et al.,
(anatase) 32 uv cheap Only UV-active 2022)
High activity, Photocorrosion in | (Barzagan et al.,
Zn0 3.2 uv available water 2022)
. .. Good visible Low electron (Barzagan et al.,
BiVO. 24 Visible absorption mobility 2022)
.. Metal-free, solar- (Barzagan et al.,
g-CsNa 2.7 Visible active Low surface area 2022)
CdS 2.4 Visible Strong absorption | Toxicity, instability g}?);rzz)agan ctal,

3. Natural Minerals as Photocatalysts

Natural minerals provide an excellent route for sustainable photocatalysis since they occur abundantly
in nature, often require minimal processing, and possess inherent photoactive metal oxides. Among
them, ilmenite (FeTiOs), hematite (Fe:0s), and rutile (TiO2) are of particular interest for wastewater
treatment (Mishra et al., 2023).

3.1 Ilmenite (FeTiOs)

Ilmenite combines titanium and iron in a rhombohedral crystal structure similar to pseudo-rutile. The
Fe**/Fe** redox couple enhances electron transfer and suppresses recombination of photogenerated
carriers, increasing degradation efficiency (Mishra et al., 2023). Ilmenite typically exhibits a band gap
of 2.5-2.7 eV, enabling partial visible-light absorption. Its natural abundance and low cost make it an
attractive candidate for large-scale photocatalytic processes.

3.2 Hematite (Fe205)

Hematite has a narrow band gap (~2.1 eV) and strong visible-light absorption capacity. It is among the
most abundant semiconducting minerals on Earth and is non-toxic. However, its photocatalytic
performance is often limited by high charge recombination rates and poor electron mobility, which
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restrict reaction kinetics (Moattari et al., 2025). Surface modification, nanostructuring, and
heterojunction formation can improve its efficiency.

3.3 Natural Rutile (TiO:)

Natural Rutile is a crystalline form of titanium dioxide,- that exhibits exceptional chemical stability,
hardness, and oxidative power. Its band gap (~3.0 eV) restricts visible-light absorption, but its
robustness and high degradation potential make it a common natural benchmark (Zerjav et al., 2022).
Natural rutile often contains trace Fe or Mn, which can slightly enhance charge transfer efficiency
compared to pure synthetic TiO..

4. Comparison Parameters for Photocatalytic Evaluation

To evaluate and select the most effective natural photocatalyst, several measurable parameters can be
used (Mei et al.,, 2023). Six critical criteria commonly applied in multi-criteria decision-making
(MCDM) approaches are outlined below.

4.1. Photocatalytic Activity / Degradation Efficiency

This criterion represents the ability of a mineral to degrade organic pollutants under light irradiation. It
is quantified as a percentage of degradation or as a reaction rate constant (k). For dyes such as methylene
blue or rhodamine B, high-performance catalysts exhibit >80% degradation within 60—120 min under
UV or visible light (Gusain et al., 2020).

4.2. Band Gap Energy and Electronic Structure

An ideal photocatalyst has a band gap between 1.8 and 3.0 eV, allowing activation under visible light
while maintaining strong redox potential (Gusain et al., 2020; Moattari et al., 2025). Smaller band gaps
improve solar utilization but can increase recombination; hence, balanced electronic structure is crucial.

4.3. Resource Abundance and Availability
Abundant minerals such as ilmenite and hematite offer better sustainability and economic feasibility
than rare or synthetic compounds (Moattari et al., 2025).

4.4. Cost and Processing Requirements
Low-cost materials that require minimal pre-treatment (e.g., simple grinding or acid washing) are
favorable for large-scale use. Energy-intensive synthesis or doping steps reduce sustainability.

4.5. Environmental Sustainability and Toxicity
Environmentally benign minerals with minimal leaching potential are preferred. Materials containing
toxic elements such as Cd or Pb are unsuitable for green applications (Gusain et al., 2020).

4.6. Stability and Reusability
A viable photocatalyst must maintain efficiency after multiple cycles without structural degradation.

Stable minerals like ilmenite and rutile demonstrate consistent activity over 3—5 cycles (Moattari et al.,
2025).
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5. Comparison of Parameter Values for Natural Minerals
Table 5.1 shows the comparison of photocatalytic parameters among ilmenite, hematite, and natural
rutile.

Table 5.1 Comparison of photocatalytic parameters

[lmenite Hematite Natqral Benchmark/Ideal
Parameter . Rutile References
(FeTiOs) (Fe20s) . Range
(TiO2)
5 g g (Gusain et al.,
Band Gap (eV) 2.5-2.7 2.0-2.2 3.0 1.8-3.0 2020).
Degradation (Gusain et al
Efficiency (MB, 80-90% 65-75% 70-85% >80% ?
. 2020).
60-120 min)

Rate Constant 0.020— (Moattari et al.,
(k, min"") 0.021-0.034 | 0.012-0.018 0.025 >0.02 2025).
Resource . . . (Gusain et al.,

Abundance High Very High Moderate High 2020).
Processin Low Moderate (Gusain et al,

Re uiremegn ¢ (grinding, (calcination) Moderate Minimal 2020; Moattari et

d washing) al., 2025).
Environmental Low, non- . (Gusain et al.,
Impact toxic Low Very low Non-toxic 2020).
Stability (cycles) 4-5 cycles 3—4 cycles 5+ cycles >4 g(()}lzl(s);lln ctal,

6. Multi-Criteria Decision-Making (MCDM) Analysis

Evaluating the suitability of natural minerals as photocatalysts requires a systematic comparison of
multiple qualitative and quantitative parameters. Multi-Criteria Decision-Making (MCDM) techniques
provide a structured approach for such evaluations. In this study, the Preference Ranking Organization
Method for Enrichment Evaluation (PROMETHEE) was selected due to its robustness, flexibility, and
suitability for environmental material assessment. PROMETHEE allows ranking of alternatives based
on pairwise comparisons under several criteria, providing a clear visualization of preferences through
positive and negative flow values (Brans et al., 2025). Each criterion was assigned a relative importance
weight using expert judgment and literature-based relevance analysis. The final normalized weights are
shown in Table 6.1.

Table 6.1 Final normalized weights

Criterion Symbol | Weight (Wi) Description

Photocatalytic Activity C1 0.25 Primary indicator of dye degradation

) performance
Band Gap and Electronic o) 0.15 Determines light absorption capability
Structure )
Resource Abundance C3 0.15 Ensures sustainable raw material supply
Cost and Processing Reflects economic feasibility and simplicity

. C4 0.15

Requirement
Environmental Sustainability Cs 015 Indicates ecological safety and leaching

) potential
Stability and Reusability Represents catalyst durability and

C6 0.15 o
recyclability

The Visual PROMETHEE software was used to compute preference functions and rank the alternatives:
ilmenite (FeTiOs), hematite (Fe20s), and natural rutile (TiOz). Preference functions of type V were
selected for quantitative criteria such as activity and band gap, while usual preference functions were
applied for qualitative sustainability criteria. Input values for each mineral were obtained from literature
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data summarized earlier. The analysis generated the positive flow (®*), negative flow (®"), and net flow
(®) for each alternative, representing overall performance and dominance.

7. Results of PROMETHEE Analysis

The multi-criteria decision-making (MCDM) evaluation was performed using Visual PROMETHEE
software to compare the suitability of ilmenite, hematite, and natural rutile as natural photocatalysts for
wastewater treatment. Six evaluation criteria were considered, including photocatalytic activity, band
gap energy, resource abundance, cost and processing requirement, environmental sustainability, and
stability. Each criterion was assigned a specific weight to reflect its relative importance.

The PROMETHEE results presented in Figure 7.1 and Table 7.1 indicate that ilmenite achieved the
highest net preference flow value (® = 0.2500), followed by hematite (® = 0.1500), while natural rutile
recorded a negative value (® = -0.4000). The positive and negative flow results further demonstrate that
ilmenite possesses the strongest dominance over the other minerals, with a high ®* value of 0.4250 and
a low @ value of 0.1750. The GAIA plane visualization supports this observation by positioning
ilmenite closest to the decision axis, confirming its well-balanced performance across all evaluation
parameters.

Ilmenite’s superior ranking can be attributed to its efficient photocatalytic activity, moderate band gap
energy, high natural abundance, and favorable sustainability characteristics. Hematite ranked second,
showing good visible-light activity but slightly lower performance in stability and cost-effectiveness.
Natural rutile, although stable, showed the weakest overall performance due to its higher band gap
energy and processing cost, leading to the lowest ranking among the three minerals.

+1.0
0,2500 l TImenite
0,1500 Hematite
0.0
-0,4000 Matural Rutile
-1.0

Figure 7.1 Promethea Ranking
Table 7.1 Preference flow value

Rank Mineral ® (Net Flow) | ®* (Positive Flow) | @ (Negative Flow)
1 Ilmenite 0.2500 0.4250 0.1750
2 Hematite 0.1500 0.4000 0.2500
3 Natural Rutile -0.4000 0.1000 0.5000
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8. Conclusion

The MCDM analysis using Visual PROMETHEE confirmed that ilmenite (FeTiOs) demonstrates the
most balanced and effective performance among the evaluated natural minerals for photocatalytic
wastewater treatment. Its combination of high photocatalytic efficiency, suitable band gap energy, low
processing cost, and favorable environmental characteristics resulted in the highest net preference flow
value, indicating superior overall performance. Hematite (Fe.Os) ranked second, showing reasonable
visible-light photocatalytic activity but moderate stability and cost advantages. Natural rutile (TiO-)
was placed last due to its higher processing cost and limited visible-light response despite its excellent
chemical stability. The results highlight ilmenite as a sustainable, low-cost, and efficient natural
photocatalyst with strong potential for practical wastewater treatment applications, and the use of the
PROMETHEE method provided a reliable and transparent approach for integrating technical,
economic, and environmental parameters in material selection.
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Abstract: The construction industry is the highest energy consumer and the largest emitter
of carbon, so the enhancement of the energy efficiency of buildings is the core of
sustainability and climate mitigation policies. Though machine learning (ML) models have
made the process of building energy forecasting more accurate, little research has
combined predictive modelling with organized inefficiency identification and explainable
diagnostics for governance-related use. The proposed study will focus on an explainable
artificial intelligence (XAl)-supported decision-support system for identifying and
optimizing energy resource-related inefficiencies in commercial buildings. With the help
of the ASHRAE Great Energy Predictor III dataset, a regression model based on Random
Forest was created to predict anticipated energy consumption. A new Energy Resource
Inefficiency Index (ERI) was presented to measure the differences between the actual and
predicted consumption. Buildings having ERI values that are above 0.3 were considered
highly inefficient. Both the global and inefficient-building level analysis using SHAP
(SHapley Additive exPlanations) was done to explain the drivers of structural and seasonal
inefficiency. The Random Forest model had an MAE of 1809 and was better than the
Linear Regression baseline. There were about 10% of observations with serious
inefficiency. Findings indicate that building size and seasonal factors have a leading effect,
with increased seasonal effects in inefficient cases. The framework takes the traditional
forecasting methods a step further by incorporating forecasting, quantifying inefficiency,
interpretability, and decisions guided by sustainability. The suggested methodology will
offer a scalable energy governance tool and specific optimization of the commercial
building management system.

Keywords: Explainable Al; Energy Efficiency; Random Forest; Resource Optimization;
SHAP; Sustainability
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1. Introduction

The building industry is the primary source of final energy use (around 36% of the world) and almost
37% of the carbon emissions related to energy use, thus it is one of the most critical areas where climate-
saving measures should be taken (IEA, 2023). The commercial buildings, such as the office complex,
retail center, healthcare institution, and educational facility, constitute a significant share of such
demand because of the constant occupancy, sophisticated HVACs, lighting systems, and equipment-
centered operation. Commercial facilities also tend to have heterogeneous patterns of energy
consumption, unlike residential buildings, since they may have different operating periods, climate
variations, and function demands. Consequently, the energy performance of commercial buildings is
not only a technical challenge, but also an important sustainability opportunity. The consumption of
energy in this type of building depends on the combination of several factors, such as the building
structure (e.g., square footage, construction material, insulation measures), environmental factors (e.g.,
temperature, humidity), occupancy (e.g., how people use the building), and operational factors (e.g.,
equipment scheduling, HVAC control strategies) (Kavousian et al., 2013). The nonlinear and
multidimensional relationships between these factors complicate it naturally to model them correctly
and to evaluate them diagnostically. These nonlinear relationships are not well represented by the
traditional deterministic modelling techniques. It is generally accepted that building energy efficiency
is one of the least expensive and most scalable solutions to climate change mitigation (IPCC, 2022).
Retrofitting, smart monitoring, and optimization of operations are some of the policy frameworks and
national energy strategies that are focused on ensuring a decrease in the intensity of carbon in the built
environment. Nonetheless, traditional energy audits are still relatively periodic, manual, and reactive.
They have the usual use of performance evaluation that is based on static performance instead of the
application of constant performance diagnostics. This severely restricts their capability to identify
dynamic inefficiencies, which occur as a result of the change of season, misalignment of operations or
failure of the system with time. The availability of high-resolution energy data has greatly become
accessible with the proliferation of smart meters, Internet-of-Things (IoT) devices, and digital building
management systems. This digital revolution has provided the possibilities of data-oriented solutions
that can monitor the data constantly and analyze it in real time (Ahmad et al., 2020). ML models have
been shown to be more successful in modelling high-dimensional and nonlinear energy data than the
conventional regression techniques (Zhao and Magoulelles, 2012). Random Forest algorithms,
represented by Breiman (2001), are among these models, and one of the most effective because they
have an ensemble learning structure that minimizes overfitting and enhances generalization over
heterogeneous datasets. Temporal dependencies of energy data are also captured using deep learning
(Wei et al., 2018). Recent works are implementing machine learning and explainable artificial
intelligence-based approaches to enhance building energy analytics and sustainability-oriented decision
making more and more (Ahmad et al., 2020; Molnar, 2022; IEA, 2023). In spite of these developments,
most studies that are based on ML are still aimed at minimizing forecasting error, also in terms of
RMSE, MAE, and R 2. Although these measures are predictive performance measures, they do not
directly translate into actionable inefficiency diagnostics. Higher predictive accuracy does not
necessarily determine whether a building is efficiently performing or it is a waste of energy compared
to the expected performance. Ideally, energy managers and policymakers need interpretable meters to
detect patterns of excessive consumption, identify priority areas for building interventions, and facilitate
specific strategies to optimize energy consumption. Moreover, most developed ML models are black
boxes, which restricts their interpretability and transparency. Interpretability is not optional in the
context of sustainability governance. To levy trust and operationalize the recommendations of a model,
a decision-maker needs to know why a particular model yields a particular output. Methods of
explainable artificial intelligence (XAI) have thus become the topic of growing interest. The attribution
of model predictions to feature contributions is a theoretically motivated approach to explaining the
predictions of a model based on cooperative game theory (SHAP SHapley Additive exPlanations),
created by Lundberg and Lee (2017). SHAP improves transparency by taking a quantification on the
contribution of the input variable to the final prediction. Nevertheless, in spite of the fact that SHAP
has been used in energy forecasting research, its incorporation with well-structured inefficiency
measurement has not been done to a large extent. Many applications learn global feature importance,
but not in a systematic analysis of feature behaviour in inefficient subsets of the building. As a result,
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there is still a dire need to bridge the gap between predictive analytics, interpretability mechanisms, and
sustainability-oriented decision support. This paper will cover this research gap by suggesting an
integrated framework that integrates: The forecasting of building energy consumption, an energy
resource inefficiency Index (ERI) based on deviation to measure the wasteful use of energy,
Explainability of both global and inefficient-building subsets in comparative SHAP, and Sustainability-
driven governance knowledge to focus on optimization. This study goes beyond traditional forecasting
by infusing a predictive, quantitative, and interpretive analysis into a single analytical model to achieve
diagnostic sustainability analytics. The key contribution is that it converts the predictive outputs into
actionable inefficiency intelligence that can support the energy governance, operational optimization,
and climate mitigation strategies in the commercial building systems.

2. Literature Review

2.1 Data-Driven Energy Forecasting

The shift from physics-based to data-driven modelling has greatly changed building energy analytics
over the last 20 years. Initial models of building energy were based mainly on deterministic simulation
and linear statistical methods. Conventional statistical models, such as linear regression and the
autoregressive model, were commonly used because they are simple and easy to interpret. Nevertheless,
the methods are poor at entraping nonlinear relationships and complicated interactions among
environmental, structural, and operational variables (Dong et al., 2005). The energy use of commercial
buildings is affected by several interacting factors that include weather conditions, occupancy patterns,
and equipment operation, which tend to be non-linear and time-varying. Machine learning (ML)
systems have become popular to overcome all these constraints. One of the initial nonlinear models
used in building energy prediction was Support Vector Machines (SVM) (Dong et al., 2005). Then, the
ensemble learning algorithms like the Random Forest and Gradient Boosting adopted better results
because of their capability to accommodate high-dimensional data and non-linear interaction (Breiman,
2001). Random Forest models, in particular, are stronger against overfitting by bootstrap aggregation
as well as random feature selection, which is why it is well applicable to heterogeneous building data.
Temporal energy model. Deep learning methods have been investigated more recently. LSTM networks
have demonstrated good performance in sequential dependencies and time-dependent dynamics of
energy consumption data (Wei et al., 2018). CNNs are also modified to perform forecasting of energy.
Although deep learning models may have better accuracy, they frequently demand large datasets, a
significant amount of computing resources, and hyperparameter optimization. Even with current
developments in predictive performance, most data-driven energy forecasting research focuses on error
minimization metrics like RMSE, MAE and R 2. According to Ahmad et al. (2020) the research on
energy analytics needs to be shifted towards operational intelligence and not on the accuracy of
forecasting. Predictive accuracy is not necessarily used to determine patterns of inefficiency and give
recommendations to be taken. A building can have been a true forecast of usage and still be inefficient
compared to the best practices or optimized baseline. Furthermore, most ML models are also black-box
systems, which are not very interpretable. This is not very transparent, limiting their use in policy and
governance settings, where they need accountability and explainability. As a result, a new requirement
is the need to combine predictive modelling with diagnostic and interpretive mechanisms, with the
ability to discover drivers of inefficiency as opposed to only predicting consumption.

2.2 Explainable Artificial Intelligence in Energy Systems

The growing sophistication of machine learning models has given rise to the rising worry of
transparency and trustworthiness. The explainable Artificial Intelligence (XAI) has thus become a new
essential field of research with the intention of explaining complex models without loss of predictive
accuracy. SHAP (SHapley Additive exPlanations) is the most popular method of XAl applications as it
is well-theoretically based on cooperative game theory (Lundberg and Lee, 2017).SHAP can be used to
assign contribution values to each of the features, which are a representation of their marginal
contribution to the model prediction. To contrast with the traditional measures of feature importance,
SHAP has both global interpretability and local interpretability, enabling researchers to interpret both
the overall influence of features and individual behavior case-by-case. According to Molnar (2022),
interpretability is important, especially in the areas of governance and sustainability, where decision-
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makers should know the reasoning behind a model generating certain advice. SHAP has been used in
the energy industry to explain building energy models, determine the leading drivers of weather, and
determine the sensitivity of features (Fang et al., 2019). These applications demonstrate the usefulness
of SHAP in unearthing latent nonlinear associations between variables that include temperature,
building size, and patterns of the time-of-day. Most SHAP applications in energy research are, however,
descriptive and not diagnostic. The studies usually show the global feature significance but fail to
systematically examine feature performance in inefficient or anomalous subgroups. Limited literature
has been conducted to investigate the differences in the contribution of features between efficient and
inefficient buildings. Such subgroup analysis is required to complete the interpretability in terms of its
operation. In addition, explainability is not often combined with organized measures of inefficiency.
Although SHAP clarifies the reason why a prediction is made, it does not necessarily mean that that
prediction was an efficient or an inefficient performance. It is an open research question how the
predictive deviation analysis can be bridged to explainable diagnostics.

2.3 Energy Efficiency Governance and Sustainability Decision-Making

One of the most cost-effective methods of greenhouse gas reduction is energy efficiency improvement,
which is well-known (IPCC, 2022). Policy tools like energy performance standards, building codes,
and retrofit incentives are based on quantitative performance ratings. Nevertheless, the systems of
governance tend to miss the ongoing use of data-driven diagnostic instruments that can help in pointing
at the presence of clusters of inefficiency, in real-time. The International Energy Agency (IEA, 2023)
emphasizes that the next-generation energy management systems cannot be impossible without
digitalization and smart monitoring technologies. Analytics would be data-driven, which could be used
to aid in proactive maintenance, optimization of demand response, and adaptive operation of the
buildings to climate conditions. However, good governance does not need raw data and predictive
output but rather interpretable output that can inform decisions on resource allocation. The existing
sustainability frameworks are often silo-based. The studies of predictive modelling are the ones that
concentrate on accuracy; the policy frameworks are those that are concerned with standards and
compliance; and the interpretability studies are those that are concerned with transparency, but not
explicitly integrated into governance structures. Few studies have integrated deviation-based
inefficiency quantification with explainable Al and sustainability-based prioritization strategies.
Specifically, there are not many studies that suggest a formal inefficiency index based on predictive
baselines and analyze its drivers with explainable Al. Devoid of such an integration, the sustainability
decision-making process is always reactive but not proactive.

2.4 Synthesis and Research Gap
The literature review highlights three critical limitations in existing research that collectively constrain
the practical impact of data-driven energy analytics.

First, there is a strong prediction-centric focus in existing studies. The majority of research in building
energy analytics prioritizes minimizing forecasting error using metrics such as MAE, RMSE, and R
While these metrics are valuable for assessing model performance, they do not inherently reveal
whether a building is operating efficiently relative to its expected baseline. Accurate prediction does
not necessarily imply optimal performance. A model may successfully predict high consumption for a
large building, yet this prediction alone does not determine whether the building is wasting energy
beyond what is structurally justified. Consequently, forecasting-oriented research often stops at
performance benchmarking, leaving a gap between prediction and actionable inefficiency diagnostics.

Second, existing research exhibits isolated explainability. Explainable Al techniques such as SHAP are
increasingly used to interpret machine learning models by identifying influential features. However, in
most applications, SHAP is applied descriptively to analyze global feature importance without
explicitly connecting interpretations to operational inefficiency detection. In other words, explainability
is used to answer “which features influence predictions?” rather than “which features drive
inefficiency?” This distinction is crucial. Without a structured inefficiency metric, explainability
remains disconnected from sustainability performance evaluation. There is limited research that
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compares feature behavior between efficient and inefficient subpopulations to understand how drivers
differ under excessive energy consumption conditions.

Third, there is limited integration with sustainability governance and decision-making frameworks.
Energy efficiency policies require tools that can prioritize buildings for intervention, allocate retrofit
budgets, and support operational optimization strategies. However, most predictive models are not
designed as governance-support systems. They generate predictions but do not provide structured
mechanisms for ranking inefficiency severity, identifying high-risk facilities, or translating analytical
results into resource allocation insights. The absence of such integration reduces the practical utility of
advanced analytics in real-world sustainability planning.

Collectively, these limitations indicate a substantial research gap. What is missing is an integrated
analytical framework that moves beyond prediction accuracy and combines modelling, quantification,
interpretation, and governance alignment into a unified system. This paper fills this gap by suggesting
a coherent predictive modelling and Energy Resource Inefficiency Index (ERI)-quantifying and a
SHAP-based interpretable decision-support framework. The ERI maps the residuals of predictions into
an organized inefficiency measurement, which allows a systematic discovery of excessive patterns of
consumption. The comparative analysis that is done using SHAP would then indicate the structural and
seasonal aspects behind these inefficiencies. Relying on the ability to tie predictive analytics to
interpretability and align governance, the proposed framework transforms machine learning outputs
into a form that creates a sustainable intelligence that can be put into action. This way, this study will
help to move the field beyond forecasting-based analytics to more diagnostic and governance-based
sustainability analytics to increase the practical significance of explainable Al in commercial building
energy management systems.

3. Methodology

4

SHAP Explaniiablity Analysis

ASHRAE Dataset Data Preporocessing —> | Feature Selection —>‘ Feature Selaction |

{1

Inefficiency Classification

1

Decision Support for Energy Efficiency

Figure 1: Proposed Methodological Framework

3.1 Dataset Collection

The present research uses the publicly available ASHRAE Great Energy Predictor III dataset
(ASHRAE, 2019), originally published as part of an international energy forecasting contest. It is
commonly applied to academic studies because of its size, heterogeneity, and practical depiction of
patterns of commercial building energy consumption in real-life settings. The data includes hourly
meter measurements of over 1,000 commercial structures distributed in various climatic regions. These
structures are of different types, such as office buildings, educational facilities, healthcare facilities,
retail spaces, and public infrastructure. This heterogeneity makes the dataset more appropriate for the
modelling of the generalized energy consumption patterns in commercial environments.

3.1.1 Energy Consumption Data

In this research, the hourly meter of electricity is applied as the initial target variable of energy
consumption modelling. Electricity consumption was chosen, whereas other types of meters are present
in the dataset because of the uniformity and the available readings in buildings. Not all buildings had
detailed thermal energy measurements; hence, electricity consumption is taken as a proxy measure of
operational building energy demand, especially HVAC system, lighting, and equipment loads.

3.1.2 Building Metadata
Alongside consumption data, the data will contain building-level metadata such as: square feet
(building size), primary-use(building category), year built, and site id (geographic identifier). This
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value corresponds to the geographic position of the city being examined.</human|>site_id (geographic
identifier): The value is the geographic location of the city under investigation. The size of the building
is also a structural variable that is important to determine the baseline energy demand. The larger the
building, the more energy it consumes. Predictive modelling should consider this structural scaling
effect so that the high consumption cannot be mistaken for inefficiency. The primary use variable: This
variable represents functional diversity (e.g., office, education, lodging), which determines the
operational intensity and energy data. Although not every metadata variable was utilized during the
initial modelling phase, they apply to interpretability and applications of governance.

3.1.3 Weather Variables

The weather data are also included in the dataset, with respective weather data taken according to the
site and time. The important weather variables are: air_temperature, wind_speed, cloud coverage, and
dew_temperature. Among them, the air temperature is one that is the most influential, as it is strongly
correlated with the demand for HVAC. Cooling and heating loads caused by temperature vary greatly
in the commercial energy consumption of areas with a seasonal climate change (IEA, 2023). By
incorporating environmental parameters, the predictive model is further allowed to approximate the
anticipated energy baselines as a conditional situation under the condition of climates, instead of using
only past averages.

3.1.4 Temporal Features

To extract the temporal dynamics, the information of the timestamp was utilized to extract other
features, which included: hour of day, month. These derived variables enable the model to employ the
diurnal and seasonal variations in energy consumption. The reason why you need the temporal
decomposition is that efficiency patterns can be detected in certain operational hours or seasons.

3.1.5 Characteristics of the Data and Problems

The ASHRAE data set has a number of analysis problems: High dimensionality and heterogeneity-
Buildings vary greatly in size, use, and climate conditions. Nonlinearities - Consumption of energy is
not directly proportional to the environmental factors. Lack of equal distribution of inefficiency -
Inefficient cases are a few observations. Possible missing or noisy values. Real-life data has
measurement anomalies. These properties cause the choice of ensemble learning models, including
Random Forest, which are resistant to noise, nonlinear interaction, and multicollinearity (Breiman,
2001).

3.1.6 Data Preparation Scope

Since the dataset was large, a representative sample was used in terms of computational considerations,
without affecting the statistical distribution. Bad or null meter was eliminated. Moreover, unsettled
values that were produced in the calculation of the inefficiency index were filtered to achieve numerical
stability.

3.2 Predictive modelling

A Random Forest regression model was applied in order to design an expected baseline of the energy
consumption per building observation. Random Forest is an ensemble learning algorithm that was
introduced by Breiman (2001) and is used to build many decision trees based on bootstrap aggregation
(bagging) and random feature selection. The last prediction is determined as the average of the results
of individual trees, thus decreasing variance and overfitting. It is reasonable to select this model because
it includes two additional causal variables, namely the payment and the discharge's impact on the firm's
financial results and the likelihood of reiteration.</human[>The reason why this model was selected is
that it incorporates two other causal variables, that is, the payment and the effect of the discharge on the
financial performance of the firm and the probability of recurrence.

3.2.1 Rationale for Model Selection
The choice of the Random Forest was preconditioned by the following features of the building energy
data:
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e Nonlinear Relationships: The construction of energy consumption is not linear with the
environmental factors like temperature. In the case of cooling demand, the demand rises
nonlinearly beyond certain temperature limits. Random Forest models can provide such
nonlinear interactions without making explicit functional assumptions. The feature space
consists of high-dimensional vectors, represented as follows:</human|[>High-Dimensional
Feature Space: The data will be structured into features of structure (e.g., square feet),
environmental (e.g., air temperature), and temporal (e.g., hour, month) data. Random Forests
models are very good when it comes to multicollinearity and multifaceted interactions between
features.

e Robustness to Noise: The datasets of real-world buildings have irregularities in measurements
and missing values. The effects of outliers and noise are minimized with Ensemble averaging.

e Interpretability Compatibility: SHAP-based explainability analysis is fully compatible with
random Forest models, which allow one to perform feature attribution without gradient-based
approximations.

3.2.2 Baseline Comparison
A Linear Regression model was used to test performance to provide a baseline comparator. The linear
regression presupposes the presence of a linear correlation between predictors and the target variable:

y = B0+ XL, Bixi+e (1)

But the patterns of energy consumption are hardly always linear. The comparison between the Random
Forest and the Linear Regression makes a possibility to determine the advantages of modelling
nonlinearities. The Linear Regression model obtained: MAE = 3980. This much greater error indicates
that the purely linear modelling is not very effective with heterogeneous building data.

3.2.3 Model Evaluation Metrics
Three standard metrics of regression were used to assess model performance:

Mean Absolute Error (MAE):
1 -
MAE=%i1 lyi — 51| 2)

MAE is used to quantify the mean value of prediction error, and this is less affected by extreme outliers
as compared to RMSE. Root Mean Squared Error (RMSE):

Root Mean Squared Error (RMSE):
1 -
RMSE = 131, 0 - 50° 3

RMSE is more sensitive to the large errors and gives insight into the stability of some predictions at
high consumption levels.

Coefficient of Determination(R 2):

T yi-9)*
RZ=1- £ 4
S(yi-y)? )
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3.2.4 Model Performance Results

The random forest model obtained: MAE = 1809, RMSE = 93,679, R? = 0.28. The Random Forest
model decreased absolute error over the baseline Linear Regression (MAE = 3980) by over 50%, which
shows the superiority of nonlinear ensemble learning. Though the R? value of 0.28 provides moderate
variance coverage, this finding must be viewed against the background of constructing energy analytics.
The energy consumption of commercial buildings is determined by many unobservable variables,
including Occupancy behavior in real time. Equipment scheduling, Maintenance conditions,
Efficiencies in control systems.

Kavossian et al. (2013) note that occupant behavior can explain large amounts of differences in
electricity consumption. Since the data on occupancy were not directly present in the data, some of the
variance is not explained. In turn, this fact makes moderate R? values a characteristic of large-scale real-
world building datasets. Also, the main aim of this predictive model is not just to increase R? alone, but
to create the basis of predicted consumption using data, based on which the inefficiency can be
measured. In that regard, it is more imperative to have a steadily decreasing error compared to the
baseline linear modelling than an extremely high variance explanation. Predictive behavior should be
interpreted as an outcome of the current moment; it includes the act of making predictions.</human[>

3.2.5 Interpretation of Prediction Behavior

Prediction behavior is to be understood as a product of the present moment; it involves the act of
prediction. The Actual vs Predicted scatter plot (Figure X) can be analyzed, and the results are: Good
correspondence at medium levels of consumption. Decreased dispersion at extremely high values. This
trend implies that although the model is useful in reflecting the overall consumption dynamics, extreme
peaks, which are usually caused by abnormal operation conditions, are difficult to forecast. Notably, it
is these deviations that allow for analysing the inefficiency that follows later using the index of Energy
Resource Inefficiency (ERI). Accordingly, the predictive modelling phase fulfills two functions:
Setting of anticipated energy consumption benchmarks. Producing residuals that give information on
the inefficiency metric.

4. Results

4.1 Predictive Model Performance

The Random Forest regression model was also created to establish a data-driven benchmark of predicted
energy consumption in different structural, environmental, and time conditions. The performance of the
model was measured by applying MAE, RMSE, and R %.

Table 1: Model Performance Comparison

Model MAE RMSE R?
Linear Regression 3980 121,500 0.12
Random Forest 1809 93,679 0.28

Random Forest model minimized MAE by over 50% compared to the Linear Regression baseline. This
enhancement explains the nonlinear nature of building energy dynamics. Linear regression includes
constant marginal effects of predictors, and the Random Forest includes threshold-based and cross-
interaction-induced actions. The R? of 0.28 implies the model can explain the variation in the energy
consumption by about 28%. Although this might be considered moderate, it agrees with the large-scale
real-world building datasets that a high level of variability can be generated due to the lack of
observability of behavioral and operational (Kavousian et al., 2013). Stochastic variability is added by
occupant behaviour, variation in equipment use, and the state of the maintenance, and it is challenging
to model without extra sensor information. Notably, the goal of this model is not just to maximize
predictive accuracy but produce an effective baseline on which inefficiency can be measured. Baseline
stability is what is more important in sustainability analytics than absolute predictive perfection.
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4.2 Actual vs Predicted Consumption Dynamics
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Figure 2: Actual vs Predicted Scatter Plot

o

The scatter plot shows the correlation between the actual and the predicted energy consumption. A
number of key trends can be identified:

e Vigorous clustering in the intermediate energy levels.

e High dispersion at elevated consumption levels.

e Disproportionate prediction behavior at harbors.
The model works well in regular working conditions, though it does not fully model extreme energy
spikes. These extreme deviations can be an indication of an abnormal state of operations like: High
duration of HVAC running outside the occupancy period. Equipment malfunction Sudden occupancy
surges, and system inefficiencies. Importantly, these deviations are not only modelling failures, but they
are also possible indicators of inefficiency. However, instead of ignoring residual error as statistical
noise, such errors are used to diagnose the study.

4.3 Distribution of Energy Resource Inefficiency
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Figure 3: ERI Distribution Histogram

ERI distribution has a high right-skewness. Most observations are concentrated around the value of
zero, which could be an indication of consistency between the predictive and actual energy
consumption. Nevertheless, the long right tail suggests concentrated excessive cases of consumption.
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Table 2: ERI Classification Summary

Metric Value

ERI Threshold 0.30
Efficient Cases 89.7%
Highly Inefficient Cases 10.3%

Approximately 10.3% of observations exceed the inefficiency threshold. This minority concentration is
highly significant from a governance perspective. It suggests that energy waste is not uniformly
distributed but concentrated among specific building-period combinations. Such clustering enables
targeted intervention strategies rather than system-wide retrofitting.

4.4 Building-Level Inefficiency Ranking
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Figure 4: Top 10 inefficient buildings

The ranking analysis determines the buildings that have the greatest average ERI values. Building 778
has an unusual amount of inefficiency when compared to others. The scale of deviation indicates that
there is an inefficiency of the system and not a mere chance variation. This prioritization system
involves the conversion of predictive modelling into prioritization into action. The energy managers
will be able to invest in the best-ranked buildings to bring maximum impact. This kind of prioritization
is in line with the principles of sustainability governance, which focus on efficiency in resource
allocation.

4.5 Seasonal Amplification Effects
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Figure 5: Monthly Inefficiency Trend

The Monthly aggregation of ERI shows that there was a sharp spike in Month 9. This shows seasonal

magnification of inefficiency, which was probably fuelled by high cooling demand. Buildings that are

used commercially tend to have nonlinear increases in HVAC load when the temperature is high. The

spike that was observed indicates that: Cooling systems can be either oversized or improperly calibrated.

There can be a lack of thermal insulation. Dynamic schedule It is possible that operational schedules do
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not dynamically adapt to temperature variation. This seasonal tendency proves the fact that inefficiency
is not a constant state, but climate-dependent. Sustainability plans should then incorporate seasonal
adaptation plans.

4.6 Global Feature Contributions (SHAP Analysis)
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Figure 6: Global SHAP Plot

With the global SHAP summary plot, square feet is the most significant structural predictor, followed
by air temperature, and month and hour are the temporal dynamics. The main factors affecting expected
baseline energy demand are the size of the building and environmental temperature, which is nonlinear
with high values. The SHAP visualization identifies the complicated interactions of features that cannot
be seen in linear models, which proves the importance of nonlinear ensemble learning.

4.7 Inefficient-Only SHAP Analysis
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Figure 7: Inefficient SHAP Plot

In the case when SHAP is applied only on the observations with ERI more than 0.3, the contributions
of a feature change significantly. Effects seasonal and related to temperature are amplified, and the
contribution to dispersion is higher. This shows that the environmental stressors are more sensitive in
an inefficient building. Baseline demand is characterized by structural elements, but climate
responsiveness leads to a rise in inefficiency. This type of comparative explainability method is an
important contribution of the research.
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4.8 Classification Performance and Imbalance Analysis
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Figure 8: Confusion matrix

Table 3: Classification Metrics

Class Precision Recall F1-score
Efficient 0.89 0.98 0.94
Inefficient 0.06 0.01 0.02
Overall Accuracy 0.88 — —

Despite a high overall accuracy (0.88), the recall of inefficient cases is low because of the imbalance in
classes. This brings out a general problem in sustainability analytics where inefficient events are not
frequent but significant. Further research in the future should be done on models that are sensitive to
cost, methods of resampling like SMOTE, or anomaly-detecting methods to enhance minority
classification.

4.9 Integrated Interpretation

The findings indicate that nonlinear modelling is a dependable energy reference on which deviation-
based detection of inefficiency can be done. Inefficiency is stagnated within a limited number (~10%)
and is multiplied by seasonal and environmental conditions. The size of the structures determines
anticipated demand, whereas the excessive consumption is fuelled by climate responsiveness. It is
methodologically difficult to detect rare cases of inefficiency.

4.10 Implications of the Practice and Sustainability

The structure facilitates specific audits of high-ERI buildings, climate-adaptive optimization of HVAC,
and seasonal monitoring in terms of ERI. The methodology can be used to support practical
sustainability decision-making by integrating prediction, inefficiency indexing, and explainable Al

5. Discussion

The findings prove that the combination of nonlinear predictive modelling and deviation-based
inefficiency quantification offers significant diagnostic information on the performance of commercial
buildings in terms of energy. Even though predictive accuracy was at the medium level, the model was
able to set a predictable minimum to determine excessive consumption. It was found that inefficiency
is concentrated on a small number of cases, and increased by seasonal and environmental influences,
according to the ERI distribution. The comparative SHAP analysis also revealed that the structural scale
is a determinant of the baseline demand, and climate responsiveness is a determinant of the inefficiency
increase. The results indicate the significance of prediction, interpretability, and governance alignment
in sustainability analytics.The characteristics of the building envelope including orientation, the ratio
of windows to walls, material properties, and the location of the fenestration were not present in the
dataset and thus could not be utilized in the predictive model, which is also a limitation of the current
study.
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6. Conclusion and Future Work

This paper presented an explicable Al-based decision-support system to identify and analyze the energy
resource inefficiency of commercial buildings. Combining predictive models based on the Random
Forest, a deviation-derived Energy Resource Inefficiency Index (ERI), and comparative SHAP analysis
allows the framework to have a long-standing forecasting methodology extended to the diagnostic and
governance-oriented sustainability analytics. The findings showed that nonlinear modelling is much
better in estimating the baseline than linear regression, and that a percentage of 10 seems to be
concentrated inefficiency. Amplification seasonally and temperature sensitivity were found to be the
important drivers of superfluous energy consumption, with structural scale being the principal
determinant of baseline demand. The comparative explainability analysis showed that inefficient
buildings are more sensitive to environmental stressors, which can be used to generate actionable
information to be used to perform specific audits and climate-adaptive operational plans. Although the
framework has moderately high performance in R 2 and class imbalance issues in inefficient
classification, the framework has been effectively used to convert predictive residuals into structured
sustainability intelligence. Further studies are advised to include information on occupancy behavior,
IoT-based sensors, and cost-sensitive or anomaly-detection algorithms to enhance the detection of
minority inefficiency. Furthermore, reinforcement learning and adaptive control techniques can be
considered in order to provide the possibility of real-time control of the HVAC system and improve
dynamic energy management within the commercial building climate.
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Abstract: The construction industry is increasingly encouraged to adopt circular economy
practices to mitigate resource depletion and environmental impacts. However, economic
constraints continue to limit their practical implementation. These constraints are
particularly high in developing countries. This study assesses the cost estimating barriers
affecting the adoption of circular economy practices in the Sri Lankan construction
industry. The focus is on pricing mechanisms, cost planning practices, procurement-
related challenges. A mixed-method research approach integrated a structured
questionnaire survey of construction professionals with semi-structured expert interviews.
Quantitative data were analysed using Descriptive Statistics and Relative Importance Index
(RIT) techniques to rank key cost estimating barriers. A Qualitative Thematic Analysis was
used to analyse interview data to explore their underlying causes and contextual
implications. The findings reveal high initial investment costs, lack of standard pricing
mechanisms for circular materials, uncertainty regarding life-cycle cost benefits, limited
financial incentives, and rigid lowest-price-based procurement practices are the most
critical barriers hindering circular economy adoption. The results further indicate that
prevailing cost management and pricing approaches in Sri Lanka prioritize short-term
capital cost minimization over long-term value creation. It discourages the circular
construction solutions. The study contributes empirical evidence from a developing
country context and highlights the pivotal role of quantity surveying practice in facilitating
circular economy adoption. Practical implications are provided for improving cost
planning methods, pricing frameworks, procurement strategies, and policy support to
enhance the economic viability and industry uptake of circular construction practices.

Keywords: Circular Economy; Sustainable Construction; Cost Estimation Barriers;
Quantity Surveying; Sri Lanka
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1. Introduction

The construction industry is a major contributor to economic growth. But construction is exerting
substantial pressure on natural resources through intensive material consumption and waste generation.
Globally, construction and demolition activities account for a significant proportion of solid waste and
embodied carbon emissions. This highlights that there is urgent need for alternative production and
consumption models (Ghisellini et al., 2016; Pomponi and Moncaster, 2017). In this context, the
circular economy (CE) has emerged as a systemic concept. Circular Economy principles seek to
decouple economic growth from resource depletion. It is achieved through promoting material reuse,
recycling, life-cycle optimisation, regenerative design strategies etc.

Within the construction sector, there are numerous CE adoption practices. Key applications are design
for disassembly, adaptive reuse, modular construction, closed-loop material flows (Charef et al., 2021).
Those CE practices bring recognised long-term environmental as well as economic benefits. But the
implementation of CE principles in construction remains limited, particularly in developing countries.
Existing studies indicate that economic considerations play a key role in these limitations. Key factors
hindering the CE adoption are those related to cost, pricing, and financial risk. They play a critical role
in shaping industry adoption behaviors (Hiakkinen and Belloni, 2011; Rakhshan et al., 2020).

In Sri Lanka, the construction industry has experienced rapid expansion in infrastructure development
and urban growth in recent decades. However, construction practices continue to follow a
predominantly linear model. This model is characterized by short-term cost minimization and
conventional procurement strategies. There are recent studies have explored the application of CE
principles during early project stages in Sri Lanka. But their application is minimum. On the other hand,
these investigations have largely focused on environmental and technical aspects rather than economic
feasibility (Wijewansha et al., 2021).

The socio-economic and environmental implications of adopting CE practices in Sri Lanka are
considerable. Rapid urbanisation and infrastructure expansion have intensified construction waste
accumulation and carbon emissions. It further places growing pressure on landfill capacity and urban
environmental quality (Wijewansha et al., 2021). Economically, transitioning towards circular
construction could reduce dependency on imported raw materials. It is particularly critical given Sri
Lanka's recent foreign exchange crisis. That severely disrupted material supply chains and escalated
project costs (Central Bank of Sri Lanka, 2022). Furthermore, CE adoption could stimulate local
employment in material recovery and green construction sectors. As a result, possibility to generate
long-term savings through reduced waste disposal costs and improved asset lifecycle performance
(Charef et al., 2021). However, empirical evidence is limited on how construction cost estimation
mechanisms constrain CE adoption in the Sri Lankan construction industry.

Cost estimations and procurement decisions are crucial to smooth construction project delivery. They
can be considered as the foundation of the whole construction process. But particularly in competitive
markets as in Sri Lanka, lowest price tendering dominates. There are many reasons behind it such as
unstable economies and high inflation etc. On the other hand, according to global as well as local
studies, circular construction practices often involve higher initial costs, pricing uncertainty, lack of
established cost benchmarks etc. These are the reasons which discourages clients and contractors from
deviating from conventional methods (Jaillon and Poon, 2014; Charef et al., 2021). This study addresses
this critical research gap by systematically examining construction cost estimating barriers to CE
adoption in Sri Lanka. The study aims to identify, rank, and analyse these barriers while offering
practical insights for quantity surveying practice, procurement systems as well as policy development.

2. Literature Review

2.1 Circular Economy in the Construction Industry

The circular economy is defined as an economic system designed to retain the value of products,
materials, and resources for as long as possible while minimising waste generation (Ellen MacArthur
Foundation, 2015). In construction, CE principles can be applied in numerous ways. For instance, there
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are strategies such as material reuse, recycling of construction and demolition waste, design for
adaptability, and prefabrication etc. (Ghisellini et al., 2018). Compared to manufacturing and other
industries, CE implementation in construction is more complex. The key reason behind is project-based
production. Every construction project is a unique work itself with unique contributing factors.
Furthermore, construction is a complex process itself with fragmented supply chains and long asset life
cycles (Pomponi and Moncaster, 2017).

Recycling has gained traction globally and considerable implementation can be seen globally as well
as locally. But higher order CE strategies such as reuse and design for deconstruction remain under-
utilised. The reason is due to technical, organisational, and economic constraints (Charef et al., 2021).
It needs several initial steps to be taken in planning of adopting these strategies. Several studies
emphasise that economic feasibility is a prerequisite for mainstream CE adoption. It is particularly high
in cost sensitive construction markets in developing countries such as Sri Lanka.

2.2 Cost Estimating Challenges in Circular Construction

Economic barriers are consistently identified as the most influential factors to CE adoption in
construction. High initial investment costs associated with circular materials is one of the key barriers.
Construction usually involves with considerable high monetary value investments. Therefore,
budgeting is a key constraint as clients are always in need of reducing the budget as much as possible.
specialised design processes and alternative construction methods are frequently cited in the literature
as other barriers which also takes more additional time and cost (Hakkinen and Belloni, 2011; Jaillon
and Poon, 2014). These costs are often incurred during early project stages. But economic benefits of
these CE practices are realised over longer operational periods. It creates a misalignment with traditional
cost evaluation practices.

Pricing uncertainty further constrains CE adoption. Reused and recycled materials often lack
standardised pricing mechanisms. It is making cost estimation and risk allocation difficult for quantity
surveyors and contractors specially in the initial cost estimating process (Chileshe et al., 2015;
Rakhshan et al., 2020). In addition, virgin materials frequently remain cheaper due to established supply
chains. On the other hand, there is an absence of environmental cost internalisation. It is reducing the
market competitiveness of circular alternatives (Charef et al., 2021).

2.3 Evidence from Developing Country Contexts

Studies conducted in developing economies reveal that economic barriers to CE adoption are
exacerbated by number of reasons. Some of them are, limited policy support, insufficient financial
incentives, low market maturity etc. (Hosseini et al., 2015; Wijewansha et al., 2021). Traditional
procurement systems prioritising lowest initial cost discourage innovation. Therefore, stakeholders
tend to avoid taking a risk by initiating with different but sustainable practices. Further they reinforce
linear construction practices. Moreover, the lack of life-cycle cost data and performance benchmarks
undermines confidence in the economic viability of CE practices.

2.4 Synthesis of Cost and Pricing Barriers

The literature identifies recurring construction cost estimating barriers including high upfront
investment, lack of standard pricing structures, uncertainty regarding life-cycle cost benefits, limited
financial incentives, risk-averse procurement practices and many more. These barriers collectively
shape stakeholder resistance to CE adoption. This happens particularly in contexts where short-term
cost efficiency dominates decision-making.

2.5 Research Gap

Existing studies have extensively examined technical, organisational, policy related barriers to circular
economy implementation in construction specifically in Sri Lankan context. But empirical
investigations that focus specifically on cost estimating barriers remain limited. It is limited not only in
Sri Lankan context but particularly within developing country contexts (Charef et al., 2021; Rakhshan
et al., 2020). Furthermore, there is a notable lack of context-specific quantitative ranking and qualitative
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explanation of how pricing mechanisms, cost planning practices, procurement systems influence
circular economy adoption in the Sri Lankan construction industry. These are highlighting a critical
research gap that this study seeks to address (Hiakkinen and Belloni, 2011; Wijewansha et al., 2021).

3. Research Methodology

This study adopted a mixed-method research approach. It is aimed to comprehensively investigate cost
and pricing barriers to CE adoption in the Sri Lankan construction industry. An initial literature review
was conducted to identify potential cost estimation and pricing related barriers relevant to circular
construction. The overall focus was initially on global context and then focused in depth towards
developing economies. The reason is to get insights from the similar contexts.

A structured questionnaire survey was then used to collect quantitative data from construction
professionals in Sri Lankan construction industry. Population was Quantity Surveyors, Estimators
Costing related professionals, Client and Contractor representative professionals and consultants in Sri
Lankan construction industry. The reason is they are involved in the and have exposure to the costing
aspect of a construction project. A Google Form structured questionnaire was distributed to 80
construction professionals using a stratified sampling strategy. Targeted individuals with direct
involvement in construction cost management activities. Stratified sampling was adopted to ensure that
selected respondents possessed relevant professional knowledge and practical experience in cost
estimating and procurement within the Sri Lankan construction industry. A total of 60 complete and
usable responses were received giving a response rate of 75%. Respondents evaluated identified barriers
from literature using a five-point Likert scale. Mean Score and Relative Importance Index (RII) methods
were applied (Eq. (01)) to rank the barriers in Sri Lankan context according to their perceived
significance.
RII=XW /(A xN) (D

Where W represents the weighting assigned by respondents, A is the highest possible weight, N is the
total number of responses.

To gather qualitative data and to validate quantitative analysis results from the questionnaire, 10 semi
structured interviews conducted. Population was construction cost estimating experts and senior
quantity surveyors who had more than 15 years of experience in the industry. Expert interviews were
analysed thematically to explain underlying causes and contextual factors manually. Then, integrated
with the quantitative results to provide contextual explanations.

4. Results and Analysis

4.1 Quantitative Analysis of Cost and Pricing Barriers

Quantitative data obtained from the questionnaire survey were analysed using Mean Score and Relative
Importance Index (RII) methods. The aim was to assess the relative severity of cost estimating barriers
affecting CE adoption. These techniques are widely used in construction management research to rank
factors based on stakeholder perception. Further it can be used to facilitate comparative analysis.

Respondents evaluated a set costing and pricing barriers identified from the literature using a five-point
Likert scale. Mean Score analysis provided an initial indication of perceived severity. Calculated RII

values were used to rank the barriers in descending order of importance.

Table 1: Ranked cost and pricing barriers based on the combined Mean Score and RII results

Rank Barrier Mean Score RII
1 High initial investment cost 4.41 0.88
2 Lack of standard pricing for circular materials 4.28 0.86
3 Uncertainty in life-cycle cost benefits 4.15 0.83
4 Limited financial incentives and subsidies 4.02 0.80
5 Higher cost of recycled/reused materials 3.94 0.79
6 Risk-averse procurement practices 3.88 0.78
7 Lack of cost data and benchmarks 3.76 0.75
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The results indicated that high initial investment cost emerged as the most critical barrier. It is followed
by lack of standard pricing mechanisms for circular materials and uncertainty regarding life cycle cost
benefits. These findings suggest that economic risk perception strongly influences decision-making in
the Sri Lankan construction industry.

4.2 Thematic Analysis of Qualitative Data

Qualitative data obtained from expert interviews were analysed thematically to explore the underlying
causes of the identified cost and pricing barriers. The qualitative importance scores (out of 10) were
derived through thematic intensity assessment. It is based on the frequency of expert references.

Table 2: Thematic Evaluation of Cost and Pricing Barriers Based on Qualitative Expert Interviews

Qualitative
Major Theme Importance Score Key Sub-Factors Identified from Interviews
(Out of 10)

. Absence of an established market for circular materials

. Limited number of reliable suppliers

. Inconsistent quality of recycled and reused materials

10/10 . Lack of price transparency across suppliers

. Difficulty in cost prediction and risk allocation

. Reluctance of clients and designers to specify circular materials
due to perceived financial risk

Market and Pricing Structure
Limitations

. Predominance of lowest-price tendering systems

. Emphasis on initial capital cost rather than life-cycle value

. Limited use of value-based or performance-based procurement

8/10 . Absence of contractual mechanisms for cost recovery of circular
investments

. Lack of flexibility in contracts to accommodate innovative
materials and methods

Procurement and Contractual
Practices

. Lack of cost databases and benchmarks for circular materials
. Limited expertise in life-cycle cost (LCC) analysis

7/10 . Absence of standard estimating tools for circular construction
. Conservative pricing approaches by quantity surveyors

. Reliance on conventional cost norms and historical rates

Cost Planning and Professional
Capacity Constraints

. Absence of national pricing guidelines for circular construction
Regulatory and Institutional . Limited government incentives, subsidies, or tax benefits
7/10 . . .

Gaps . Weak policy enforcement supporting CE adoption

. Fragmented institutional responsibilities related to sustainability

. Lack of reliable historical performance data

Information Asymmetry and . Uncertainty regarding durability and long-term performance
. 6/10 e . .
Data Uncertainty . Limited documentation of successful local case studies
. Inadequate dissemination of cost and performance information

. Inflationary pressures and price volatility
. Exchange rate fluctuations affecting imported circular

External Economic and Market 6/10 technologies
Conditions . Higher sensitivity of circular materials to economic instability
. Increased financial risk perception under uncertain macro-

economic conditions

Experts highlighted the absence of an established market for circular construction materials in Sri
Lanka. There is a limited supplier availability for circular materials in Sri Lankan context. On the other
hand, inconsistent quality causes reduced demand for specific materials and suppliers. Further, lack of
price transparency was identified as key contributors to pricing uncertainty. As almost all construction
project is strict with budget this is identified as a crucial factor. This market immaturity discourages
contractors from adopting circular alternatives due to difficulties in cost prediction and risk allocation.
Furthermore, most clients as well as design professionals do not tend to select circular materials due to
these discussed barriers mainly to avoid the risk.

Traditional procurement systems particularly lowest price tendering was identified as a major
constraint. Experts noted that such systems prioritise initial cost over long-term value. Most of the
clients prioritize low cost tenders compared to others. It is making it difficult to justify circular solutions
that offer life-cycle benefits but higher upfront costs. Contractual arrangements rarely accommodate
cost recovery for circular investments is another identified key issue.
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Interview findings revealed limitations in professional capacity to evaluate and price circular
construction options. Quantity surveyors often lack access to cost databases, benchmarks, tools for life-
cycle cost analysis specifically involved with circular materials. It is leading to conservative pricing
approaches that favour conventional materials and methods.

In addition to the three dominant themes discussed above, the thematic analysis also revealed several
contextual factors that further intensify estimating barriers to circular economy (CE) adoption. Experts
pointed to regulatory and institutional gaps. They include the absence of clear national guidelines,
incentives, standardized cost frameworks etc. for circular construction. This is which results in
fragmented and ad hoc pricing practices. The lack of government-led price controls, tax incentives,
subsidies etc. for reused and recycled materials was highlighted as another factor. It is making circular
options financially less attractive compared to conventional materials.

Moreover, information asymmetry and data limitations emerged as another important aspect. Experts
emphasized factors such as the scarcity of reliable historical cost data, performance records, risk profiles
for circular materials etc. They can increase uncertainty during tendering and budgeting stages. On the
other hand, there is limited client awareness and they have risk-averse attitudes. Clients tend to prioritize
cost certainty and programme reliability over long-term economic benefits.

Macro-economic instability is another identified barrier. It is including fluctuating exchange rates and
inflationary pressures in Sri Lanka. It was identified as an external factor that disproportionately
affecting circular materials. Most of the circular materials rely on specialized processing or imported
technologies. Therefore, professionals are reinforcing conservative cost decisions. These additional
factors interact with market and create a systemic environment that constrains the effective integration
of circular economic practices.

4.3 Synthesis of Quantitative and Qualitative Findings
The integration of quantitative and qualitative findings provides a comprehensive understanding of the
cost and pricing barriers to CE adoption in the Sri Lankan construction industry.

The quantitative analysis established most critical barriers which are, high initial investment cost, lack
of standard pricing mechanisms, uncertainty in life-cycle cost benefits. That indicates that stakeholders’
decisions are predominantly driven by short-term cost considerations as well as perceived financial risk.
These statistically ranked barriers are strongly supported by the qualitative insights. Those explain why
such perceptions persist. Expert interviews revealed that market immaturity, limited supplier
availability, poor price transparency etc. underpin the absence of standard pricing and elevate upfront
costs. On the other hand, uncertainty in life-cycle cost benefits identified in the survey is closely linked
to deficiencies in cost planning capacity, lack of reliable cost databases, limited application of life-cycle
costing tools in practice.

Furthermore, risk-averse procurement systems which are particularly lowest-price tendering and they
provide a structural explanation for why high initial costs and long-term value considerations are
systematically deprioritized. The qualitative findings also extend the quantitative results by highlighting
contextual and institutional factors. Examples are such as weak regulatory support, inadequate
incentives, information asymmetry, macro-economic instability etc. They are intensifying the ranked
barriers identified through RII analysis.

S. Discussion

The findings of this study reinforce global research identifying economic barriers as the most significant
constraints to CE adoption in construction (Hakkinen and Belloni, 2011; Charef et al., 2021). However,
the Sri Lankan context reveals a stronger influence of pricing uncertainty and procurement rigidity
compared to developed economies. The reason is policy incentives and mature secondary material
markets partially offset cost concerns.
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The prominence of high initial costs aligns with previous studies indicating that circular construction
requires early-stage investment. It conflicts with traditional cost-minimisation objectives (Jaillon and
Poon, 2014). Moreover, the lack of standard pricing frameworks mirrors findings from other developing
economies. The reason is limited market maturity amplifies financial risk perception (Rakhshan et al.,
2020).

The integration of qualitative findings demonstrates that cost barriers are not solely financial in nature.
They are embedded within institutional and professional practices. The continued reliance on lowest-
price tendering and conventional BOQ structures restricts the ability of quantity surveyors to
incorporate life-cycle value into pricing decisions. It is a critical problem. This supports previous
assertions that CE adoption requires systemic changes in cost management and procurement
frameworks rather than isolated technical interventions (Pomponi and Moncaster, 2017).

Comparative evidence from similar developing economies reinforces these findings. Studies from South
Africa and Malaysia identify lowest-price tendering, pricing uncertainty, limited government incentives
etc as dominant barriers closely mirroring the Sri Lankan context (Chileshe et al., 2015; Hosseini et al.,
2015). However, Sri Lanka's situation is further compounded by recent macroeconomic instability. It
further includes currency depreciation and inflation which disproportionately affected circular materials
dependent on imported technologies (Central Bank of Sri Lanka, 2022). Unlike India and Bangladesh,
where green procurement policies have begun partially offsetting economic barriers, Sri Lanka lacks
equivalent policy frameworks. It amplifies the financial risks of CE adoption (Rakhshan et al., 2020).

The findings highlight that market-driven mechanisms alone are insufficient to overcome these barriers.
Targeted policy intervention is required. They include national pricing guidelines for circular materials,
financial incentives such as green tax relief and procurement subsidies, mandatory life-cycle costing
requirements in public sector procurement etc. (Charef et al., 2021). In the long term, such measures
could reduce material import expenditure, lower waste disposal costs further. They can improve asset
lifecycle value outcomes demonstrated in economies such as the Netherlands and Denmark following
sustained CE policy implementation (Pomponi and Moncaster, 2017). For Sri Lanka, even incremental
policy steps could generate significant efficiency gains mainly within the public infrastructure sector.

Overall, the synthesis demonstrates strong convergence between both data strands. It is further
confirming that cost and pricing barriers are not isolated financial issues. It is confirming they are
embedded within broader market and institutional systems. Further they are collectively constraining
the adoption of circular economy practices in Sri Lankan construction projects.

6. Recommendations

To address the identified cost and pricing barriers targeted interventions are required at different levels.
They have to focus on professional, organisational and policy levels as well. Firstly, cost planning
practices should be expanded beyond initial construction costs to incorporate life-cycle costing
approaches. Even though the concept is well known by Sri Lankan Quantity Surveyors, the applicability
is limited. Quantity surveyors should integrate long-term operational, maintenance, end-of-life
considerations into BOQ preparation and cost estimates. That is enabling more informed decision-
making regarding circular alternatives. But the initiation should arise at organizational level which is
promoting these adoptions to get long term benefits to client and competitive advantage to the
contractors.

Secondly, the development of standardised pricing frameworks and cost databases for circular materials
is essential. Industry bodies and regulatory authorities should collaborate with suppliers to establish
reliable cost benchmarks. It can be used to reducing pricing uncertainty and improving market
confidence. Such databases would support accurate cost estimation and facilitate fair comparison
between linear and circular construction options. This initiation also should start with government level
promoting sustainability.
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Thirdly, procurement systems should transition from lowest-price tendering towards value-based
selection methods that recognize life-cycle performance and sustainability outcomes. Contractual
provisions that allow cost recovery for circular investments would further encourage adoption. Finally,
policy support in the form of financial incentives, tax relief, subsidies for circular construction practices
would enhance economic viability and accelerate market development. The governments can intervene
to make these changes possible and to build the foundation of sustainable construction.

7. Conclusion

This study examined cost estimating barriers to circular economy adoption in the Sri Lankan
construction industry using a mixed-method approach. The findings demonstrate that high initial costs,
pricing uncertainty, inadequate life-cycle cost consideration, rigid procurement practices etc.
significantly hinder CE implementation. Study integrated quantitative ranking with qualitative thematic
insights. Results of the study provides a comprehensive understanding of how economic factors shape
industry behaviour. The study contributes context-specific evidence to CE literature and offers practical
recommendations for improving cost management, pricing strategies, as well as procurement
frameworks to support circular construction in developing economies.
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Abstract: This case study attempts to investigate the way blast furnace slag is utilised in
cement manufacturing, specifically focusing on the raw material mill in which it is added.
Blast furnace slag, a wasteful by product in steel manufacturing, is re-routed to cement
production, as a circular initiative. Descriptive statistics were used to diagnose variability
in slag feed rates, and relevant literature was referenced to consider the impact of
unmanaged slag variability. One year of data samples (n = 5551) taken on multiple
occasions daily, are accessed, and the constituting components are studied. The cement
plant used in this case study includes slag in its raw mixture and the resulting co-efficient
of variation of slag was found comparably equivalent to most other raw meal components,
measuring at 23%. Time series plots identified frequent fluctuations followed by box plots
portraying pronounced outlier frequency in slag. Control loop architecture in raw material
milling is analysed, identifying one example from existing literature, thereby finding that
slag variability is not accounted for in adaptive control in this cement plant, as the other
control indices, such as Lime Saturation Factor (LSF), etc. The case study aims to draw
attention to the effects of slag variability as it propagates along the clinker manufacturing
process, motivating the design of a control loop for slag feed rates. A conceptual schematic
for how a new control loop could be integrated into existing control systems is
conceptualised. Unlike prior work focusing on chemical moduli control, this case study
highlights unmanaged slag feed variability as a blind spot in raw-meal control
architectures. This study therefore frames slag variability as an overlooked control variable
in raw meal optimisation.

Keywords: Clinker manufacturing; blast furnace slag; circular construction; control
systems; statistical process control.
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1. Introduction

Construction is one of many key hallmarks of a civilisation, where urbanisation and infrastructure are
ubiquitous in any nation in the world. It is the key ingredient of concrete and the most consumed
construction material worldwide according to Lehne and Preston, 2018. The authors of this study found
that annual cement production surpasses four billion tonnes a year, whilst bearing responsibility for 8%
of global carbon emissions. The study predicts that cement production demand will reach five billion
tonnes annually by the year 2050. As production rises, it is important to mitigate and balance emissions,
in accordance with the global Sustainable Development Goals (SDGs), SDG 15 Responsible
Production, in particular.

Within the main process of cement production is clinker manufacturing. Clinker nodules are formed by
sintering raw materials, and later ground with varying compounds to form various types of cement
(Taylor, 2012). Blast furnace slag, a by-product of steel manufacturing, is now used as a clinker
substitute (Lehne & Preston, 2018). Lehne and Preston, 2018, found that slag has been found to improve
concrete durability and enhance workability, and by creating a bridge of circularity from steel
production to cement production, slag has overall become a widely adopted alternative to virgin raw
materials. However, integrating a new raw material into a large-scale production system comes with
challenges. Within this study, we investigate the extent to which control systems within cement
manufacturers, using a cement plant as a case study, account for feed rate variability in slag content.

This case study observes a cement plant which adopts slag and their approach to utilizing slag, whilst
contemplating the efficiency of its adaptation. Slag, like any other material, can be added in varying
amounts in a real-world process, operating at full scale. Control systems are employed to tackle issues
regarding variability, by utilizing control indices such as Lime Saturation Factor, or Alumina Modulus,
to name a few (Taylor, 2012.) Robust operating systems with lower process variability are known to
operate more efficiently and therefore, less wastefully (Tsamatsoulis, 2024).

This system is widely adopted in raw meal sampling and our study aims to evaluate its effectiveness
especially when considering SCMs like slag. The study by Tsamatsoulis 2024 did not tackle the
integration of SCMs within its scope. Our study aims to bridge this gap by diagnosing feed rate
variability in slag. It is possible that considerable slag variability may propagate downstream and alter
cement properties, thereby destabilising the production of cement with quality control standards. In the
modern era where resources are scarce, the efficient use of resources becomes vital for sustainable
global development. This study investigates whether blast furnace slag feed variability constitutes an
unmonitored operational variable in raw meal control systems.

2. Theoretical Background

Raw mill
(Preparation of
raw mixture)

Crushing and

Blending Calcination

Quarry Mining

Cement Mill Clinker Cooler

Rotary Kiln

Figure 1 — Illustration of a typical cement manufacturing process (Hokfors, Eriksson and Viggh,
2014)
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Figure 1 portrays the cement manufacturing process. Raw materials are gathered from quarries, such as
limestone, and crushed and blended into a homogeneous stock. This stock is fed into a raw meal mill.
The raw material mixture in clinker manufacturing typically consists of limestone, marl, sand, iron and
varying other additives, such as supplementary cementitious materials, not limited to blast furnace slag
or geopolymers (Taylor, 2012). Raw materials and supplementary cementitious materials are milled
and consequently sintered. Sintering takes place after calcination in the cyclone tower, followed by
heating in a rotary kiln and rapid cooling in the clinker cooler. Finally, clinker nodules are ground with
materials such as gypsum in cement mills before the cement is transported to silos for storage. Blast
furnace slag is added in the raw mill stage (Taylor, 2012).

Limestone,
Marlstone
(Major
Components)

Sand, Iron
(Minor
----- nts)

Raw Meal

Figure 2: Composition of raw mix and raw mill — Taylor, 2012.

Figure 3 illustrates the control loop design adopted in the paper by Tsamatsoulis, 2024. By measuring
Lime Saturation Factor, Silica Modulus, Alumina Modulus and other control indices, all of which are
ratios balancing chemical compounds and alkali found in cement chemistry, Tsamatsoulis designed a
robust adapative control method for raw meal components.

- L LSF Error
Controller ]
Limestone Alumina

Bottom Ash =

Controller

BA IIIIIIIIII
Analyse Raw Mill Analyse
1 New Measurements |
e _\_) Composition | Control
ion Iron | System

Feeder
CUEEEU Tron Corrective
Error

Silica Corrective

Sand
Feeder
Controller

Other
Control
Indices

o
-

Figure 3: Conceptual block diagram of PID control loop — Tsamatsoulis, 2024.

By comparing targeted values against measured values, error is calculated in order to correctively adjust
the feed rates of bottom ash (BA), iron, sand and lime (Tsamatsoulis, 2024). Figure 3 depicts an instance
of control loop technology in feed rate optimisation in raw mills within cement manufacturing contexts.
It is not taken from the cement plant studied for the case study but instead derived from standard control
system practice as reflected by Tsamatsoulis, 2024. However, the study did not account for slag feed
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rate, although it is possible the cement plant used in the paper’s case study does not integrate slag into
its raw mix. On the other hand, the cement plant investigated within our investigation, and many more
plants in Asia (Lehne & Preston, 2018) are adopting slag as a raw material. If control systems are not
accounting for slag variability, downstream variability in cement quality may emerge consequently.
While prior studies focus on chemical moduli control such as LSF and silica modulus, limited attention
has been paid to the operational variability of supplementary cementitious materials such as blast
furnace slag. This study therefore positions slag feed behaviour as an independent process variable
requiring monitoring and potential control integration.

3. Methodology

The case study will analyse a database comprising compositional analyses of the raw mixer found in an
anonymous cement plant in Northern Europe. The dataset comprises one year of samples taken
automatically at hourly intervals. Initially, the range of values will be studied to consider if data cleaning
would be required. To clean data, the summation of all compositional values will be calculated, and
values that fall outside of 98-102% will be excluded as anomalous readings. Finally, the co-efficient of
variation will be studied for each compositional constituent of the raw mixture.

This methodology is simple and therefore easily replicable using spreadsheet software, whilst delivering
swift insights into slag variability through a dimensionless, relative quantification. The purpose of this
investigation is to identify opportunities for improvement in process efficiency, and to discern if further
investigation into slag feed rates should be required.

Temporal behaviour of raw meal constituents can be assessed using time-series visualisation. Box plots
can in addition be used to examine distributional properties and dispersion. Such diagnostics can
provide insights into variability structure and identify potential variables for further analysis.

~
* Access Database comprising analyses of raw mill samples, listing all constituents
EWAYEIE e Run Descriptive Statistics to identify variability among samples
Monitoring
*Create a cumulative column in the spreadsheet where the summation of all values exist
- B *Filter out all samples where the cumulative constitution is not within 98%-102%
rocessing
*Re-run Descriptive Statistics on filtered dataset
e« Compare coefficients of variation before and after filtering
Variability
*Time series plots of raw meal feed
i «Box plots of raw meal feed
Diagnostic ~

Figure 4: Process Flow Diagram for Case Study Methodology

This case study embarks to answer the below research questions:
a. Can slag feed rate variability be observed relative to other raw materials?
b. Do intervening solutions exist for observed variability?

4. Results and Discussion
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Following the compositional analysis of the raw meal, the main components in this plant’s raw mix are
found to be limestone, marlstone, iron, sand and slag. In Table 1, the values for the raw mixer were
taken without cleaning, and therefore, anomalous values and extremely large variability can be observed
in the ranges of these values. In addition, a count of n = 5551 samples is utilised, as this dataset
comprises an entire year’s worth of samples. The following table contains the values post data cleaning.

After data processing, the filtered samples are investigated. The results in Table 1 show they comprise
lower values overall for co-efficient of variation, and notably lower values for Range. In the filtered
column, all values fall between 98 and 102% (2 uncertainty) for the total sum of values. This isolates
measurements that are more likely to be accurate than the ones before filtering. Instances where the sum
of all compositional constituents falls too short of 100% or exceed 100% are likely anomalous situations
caused by random errors. Furthermore, of the 5551 samples, 5227 samples remained, thereby preserving
94.16%, essentially the majority, of the original unfiltered values.

Table 1: Statistical analysis of raw material data.

Descriptive Statistics
Total Range Range
Variable (T"otz;l ‘ Count CoefVar PCote{Ker Post Filter
ou Post Filter ost bilte
Limestone 5551 5227 51% 35% 429.6 44.7
) Marlstone 5551 5227 26% 9% 12502 474
Raw Mix

Components Tron 5551 3227 79% 64% 7.6 Ll
Sand 5551 5227 48% 23% 58.8 4.1

Slag 5551 5227 32% 23% 288 33

Summation 5551 5227 26% 0.19% 1726.0 40

It becomes clear that slag variability is still clearly observable within raw mix composition, even after
the data has been cleaned. While the exact threshold for a good co-efficient of variation is debatable,
the results are not directly consistent with the control loop technology that has been visualised in the
conceptual design, Figure 5. High variability can be observed, especially in iron feed rates, even post
data cleaning. Therefore, it is natural for these compounds to be subjected to monitoring and robust
adaptive control, employing systems as designed conceptually in Figure 3.

Co-efficients of Variation (%)

90 9.2
80
70 64.37
28 3T13 47.95
10 3554 323
26.55 23.26 22.94
30
10
0 |
Limestone Limestone ~ Marl Marl Iron Iron Sand Sand Slag Slag

(After  (Before = (After (Before (After (Before = (After (Before (After (Before
Cleaning) Cleaning) Cleaning) Cleaning) Cleaning) Cleaning) Cleaning) Cleaning) Cleaning) Cleaning)

Limestone Marl Iron Sand Slag

Figure 5: Bar Graph comparison of Coefficients of variation before and after data cleaning, in the raw
mixture mill.
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After cleaning, slag variability is comparable to sand but remains substantially higher than marlstone,
despite being a chemically influential supplementary cementitious material. Since this plant exhibits
slag variability, it is possible the plant has not yet implemented a control loop for slag content, as they
have done for the limestone, sand, iron and other ratios. Introducing such a loop could yield statistically
evident benefits. The CoV, can be minimsed by utilising corrective and adaptive control technology.
These samples are initially screened by temporal behaviour, visualised in the time series plots of the
unfiltered and filtered datasets. These plots can be used to observe temporal fluctuations in feed rates.
Furthermore, box plots of these values would enable visualisation of variability within each component
individually.

Time Series Plot of Limestone, Marl-stone, Iron, Sand, Slag

o o1
1 1

Limestone Marl-stone Iron

o o1
Day

Results exclude rows where Summation < 98 Or Summation > 102,

Figure 6: Time Series plot of filtered raw meal measurements

Considering a dataset spanning one year of samples, the plots in Figure 6 show frequent fluctuations in
the main components of the raw meal. Closer inspection shows that slag feed rates have sharp and large
vertical fluctuations the most among the components, suggesting that slag feed rates may be the most
variable among raw material feed rates. To further confirm this claim, variability is visualised using the
below box plots.
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Boxplot of Limestone, Marl-stone, Iron, Sand, Slag
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Results exclude rows where Summation < 98 Or Summation = 102,

Figure 7: Box plots of filtered raw meal measurements

Figure 7 visualises the central tendency and dispersion within each raw meal constituent. Figures 7 and
8 identify that the largest components are limestone and marlstone, composing on average 20% and
75% of the raw meal respectively. Slag and sand are each centered around 2% of the total mix each,
and iron content, while having the widest box, suggesting greater dispersion, barely contribute less than
1% of the raw mixture.

The most outliers can be observed for slag content, suggesting instability in slag feed rates relative to
other components. while having the thinnest box, suggesting low dispersion, the sheer magnitude of
frequency in outlier appearance warrants closer investigation of slag feed rate stability. These results
indicate that slag variability behaves as an independent source of variation in the raw meal system.
Unlike limestone or marlstone, slag exhibits high dispersion despite its relatively small contribution to
the overall mix, suggesting it may represent an uncontrolled process input.

Despite the wide adoption of slag in cement manufacturing and its evidently unstable feed rate in this
case study, exhibiting a 22.94% co-efficient of variation, it is questionable why slag feeders are not
included in control loops, as show in Figure 3. Future research could investigate whether slag variability
bears enough concern for optimisation, and whether robust adaptive control of slag feed rates would
yield a profitable return on investment. Quantifying the impact of reduced slag variability on KPI
variability, such as alite content for example, would be one direction towards assessing the ROI of slag
feed rate optimisation.

Minimising slag variation could in-turn reduce alite variability. One such study has found slag
variability affects alite formation at the lab scale (Isteri et al, 2024). Alite is a key determinant of clinker
quality, constituting 50-70% of OPC clinker (Stan¢k et al., 2002; Taylor, 2012). Laboratory studies
suggest slag chemistry can influence alite formation (Isteri ef a/, 2024); however, plant-scale validation
of this propagation was beyond the scope of this case study. Alite variability is one possible instance of
unmanaged raw meal variability, specifically, slag variability, and there may be other KPIs
compromised by unmanaged slag feed rate variation.
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5. Conclusion

Blast furnace slag is added to cement manufacturing as a circular production initiative; however, it is
unclear how many cement plants take steps to monitor and optimise slag feed rates. This case study
demonstrated persistent longitudinal variability in slag feed behaviour within an industrial cement plant
and established that this variability is structurally significant relative to other raw meal constituents.
Time-series diagnostics, box plots, and descriptive statistics consistently indicated that slag variation
forms a distinct component of the raw meal covariance structure, particularly following removal of
measurement outliers.

Poorly managed feed rates with high variability could influence cement product quality as variance
propagates from the raw materials to the finished products, effectively undermining the intended
initiative. To produce quality clinker whilst adopting circular technological initiatives, resource
management techniques, such as statistical process control, specifically automatic control systems,
could be deployed to better manage slag feed rate variability.

Therefore, plant scale clinker manufacturing could realise quality improvement potential, by reducing
slag variability. Future work could aim to explore potentially commercialisable control loop designs for
implementation. One such example is conceptualised below, in Figure 8.
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Figure 8: Proposed control loop design.

Control system architecture is heterogenous among cement plants, depending on their process control
strategies and manufacturing methods. Therefore, the Other Controllers block was included as a
placeholder for other non-specific yet essential control indices. This control loop requires the
development of a mathematically formulated control index for slag content, using which the slag feed
rates could be controlled. Further research would be needed to derive this index. However, its
development would culminate in the enabled monitoring of slag feed rates. As a result, slag variability
could be reduced at the raw mill stage, using corrective adaptive control. It could be used to target lower
energy consumption metrics whilst maintaining product quality(Andrade Neto et al., 2025). This would
be acheived by the control loop’s immediate objective of adaptively and correctively adjusting slag feed
rates for optimal clinker quality.

Acknowledgements
The authors thank the anonymised cement plant for access to the provided databases.

206



References

Andrade Neto, J.S., Carvalho, 1.C., Monteiro, P.J.M., de Matos, P.R. and Kirchheim, A.P. (2025).
Unveiling the key factors for clinker reactivity and cement performance: A physic-chemical and
performance investigation of 40 industrial clinkers. Cement and Concrete Research, 187,
p-107717. doi:https://doi.org/10.1016/j.cemconres.2024.107717.

Hokfors, B., Eriksson, M. and Viggh, E. (2014)Modelling the cement process and cement clinker
quality. Advances in Cement Research, 26(6), pp- 311-318.
https://doi.org/10.1680/adcr.13.00050

Isteri, V., Ohenoja, K., RoBler, C., Kletti, H., Tanskanen, P., Illikainen, M., Hanein, T. and Fabritius,
T. (2024) The effect of slag variability in the attempted manufacture of AYF (alite-ye’elimite-
ferrite) cement clinker at both laboratory and pilot scale. Cement, 16, 100098.
https://doi.org/10.1016/j.cement.2024.100098

Lehne, J. and Preston, F. (2018) Making Concrete Change: Innovation in Low-Carbon Cement and
Concrete. London: Chatham House.

Stan€k, T. and Sulovsky, P. (2002) The influence of the alite polymorphism on the strength of the
Portland cement. Cement and Concrete Research, 32(7), pp. 1169-1175.
https://doi.org/10.1016/S0008-8846(02)00756-1

Taylor, N. (2012) Introduction to Cement Process Technology. Geelong, VIC: Intec Services Pty Ltd.

Tsamatsoulis, D. (2024) Robust adaptive control system of variable sampling period for cement raw
mix quality control. ChemEngineering, 8(6), 113.
https://doi.org/10.3390/chemengineering8060113.

207


https://doi.org/10.1680/adcr.13.00050
https://doi.org/10.1016/j.cement.2024.100098
https://doi.org/10.1016/S0008-8846(02)00756-1
https://doi.org/10.3390/chemengineering8060113

y‘??' ICRE International Conference on
L = .. Resource Efficiency Towards Sustainability
ICRES26_028
FISH MEAL VALUE CHAIN: AN INVESTIGATION ON CIRCULAR SOLUTIONS
AND CHALLENGES IN SRI LANKA

D.A.M. De Silva!, N.H. A Vikumsara'*, .M. Wickramarathna!, Nikita Gopal?, M.M.S.C.
Senevirathne'
!Department of Agribusiness Management, Faculty of Agricultural Sciences, Sabaragamuwa
University of Sri Lanka, Belihuloya, 70140, Sri Lanka.
2ICAR-Central Institute of Fisheries Technology, Kochi, India
*Correspondence E-mail:nh.amalki99@gmail.com, TP: +94772371520

Abstract: Fish waste generation from wholesale, retailing and processing activities
presents a significant environmental challenge and resource loss in Sri Lanka's fisheries
sector. This study investigates circular economy solutions within the fish meal value
chain by identifying practical circularity strategies for fish waste reuse, investigating
market opportunities, and discovering solutions for small-scale producers and women
fish processors. The research employed a mixed-methods approach, conducting case
studies at two sites: Kudawella, which is a small-scale, women-led fish meal production
and Peliyagoda Central Fish Market, which is an industrial-scale facility. Data collection
included structured field observations, market mapping, two focus group discussions are
in Kudawella and in-depth interviews with key value chain actors. Data were analysed
using value chain analysis, thematic analysis, and descriptive statistics. Findings reveal
two distinct circular businesses. In Kudawella, 93% of fish processors produce Maldive
fish, with processing waste, which are bones and leftovers, recycled into fish meal
through simple drying and milling. The fish meal is rich in calcium and potassium, which
bought by poultry farms and aquaculture farms. At Peliyagoda, an industrial-scale system
converts, mixed daily market waste into four products: sterilised fish meal, organic fish
bone meal, fish soluble paste, and crude fish oil. The study reveals that fish waste
valorisation is technically and economically feasible at multiple scales. However, small-
scale circular models remain constrained by limited drying space, weather variability,
and informal market linkages, while women processors remain marginal to value capture.
Scaling circular fish waste businesses across Sri Lanka requires targeted investment in
processing infrastructure, formal contracts securing waste supplies and product markets,
and supportive policies that recognize circular business models as a strategy to both food
security and environmental management.

Keywords: circular economys; fish waste; fish meal; valorization; supply chain; women
processors; Sri Lanka
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1. Introduction

The world fisheries and aquaculture sectors represent two major aspects of food security, nutrition,
and livelihood. Fish is the primary source of animal protein in developing countries. Around 70% of
processed fish, about heads, fins, skin, bones, and guts, are discarded as waste (Food and Agriculture
Organization(FAO), 2021). Globally marine fisheries alone generate annual waste of 9.1 million tons,
which is a loss of valuable biomass and missed economic opportunity (FAO, 2021).

Sri Lanka presents a critical research location to understand the value chains of fish waste and to
implement circular solutions. As an island with over 500,000 Km? of fishing rights and an aquaculture
sector, fisheries and aquaculture industries contribute 1.3% of the country's gross domestic production
and employ 2.7 million people on harvesting, processing, trading, and related livelihoods (Ministry of
Fisheries, 2019). Fish is responsible for more than 50% of animal protein intake in the country, with
per capita consumption about 15.1 to 17.3 kilograms annually (FAO, 2018). The country's total
annual fish production of 485,770 tons divided across three subsectors, coastal fisheries (46%), deep-
sea and offshore fisheries (35%), and inland fisheries and aquaculture (19%) (FAO, 2018). Other than
extensive production, Sri Lanka faces challenges in utilising fish loss and waste management. Post-
harvest losses in deep-sea and offshore multiday fisheries range from 40—60%, and fish waste is
generated annually by tuna processing plants (Ahamed Rifath et al., 2023). At Peliyagoda fish market,
four metric tons of fish waste are produced daily, of which only one ton is used for value-added
production, such as fish meal manufacturing (Jayathilake, 2020). The causes of fish loss and waste in
Sri Lanka can be categorised as follows: poor onboard handling and storage practices during multiday
fishing, which degrade fish quality; and inadequate infrastructure at landing sites, including
insufficient ice facilities and inappropriate storage conditions, which accelerate post-harvest
deterioration (FAO, 2018). Transportation challenges, insufficient equipment at fish markets, and
weaknesses in processing technology contribute to quality degradation and value loss. These
challenges are deepened by broader challenges such as, the cost of cold chain infrastructure, access to
credit for upgrading vessels and facilities, and consumer awareness of fish quality (FAO, 2018).

The circular economy offers a framework to transform fish waste into an opportunity for economic
growth, and enhanced food security. The circular economy is designed to mimic natural regenerative
systems, in which waste does not exist but is instead converted into feedstocks for subsequent
production cycles (FAO, 2018). In fisheries sector, this means reimagining fish processing by
products which are traditionally disposed of through landfilling, ocean dumping, or burning as
valuable raw materials for diverse downstream industries. With the scientific and technological
advances now fish waste can be transformed into an expanding portfolio of high-value products such
as Collagen and Gelatine for cosmetics and pharmaceuticals, omega-3 oils and other lipid-based
nutraceuticals, Chitin and Chitosan for food additives and biodegradable packaging materials, protein
hydrolysates for functional food ingredients, organic fertilizers and animal feed supplements, and
specialized compounds with antimicrobial and antioxidant properties (Venugopal, 2021; Espinales et
al., 2023). Iceland's seafood sector shows that the commercial feasibility of such approaches through
integrated valorisation, a single Atlantic cod fish valued at approximately $12 for its fillets, can
generate over $5,000 in revenue through co-product development, with white fish utilisation rates
reaching 80% (Seafish, 2025).

1.1 Circular solutions for fish waste

Fish processing generates waste of 40—60% of total fish weight. 70% of processed fish including
heads, fins, skins, bones, and guts is discarded as waste despite containing protein 12—30%, lipids
0.4-46%, and minerals 1-50% with significant nutritional and commercial value (Gaikwad & Kim,
2024; Nikoo et al., 2023). Seafood processing waste disposed of through landfilling or burning
contributes 9.66 kg CO:-equivalent climate change burden per kilogram of raw material processed
(Ifiguez-Moreno et al., 2024). Global research initiatives recognise fish waste as a strategic resource.
The European Union's Common Fisheries Policy and Blue Growth Strategy encourage circular
bioeconomy with the EU blue economy generating 5.4 million jobs and €500 billion in gross value
annually (Cooney et al., 2021). The Asia—Pacific region demonstrates rising resolve, as quick
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aquaculture increase is associated with 35-70% food loss and waste across supply chains (Tiirkten et
al., 2023). Table 01 presents the key findings of the selected papers related to the applications of fish
waste in the circular economy in the global scenario.

Table 1: Selected studies on circular approaches on fish waste management

waste-to-value

Author(s) Country of Origin Key Research Focus
Gaikwad & Kim 2024 | Republic of Korea Fish collagen extraction methods
‘@t (ASC, ESC, UAE, DES, SFE) and
S biomedical applications
Nikoo, Regenstein, 2023 | Iran/ USA Fish protein hydrolysates production,
& Yasemi e = bioactivity, antioxidant and ACE
— inhibition
Jimenez-Champi, 2024 | Peru Fish byproduct revalorization bioactive
Romero-Orejon, compounds and food applications
Mufioz, & Ramos- I&*’I
Escudero
Tiirkten, Bostan, & 2023 | Turkey Food loss and waste quantification
Karaman C+ across production scales and
environmental efficiency
Moreno, Romero, 2024 | Mexico Chitosan extraction and valorization:
Melchor-Martinez, I.?}_g I chemical, biological, and emerging
Parra-Saldivar, & technologies
Gonzalez-Gonzalez
Cooney, O’Neill, 2021 | Ireland Circular economy framework for
Whelan, & . seafood waste valorization and EU
Fitzpatrick policy context
Venugopal 2021- | India Comprehensive reviews on fish waste
2022 ? valorization, green processing, and
[ | circular bioeconomy
Khiari, Tebsi, Ben 2022 | Tunisia / France Cold-adapted proteolytic enzymes from
Ali, Romdhane, & I I cold-water fish for sustainable waste
Laroche valorization
Hassoun, Pasini, & 2023 | Italy / Argentina Industry 4.0 technologies for reducing
Hough u - and valorizing seafood waste
Abejon 2022 | Spain Membrane processes for recovery and
& separation of bioactive compounds
— from seafood waste
Xia, Mu, Li, & 2024 | China Extraction and valorization strategies
Zhang of seafood byproducts with focus on
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Figure 1: Results of the content analysis of the keywords of the published research — word cloud

Figure 1 presents the frequency and significance of concepts in studies on the fish-waste value chain,
circular-economy strategies, and implementation challenges. Leading terms such as “fish waste,”
“valorisation,” “circular economy,” ‘“‘sustainability,” and “blue economy” mirror the major focus on
converting fishery by-products into value-added products. Supporting terms including ‘“organic
fertiliser,” “fermentation,” “post-harvest losses,” “infrastructure,” “policy gaps,” and “environmental

impact” highlight frequent solutions and barriers.

LR IR

%, VOSviewer

Figure 2: Keyword connection developed from the published literature on fish waste and circularity

This bibliographic map was generated through a query-based text search combining "circular" AND
"fish waste," retrieving literature on circular economy principles and fish-processing waste
valorisation. The red cluster represents the bio-technological valorisation, centred on biochemical
extraction and materials science applications, including collagen, fatty  acids, animal
products, sustainability, the circular economy, anaerobic digestion, and organic fertiliser. The green
cluster represents policy and governance implementation related to fisheries management and
regulatory frameworks, including the European Commission, discard  plans, high
survival, stakeholder engagement, delegated acts, landing obligation, food subsidies, and video
observers. This cluster reflects the institutional mechanisms and regulatory instruments that create
economic incentives and legal obligations for the valorisation of waste.
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2. Materials and methods

2.1. Location

The study employed a mixed-methods approach that integrated quantitative and qualitative methods to address
the research objectives. This study was conducted in Kudawella and at the Peliyagoda central fish
market in Sri Lanka (Figure 3), focusing on two case-study respondents: a small-scale fish meal
producer in Kudawella and a large-scale fish meal producer in Peliyagoda.

Fish waste generating
locations
QFish meal processing locations

Peliyagoda

Kudawella

Figure 3: Study locations of Kudawella and Peliyadoda fish processing clusters

2.2. Data Collection and Analysis

To achieve the research objectives, a combination of qualitative and quantitative methods was
employed. To identify circularity strategies for the reuse of fish waste, interviewer-administered
structured questionnaire and observations were conducted at two case studies; the information was
analyzed using value chain analysis, and descriptive statistics to examine the market landscape of the
fish meal value chain, Field observations and in-depth interviews were conducted with owners,
suppliers of semi-processed dried fish bones (Maldive fish processors from the Kudawella fish
processing cluster), and fish waste suppliers at the Peliyagoda wholesale fish market.. Finally, to
explore value chain integration strategies for SMEs and women fish processors, in-depth interviews
and focus group discussions were conducted, and qualitative thematic analysis was applied to identify
challenges and strategies.

Table 2: Operationalization table for the study

objective variables data collection | analytical tools expected
tools outcomes
1. To identify fish waste reuse practices Filed Value chain ilentification
circularity value addition pathways observations, analysis, Gioia and
strategies value chain actors and market content analysis, | categorization
employed for linkages mapping, in- thematic analysis | of circularity
reuse of fish waste operational processes 'depth' - strategies
- interviews with
knowledge and capabilities Kev i
ey informants
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institutional and regulatory
context

market demand and
viability

2. To find out the | Micro environment: raw Filed Market landscape | Market map or
market landscape | material suppliers, machinery | observations, of the fish meal market
of the fish meal suppliers, collectors, local market value chain of Sri | landscape of
value chain of Sri | government authority, end mapping, in- Lanka fish meal
Lanka users, transport and logistics | depth

Macro-level variables: interviews with

competitors, importers, key informants

national regulatory and legal

framework, market trends,

economic factors
3. To explore Access to raw materials iin-depth Descriptive To adapt and
value chain processing equipment interviews and | statistics contextualize
integration availability focus group thematic analysis | global circular
strategies for storage and drying facilities discussions economy
SMEs and women | access to credit/loans frameworks
fish processors working capital availability into a locally
into fish meal linkages with fish meal appropriate
value chain and producers framework,
challenges transport facilities circular

storage and processing space
participation in the fish waste
supply

profitability

business model
for the fish
waste

3. Results and discussion
The present study has identified a waste valorisation-based circularity strategy adopted in two case
studies in Kudawella and Peliyagoda, in which fish processing residues are converted into value-
added fishmeal. Fish waste generated from Maldive fish and dry fish processing activities is collected
and reused instead of being disposed of as waste(Figure 4) . These residues are processed into fish
meal, which is sold at LKR 200.00 per kg to poultry farms, fish feed producers, and prawn farming
establishments. Poultry farms account for the largest share, representing 60% of total fish meal sales
(Figure 5). The majority of poultry farms, as the main buyers of fish meal, indicate the high demand
for Calsium-rich feed in the poultry industry (Ramachandra et al, 2025). Maldive fish residues are
purchased at LKR 100.00 per kg, while dry fish residues are purchased at LKR 50.00 per kg due to
their higher salt content and the absence of boiling during processing. Boiled fish residues are easier
to mill when processing fish meal.
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Figure 4: Fish loss and waste value chain along with the circular entry points and key steps of fish
meal processing and distribution of the Kudawella case study
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Figure 5: Percentage distribution of fish meal sales across market destinations

The producers distribute the finished fish meal using their own transport facilities to areas including
Chilaw, Kurunegala, Negambo, Peliyagoda and Ranna (figure 6). All transactions are conducted on a
cash basis to ensure continual business operations. Although there is a very high market demand for
its protein, the producer lacks sufficient production capacity to meet this demand, mainly due to
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processing constraints. At Peliyagoda fish market, animal fish meal is distributed to animal feed
producers and also directly exported (figure 6).

60% e £ 9
“ pou '[F}" drmers
Fish meal producer | ey 7" _ s ¢ Chilaw
(Kudawella) fish feed producers Kurunegala
Negambo
6% Peliyagoda
__— prawn farmers Ranna
20% : Puttalam,Chillaw,Negambao
e SN | /rimal feed producers | | i

Peliyagoda central fish
market

80%

Direct exports

|

Figure 6: Distribution channel of the fish meal from producer (Kudawella) to regional buyers

Peliyagoda Central Fish Market, the largest wholesale and retail fish market in Sri Lanka, handles a
wide variety of finfish and shellfish, generating significant daily waste. A fish meal production
facility within the market converts this waste into high-value products, including steam-dried,
sterilised fish meal, fish oil, fish soluble paste, and organic fertiliser, applying circular economy
principles (figure 7). This not only addresses environmental hazards but also creates economic value
and enhances nutrient availability for animal feed (Kolawole & Mustapha, 2023).

Other than fish meal following products are produced in the Peliyagoda fish meal production plant.
The fish soluble paste, a fishmeal and fish oil by-product, is rich in dissolved proteins and a high level
of amino acids (Jayaweera et al., 2024). It is used as a feed attractant to increase the palatability of
feed to enhance the appetite and feed intake of aquatic animals, promoting growth and development,
and improving breeding efficiency (Rahman, 2023). It is also used as fertiliser as well as in the
agriculture industry and it adds nutrients to the soil (Dasanayake, 2022)

Crude fish oil is the oil that's extracted from fish and fish byproducts enriched with protein, fat and
Omega 3 essential fatty acids eicosatetraenoic acid (EPA) and docosahexaenoic acid (DHA) has a
high nutrient value (Badoni et al,.2021). The crude fish oil manufactured in the plant provides high-
quality crude fish oil crafted from the most fresh and chemical-free fish and fish by-products
(Jayasekara et al., 2022).
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Figure 7: Fish loss and waste value chain along with the circular entry points and key steps of fish
meal processing at Peliyagoda fish market

In Kudawella, most of the women fish processors mainly produce Maldive fish (93%) (figure 8) due
to Women fish processors have explored alternative livelihood strategies by engaging in Maldive fish
processing. They utilise underutilised marine fish species, including Linna (Deapterus russelli),
Balaya (Katsuwonus pelamis), Kelawalla (Thunnus albacares), and Pothubari (Lutjanus spp.),
particularly second-grade fish. Their contribution is crucial for ensuring food fish security, providing
protein supplementation to local communities and the diaspora, managing fish loss and waste,
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conserving resources, and promoting circular economy principles, while only a very few dry fish
processors (7%) are involved in dry fish production.
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Type of fish processors in Kudawella
Figure 8: Percentage of producers involved in Maldive fish and dry fish production in Kudawella

In Kudawella, Pothubari (/utjanus spp) contributes the highest share of fish waste, accounting for 30%
of the total (Table 3).

Table 3: species-wise typology of fish waste from different fish species in Kudawella and Peliyagoda
fish market

location fish species type of percentage of
waste total waste
(o)
Kudawella Linna (Deapterus russeli) heads, bones | 25%
Balaya (Katsuonus pelamis) heads, bones | 22%
Kelawalla (Thunnus albacares) heads, bones | 22%
Pothubari (Lutjanus spp) heads, bones | 30%
Peliyagoda fish | Balaya (Katsuonus pelamis) heads, 25%
market bones, gut
Kelawalla (Thunnus albacares) heads, 25%
bones, gut
Thalapath (Istiophorus platypterus) heads, 25%
bones, gut
Thora ( Scomberomorus commerson) heads, 25%
bones, gut
Other Small fin fish species Head, gut 22%

Giogia analysis indicates that circularity strategies for fish waste reuse are primarily
influenced by waste characteristics, business scale, infrastructure availability, and
environmental conditions. Effective implementation is enabled by knowledge of waste reuse
technologies, institutional support, and strong market demand for fish-based by-products
(figure 9).
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Figure 9: Giogia analysis based on in-depth interviews with key informants in Kudawella

Table 4: Comparison of circularity strategies for fish waste reuse in Kudawella and Peliyagoda

Aspect

Kudawella

Peliyagoda Central Fish Market

Type of circular

economy model economy model

Localised, small-scale circular

model

Primary source of

Residues from Maldive fish and dry

mixed daily fish waste from wholesale

Aggregate Dimensions

Large-scale, industrial circular economy

fish waste fish processing units and retail market operations
Key fish species Linna (decapterus russelli), Balaya diverse fin fish and shellfish species
utilized (katsuwonus pelamis), Kelawalla handled at the central market

(thunnus albacares), Pothubari
(lutjanus spp.)

Main circular
products

Fish protein used for animal and
aquaculture feed

steam-dried sterilized fish meal, organic
fish bone meal, fish oil, fish soluble
paste, organic fertilizer
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Circularity
strategy employed

Direct reuse of locally generated fish
residues as raw material for fish
protein production

valorisation and industrial bioprocessing
of large volumes of fish waste into
multiple high-value by-products

Processing Simple processing; quality highly advanced processing including cooking,

characteristics dependent on proper drying and salt | steaming, sterilization, oil extraction,
content of residues and by-product recovery

Market linkages strong backward linkages with local | strong forward linkages with animal

fish processors; localized distribution

feed, agriculture, and aquaculture
industries nationwide

Sale of operation

small-scale with limited production
capacity

large-scale, centralized production
facility

Key constraints

inadequate drying technology, and
limited infrastructure

fewer raw material constraints due to
large waste volume; capital and
technologyintensive

Environmental
contribution

reduces local waste disposal and
preserves value within the
community

mitigates large-scale waste disposal
risks and environmental pollution at the
national level

Global recognition

Not a globally recognized method

Only Food and Agriculture
Organization(FAO) approved fish waste
reuse facility in Sri Lanka

Table 5: value chain integration strategies of SMEs and women fish processors into the fish meal
value chain: a comparison between Kudawella and Peliyagoda

Aspect Peliyagoda Central Fish Market
Kudawella
Key actors women Maldive fish processors, dry fishermen, wholesalers, waste
involved fish processors, small-scale fish collectors, fish meal processing

protein producer

company

Role of women

primary generators of fish residues

limited direct involvement, women

processors through Maldive fish and dry fish mainly engaged in fish handling and
processing retail activities
Type of value informal, backward-linked integration | formal, centralized integration through

chain integration

with local fish processors

organized waste collection and
processing

Integration strategy

direct sale of fish residues from
women processors to fish protein
producer

collection of mixed market waste
supplied to centralized fish meal
production plant

Nature of linkages

strong backward linkages with local
processing units

strong forward and backward linkages
across national feed and fertilizer
markets

Value addition
mechanism

conversion of residues into fish
protein for poultry and aquaculture
feed

multi-product valorisation (fish meal,
fish oil, fish soluble paste, fertilizer)

Market access

local and regional markets (Chilaw,
Kurunegala, Negombo, Ranna,)

national-level markets supplying
animal feed and agriculture sectors

Pricing & income

residue prices influenced by

stable pricing due to standardized

opportunities processing methods (boiling, salt processing and large-scale production
content, drying quality)

Challenges limited drying space, climate impacts, | high capital requirements, operational
lack of technology, inconsistent complexity
residue supply

Infrastructure minimal infrastructure, reliance on advanced infrastructure, including

availability traditional drying methods steam drying, sterilisation, and oil
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extraction
Scalability of low scalability due to raw material high scalability supported by large
integration and infrastructure constraints waste volumes and processing capacity
Contribution to enhances income opportunities for generates employment but with limited
livelihoods women processors through waste empowerment of women processors
monetization

4. Conclusion

This study shows that fish waste in some areas of Sri Lanka is already entering formal circular
business models, but these remain underutilised and unevenly supported. In Kudawella, women-led
Maldive fish and dried fish processing units convert fish heads and bones into protein-rich fish meal,
which is sold primarily to poultry and aquaculture farms. In Peliyagoda, a large-scale industrial
facility transforms mixed daily market waste into steam-dried, sterilised fish meal, organic fish bone
meal, fish oil, fish soluble paste and organic fertiliser. Together, these two cases demonstrate that fish
waste can be systematically redirected away from land and water dumping

The findings highlight two main circular strategies for the reuse of fish waste. Kudawella represents a
localised, low-technology circular model in which women processors and a small-scale fish meal
producer directly reuse processing residues through simple drying and milling. This circular business
depends on waste characteristics, weather conditions and basic infrastructure such as drying space and
storage. In difference, Peliyagoda operates a high-capacity, technology-intensive model based on the
continuous collection of diverse market waste and its conversion through boiling, steaming,
sterilisation, and oil extraction.

The fish meal value chain is shaped by strong demand from poultry, aquaculture and agriculture
sectors. In Kudawella, fish meal produced from Maldive fish and dried fish residues is sold directly to
poultry farms, which is 60% of total sales. In Peliyagoda, advanced processing and centralised waste
collection allow a broader range of products, for fertiliser users and international buyers.

The study reveals both opportunities and barriers for integrating SMEs and women fish processors
into the fish meal value chain. In Kudawella, women processors are the key circular actors, generating
residues and benefiting directly from residue sales, thereby turning waste into an additional income
stream. Their integration remains informal and vulnerable. At Peliyagoda, value chain integration is
more formal and capital-intensive.

Overall, the two case studies confirm that circular fish waste valorisation can simultaneously reduce
environmental problems, increase resource-use efficiency, and enhance rural and urban livelihoods.
A supportive environment, including infrastructure investment, technical training, quality and safety
standards, and incentives for circular business models, is required to scale up these initiatives.
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Abstract: Resource efficiency is a forward step toward sustainability. Still, there are few
studies on resource efficiency and life-cycle assessments of cosmetic containers with
varying volumetric capacities. Some smaller container designs are encouraged to increase
purchasing frequency, which can lead to environmental drawbacks. Material efficiency
and environmental performance are crucial for the development of sustainable packaging.
This study aims to conduct a comparative life-cycle assessment and propose a packaging
efficiency index (PEI) for cosmetic containers with varying volumetric capacities. Three
types of commercially available high-density polyethylene (HDPE) flip-top cap bottles are
examined. Material efficiency was quantified using the PEI, defined as the ratio of
packaging weight to product weight. In addition, a cradle-to-gate LCA was conducted
using a functional unit of packaging required to deliver one Liter of content (moisturizer).
Global warming potential (GWP) was selected as the primary impact indicator. Life cycle
inventory data for plastic production were obtained from published literature sources. The
results reveal substantial variation in packaging performance among the assessed designs,
with PEI values ranging from 5.4 to 8.2. A higher packaging efficiency index and a lower
GWP indicate potential benefits for logistics on a per-functional-unit basis compared to
lower-volume containers. Sensitivity analysis confirms that GWP scales linearly with
packaging weight (with £10-20% variation), validating the robustness of the findings.
Overall, findings demonstrate that integrating a weight-based efficiency indicator into
LCA provides a practical and robust approach to the sustainability assessment of cosmetic
packaging. This combined approach supports packaging designers in making decisions that
conserve materials and reduce global warming potential, both of which are critical
sustainability considerations.

Keywords: Sustainability; Life cycle assessment; Material efficiency; Global warming
potential
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1. Introduction

The circular economy is a forefront topic in sustainability in the packaging sector due to its dominance
in plastic. Plastics are extensively used across various industries, and packaging covers a large fraction
due to their lightweight nature, durability, affordability, and disposability. Global plastic production has
surged exponentially from 1.7 million metric tons (Mt) in 1950 to 348 Mt in 2017 (Foschi and Bonoli,
2019). This growth exacerbates environmental challenges, particularly those related to waste. High-
density polyethylene (HDPE) is one of the most prevalent waste plastics globally, and 44.71 Mt was
generated worldwide in 2019 (Suvari and Gurvardar, 2024). It dominates rigid containers for food,
household chemicals, pharmaceuticals, and personal care products, including shampoos, conditioners,
creams, and lotions.(Admin, 2024).

The cosmetic packaging industry faces various environmental drawbacks due to the single-use nature
of packaging and the mismanagement of waste. This issue is exacerbated by small-volume, high-
frequency use of these containers. Brands also encourage consumers to purchase small sizes through
marketing. These effects are influenced by common global problems such as global warming, climate
change, and marine pollution, given the widespread nature of plastic pollution and its direct and indirect
effects. Marine pollution caused by improper plastic disposal has been identified as one of the major
environmental issues worldwide. Yearly 8Mt release to the ocean (Springle et al., 2022), and with
current trends, the United Nations predicts that the plastic content will outweigh the fish in the ocean
by 2050 (Kamalakkannan et al., 2022).

To overcome these issues, many actions have been taken globally. This paper proposes a comparative
assessment of the different volumetric capacities of HDPE-based bottles with flip-top caps in the
cosmetics industry. Because brands encourage consumers to use smaller-volume capacity containers,
this leads to more frequent purchasing. This comparison covers environmental impact assessment and
packaging efficiency by weight. This study reveals how packaging size affects environmental impacts,
and PEI quantifies packaging efficiency at the point of delivering a functional unit. It assesses bottles'
life cycle impacts on a cradle-to-gate basis across 18 impact categories, prioritizing global warming
potential (GWP). This study shows the impacts of small-volume containers and compares performance
to suggest impact-minimizing approaches for container types. The findings offer guidance for
manufacturers and brands to promote eco-friendly solutions for lower-volume capacities while
informing policymakers and researchers on advancing sustainability across industries.

2. Literature review

To ensure the authenticity and timeliness of the findings, this study examines recently published books,
theses, journal articles, and conference proceedings. In the literature review on HDPE cosmetics, this
study examines recently published books, theses, journal papers, and conference proceedings to ensure
the results are valid and timely. The most recent results from scholarly publications and trustworthy
reports were prioritized in the literature review on the sustainability of HDPE cosmetic packaging, life-
cycle assessment, and environmental implications. This approach considers new findings regarding
GWP, material efficiency, and regional and global regulations.

2.1 HDPE usage and environmental drawbacks

High-density polyethylene (HDPE) is a widely used thermoplastic in the global packaging sector,
particularly for rigid containers in food, household chemicals, pharmaceuticals, and personal care
products. (Nayanathara Thathsarani Pilapitiya and Ratnayake, 2024). It is characterized by a relatively
high density, semi-crystalline structure, and a favourable balance of stiffness, toughness, and
processability, which together make it a prime candidate for high-performance packaging applications.
(Benham and McDaniel, 2005). Led to its extensive use in extrusion and blow moulding of bottles, jars,
and other rigid containers, where uniform wall thickness and dimensional stability are required. Typical
applications include packaging for shampoos, conditioners, creams, lotions, detergents, and other
household and cosmetic products. Positioning HDPE as one of the dominant materials for personal care
and pharmaceutical bottles(Admin, 2024).
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In addition to its functional performance, HDPE is increasingly discussed in the context of the circular
economy and life cycle thinking, because despite HDPE plastic being one of the most prevalent waste
plastics globally (Suvari & Gurvardar, 2024).In marine environments, HDPE degradation occurs
through a combination of physical, chemical, and biological processes that may interact throughout the
exposure period. Physical factors such as ultraviolet (UV) radiation, wave action, and mechanical stress
cause HDPE to fragment into smaller particles, known as microplastics (Kogel et al., 2020a). These
microplastics then undergo further chemical changes due to exposure to UV light, a process called
photo-oxidation, in which UV radiation breaks down polymer bonds (Lourmpas et al., 2024) and
generates nano plastics. which infiltrate aquatic food chains, threatening human food security and
health(Kogel et al., 2020). Because of these issues, HDPE is encouraged to be recycled.

The effects of plastic micro- and nano plastics have been shown to disrupt biological functions at the
organizational and cellular levels. (Law, 2017; Reimonn et al., 2019). The prevalence of microplastics
(MP) is difficult to exaggerate. MP has been found in samples collected from depths of 1000 to more
than 5000 meters in the ocean. (Van Cauwenberghe et al., 2013), as well as in the Laurentian Great
Lakes of the US (Eriksen et al., 2013), freshwater lakes in Mongolia (Free et al., 2014), and sediment
samples from the river Rhine in Germany(Mani et al., 2019). Therefore, plastic pollution comes as one
of the main threats to human health and the ecosystem. Although many attempts are being made to
reduce plastic mismanagement and waste reduction globally.

Mechanical recycling of post-consumer HDPE has been shown to provide significant environmental
benefits relative to producing virgin resin, including substantial reductions in non-renewable energy
demand and greenhouse gas emissions.(Istrate et al., 2021). Multiple recycling loops of HDPE can
significantly reduce total climate change and resource depletion when efficient collection and recycling
systems are in place, according to life cycle assessment (LCA) research. Additionally, reduce impacts
compared with linear, single-use scenarios dominated by landfilling or incineration. Consequently,
HDPE packaging is often highlighted as a promising candidate for closed-loop systems. In industries
such as cosmetics and personal care, performance-driven design solutions are used to reduce material
consumption, improve recyclability, and reduce the environmental impact of plastic packaging.
(Gandhi et al., 2021).

2.2 Small-sized packaging influences the consumers’ buying behaviour

In the beauty industry, packaging significantly influences customers' purchasing decisions. It combines
information, functionality, and aesthetic appeal to influence attitudes, perceptions, and purchases
(Sitopu and Firdaus, 2024). Decisions are further influenced by small container sizes that satisfy
requirements such as travel portability. helps prevent large bottles that violate airplane liquid regulations
and accommodates hectic schedules with precise portion management(Mohamed et al., 2018,Yang,
2024). Mobile customers on holiday or business excursions who require portable solutions to maintain
skincare and cosmetics routines effortlessly may find this appealing.

For premium brands, small packaging signals luxury and exclusivity through elegant designs. Boosting
perceived quality and standing out in competitive markets (Dubey, 2025). It serves practical needs like
portability and precise dosing while evoking high-end aesthetics, making it essential in modern
cosmetic paradigms. (Yang, 2024).

In price-sensitive markets like India, South America, Europe, the Middle East, and Africa, small sizes
win on affordability, hitting key price points to drive broader reach. Smaller formats traditionally
dominate impulse buys and are expanding into premium segments in the Americas, attracting budget-
aware yet quality-focused buyers. (Wong, 2024). Thus, small packaging expands the consumer base
but generates higher waste volumes due to increased usage and disposal rates.
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2.5 LCA studies on cosmetic containers

The environmental profile of HDPE is benchmarked against existing life cycle assessment (LCA)
studies on cosmetic containers, which is consistent with its widespread use in rigid bottles and jars for
creams and lotions. A cradle-to-grave multi-attribute life cycle assessment (LCA) has been conducted
on cosmetic compacts using Simapro. A study was conducted comparing virgin and post-consumer-
recycled (PCR) ABS, PP, PET, PLA, and wood-polymer composites. That was revealed, PP
demonstrated approximately 46% lower impacts than HDPE/ABS baselines, and 100% PCR reduced
burdens by 42-60% (Vassallo and Refalo, 2024).

Another study assessed a 50 ml cosmetic jar via LCA, finding that recycled PET (rPET) had the lowest
impacts across categories compared to virgin PP, PET, and glass. However, recycling burdens, such as
water use, were higher. (Rudolf et al., 2024). The PCR content and mineral fillers reduced cradle-to-

gate impacts by up to 29% across most categories, according to the evaluation of cosmetic tubes made
from HDPE & LDPE. (Cubas et al., 2022).

2.5 Policy on waste mitigation

89% of Sri Lanka's annual plastic waste is inadequately managed, and its per capita value is 10.5 kg,
approximately 2 kg lower than the global average of 12.5 kg. Human health and the environment are
harmed by this high rate of mismanagement, which causes pollution in rivers, seas, and landfills. The
"National Action Plan on Plastic Waste Management 2021-2030" establishes specific objectives to
reduce problematic single-use plastics by 80% and achieve 80% collection and recycling of all plastic
trash by 2025 in order to reduce pollution (Cooray, 2021). Key support comes from the Ministry of
Environment's "National Environmental (Plastic Material Identification Standards) Regulations No. 01
of 2021." This rule helps identify plastic types in products, making it easier to sort and recycle at
factories and homes, thus cutting waste from the start(Balachandra and Abeysekara, 2024). In April
2025, the United Nations Development Programme (UNDP) and The Coca-Cola Foundation launched
a $1.1 million project. It builds better waste systems across seven areas in the Colombo District,
improving collection, recycling, and safe disposal to keep plastics out of nature.(Srikanth, 2025).

Sri Lanka's efforts align with international initiatives to reduce plastic waste through circular economy
concepts, recycling, and reuse rather than discarding. Plastic packaging waste (PPW), which accounts
for 40% of all plastics produced but 60% of waste, is a focus of the European Union. EU regulations
encourage less new plastic waste and increased recycling. (Brouwer et al., 2020). The United States
Environmental Protection Agency (US-EPA) encourages consumers to buy packaged products with a
lower environmental impact than other products that serve the same purpose. (Fresan et al., 2019).
Together, these steps help Sri Lanka tackle local problems and promote sustainable packaging, like for
cosmetics, leading to less waste and better resource use.

3. Methodology

3.1 Market survey

One of the major HDPE bottle manufacturers, supplying a significant portion of the market demand,
was interviewed to gather essential information. Simultaneously, lifecycle inventory data were obtained
from product datasheets.

Due to the proliferation of manufacturers and brands, the market offers a wide variety of HDPE bottles
and flip-top cap designs. These bottles also come in a range of sizes to accommodate varying amounts
of cosmetic products. For this study, one bottle-and-cap design was selected, all of which carried the
same product but different product volumes. Selection criteria included market availability, ability to
deliver the same product, ease of data access, high sales rates, and customer demand for single-use
packaging designs. The analysis focuses on the physical and environmental performance of each bottle
size.
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The collected data for these three bottle sizes are presented in the accompanying Table 01. Weights
were measured for empty containers at the manufacturing site before filling. Three empty containers
for each volume were weighed to determine average weights, using a Citizen electronic precision
balance. This procedure was applied separately to every bottle body and cap (standard deviations <2%).
Manufacturer process datasheets were used to determine the energy consumption for injection molding
(2.5 MJ of electricity/kg HDPE), and country-mix electricity was used, with ecoinvent v3 averages.
granulate production data ("polyethylene, HD, granulate {GLO}| market for"), which represented
global market mixes. Transport assumptions included resin delivery to the country via a freight sea
transoceanic ship, with “sea distance.org” used to measure the ocean distance between the harbours.

Table 1: container weight measurements

Bottle Types Containing amount of | Weight of the bottle | Weight of the | Weight of the cap
the product (ml) (g2) body (g) (2)

Type 1 40 9.16 5.67 3.49

Type 2 100 19.34 14.45 4.89

Type 3 200 28.18 19.77 8.41

3.2 Packaging efficiency index calculation

The amount of packaging material affects the packaging weight. That plays a major role in
environmental impacts and the logistic handling. Packaging efficiency (PE) was defined as the ratio of
the packaging weight to the product weight. (Klein et a4l., 2025) . This approach, known as the
packaging-to-product ratio, can be expressed as Packaging Efficiency. (Brouwer and Velzen, 2023).
Proposing the terminology: Packaging Efficiency (PE).

PE = Packaging Efficiency (dimensionless)
W. = Weight of empty packaging (g)
W, = Weight of product (g)

We
PE=——< X100
(We + Wp) (1)
This equation yields results where lower values indicate better efficiency. However, to avoid confusion
with the term "efficiency" and create a higher-is-better index, the reciprocal is taken and multiplied by
100. To create an intuitive "higher-is-better" index, propose a term for the Packaging Efficiency Index
(PED):

100
PEl = — 2
PE )

3.3 Environmental impact comparison

According to ISO 14040/14044 standards, life cycle impacts were assessed using SimaPro 9.3.0.3 in
conjunction with the ecoinvent database and the ReCiPe Midpoint (H) approach. The Midpoint
approach was selected for its capacity to aggregate results into relatable, less technically complex
indicators, facilitating effective public communication of packaging sustainability.(Huijbregts et al.,
2017).

GWP was adopted as a key parameter for evaluating the three volumetric capacities of the bottle options.
Numerous prior studies in environmental sustainability assessments have leveraged GWP as a
benchmark for comparing alternatives, given its robustness and policy relevance in ISO 14067(Lynch
etal.,2020). GWP was prioritized as the representative impact category, reflecting the global imperative
for climate change mitigation and the intensifying regulatory emphasis on low-carbon packaging
designs in the cosmetics sector. Numerous studies have employed GWP to evaluate the environmental
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impacts of various alternatives. Previous literature identifies six main criteria for selecting a suitable
eco-impact indicator. They are representative of environmental conditions, simple, responsive to
environmental and human activities, able to provide quantifiable value for impact assessment,
technically available, and grounded in international standards. (Persson, 2001).

The functional unit is defined as "the packaging required to deliver one Liter volume of content
(moisturizer)." System boundaries encompass raw material extraction through bottle production
completion, as illustrated by the shaded area bounded by a dashed line in Figure 1. A cradle-to-gate
scope was applied for inventory development and impact assessment across all bottles. Aligning with
industry standards for HDPE packaging, LCAs, and enabling targeted identification of production-
phase hotspots.

Extracting raw material

A\ 4

Processing raw material

A 4

Transporting raw material

A 4

Manufacturing the packaging

Transporting to cosmetic factories

A 4

Filling, Sealing & labelling the packaging

\ 4

Secondary and tertiary packaging

Figure 1: System boundary: The shaded area separated by a dashed line is the one considered for this
study

4. Analysis and Results

4.1 Comparison of PEI performance

Table 2 presents the Packaging Efficiency Index (PEI) for bottles with different volumetric capacities,
along with the weight of each bottle body and cap. All designs contain the same product, enabling direct
comparability of material efficiency across flip-top cap bottles with different size configurations.

Table 2: Packaging efficiency and packaging efficiency index

Containing amount | Weight of filled | Weight of empty bottle | Packaging Packaging
of the product (ml) | bottle (g) (2 Efficiency Efficiency Index
40 49.81 9.16 18.389 5.437
100 123.92 19.34 15.606 6.407
200 231.18 28.18 12.189 8.203
Table 3: Packaging material allocation
Bottle types Containing amount (ml) Weight of the body (%) Weight of the lid (%)
Type 1 40 61.89 38.10
Type 2 100 74.71 25.28
Type 3 200 70.15 29.84
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4.2 Environmental impact assessment

Table 4 summarizes the ReCiPe 2016 midpoint (H) impacts per 1 L functional unit for 40 ml, 100 ml,
and 200 ml HDPE flip-top cap cosmetic bottles. Dominant categories include global warming, fossil
resource scarcity, freshwater ecotoxicity, and water consumption, while stratospheric ozone depletion
and ionizing radiation contribute marginally.

Across nearly all indicators, the 40 ml bottle exhibits the highest impacts per functional unit. This trend
stems from greater material demand, manufacturing operations, and emissions when smaller volumes
are required to deliver the same 1 L of product. Due to higher material consumption, processing, and
emissions, the 40 ml bottle has the greatest impact per liter. In addition to lower packaging mass and
fewer units required, the 200 ml size has the lowest global warming potential (kg CO2 equivalent)
among the sizes as capacity increases (Figure 2). Larger volume-to-surface ratios improve material
efficiency and lessen production burdens, which 1is consistent with LCA behavior.
Due to decreased polymer use and upstream extraction, resource categories, including mineral and fossil
scarcity, follow this drop. Because of the increased polymer and energy inputs, toxicity indicators
penalize the 40 ml variant even though it differs less. In general, lighter, higher-volume, or refillable
designs for sustainable packaging are supported by the superior environmental performance of larger
bottles.

Table 4: Environmental Impact Assessment in ReCiPe midpoint(H) for one Liter functional unit

Impact category Unit 40 ml bottle 100 ml bottle 200ml bottle
Global warming kg CO2 eq 0.830352 0.701268 0.510903
Stratospheric ozone depletion kg CFCl11 eq 1.44E-07 1.22E-07 8.88E-08
Ionizing radiation kBq Co-60 eq 0.024137 0.020384 0.014851
Ozone formation, Human health kg NOx eq 0.001713 0.001447 0.001054
Fine particulate matter formation kg PM2.5 eq 0.001142 0.000964 0.000703
Ozone formation, Terrestrial ecosystems | kg NOx eq 0.001846 0.001559 0.001136
Terrestrial acidification kg SO2 eq 0.002402 0.002028 0.001478
Freshwater eutrophication kg P eq 0.000153 0.000129 9.42E-05
Marine eutrophication kg N eq 1.09E-05 9.17E-06 6.68E-06
Terrestrial ecotoxicity kg 1,4-DCB 0.315955 0.266831 0.194399
Freshwater ecotoxicity kg 1,4-DCB 0.007885 0.006659 0.004851
Marine ecotoxicity kg 1,4-DCB 0.010803 0.009123 0.006647
Human carcinogenic toxicity kg 1,4-DCB 0.021911 0.018504 0.013481
Human non-carcinogenic toxicity kg 1,4-DCB 0.186389 0.157411 0.114681
Land use m2a crop eq 0.015186 0.012825 0.009343
Mineral resource scarcity kg Cueq 0.000583 0.000493 0.000359
Fossil resource scarcity kg oil eq 0.466098 0.39364 0.286783
Water consumption m3 0.005695 0.00481 0.003504
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Figure 2: GWP of each bottle delivering one Liter functional unit

4.2 Sensitivity analysis
Sensitivity analysis was performed to assess the validity of the LCA findings by varying bottle weight

and emission parameters. Injection molding manufacturing tolerances usually result in weight variations
of £10-20% because of material batch discrepancies, mold wear, and process oscillations. For each
bottle size, SimaPro simulations were run in three scenarios: base case (measured weights), £10%
increases and decreases in weight, and £20% increases and decreases in weight.

Table 5: Weight-based sensitivity of the GWP indicator

Bottle Type Base Weight (g) Weight fluctuation Scenario Type GWP (kg CO: eq)
20% 0.664282
0% 0.747317
Base 0.830352
40ml 9.16 10% 0.913387
20% 0.996423
20% 0.561014
0% 0.631141
Base 0.701268
100ml 19.34 0% 0.771395
20% 0.841521
20% 0.408722
0% 0.459812
Base 0.510903
200ml 28.18 10% 0.561993
20% 0.613083

GWP was used as the initial indicator for this study, and Table 5 shows the variation in results with
weight sensitivity. GWP scales linearly with packaging weight across all bottle sizes, demonstrating
that material mass is the dominant impact driver (approximately 75-80% of total GWP). A £10% weight
variation produces a £10% GWP change, while £20% weight variation yields £20% GWP variation.
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Critically, the relative performance ranking remains unchanged across all scenarios: the 40 ml bottle
consistently exhibits the highest GWP per functional unit, followed by 100 ml, with 200 ml
demonstrating the lowest climate impact. Similar linear relationships were observed for fossil resource
scarcity (kg oil eq) and ecotoxicity indicators, confirming that conclusions regarding optimal container
sizing are robust to manufacturing variability.

5. Discussion

Literature surveys highlight key considerations for minimizing environmental impacts across the full
life cycle of HDPE packaging. In the local cosmetic market, HDPE flip-top cap bottle varieties exhibit
diverse characteristics. Aesthetic designs are primarily driven by branding and marketing priorities that
often compromise environmental sustainability. Effective administrative guidance and stakeholder
collaboration in sharing environmental responsibilities are essential for developing low-impact
packaging. Strengthening local infrastructure, particularly through adequate PP recycling facilities and
measures to minimize leakage from closed-loop life cycles, will bolster reverse supply chain efficiency.
Long-term strategic plans should emphasize public awareness campaigns on proper disposal methods.

As all designs are commercially available in the local market, where sales rely heavily on brand and
other factors, aesthetic appeal significantly influences consumer preferences. This study recommends
maintaining visual appeal while prioritizing material reduction during manufacturing to enhance PEI
value and encourage consumers to purchase more products. Such optimizations can differentiate
products as eco-friendly alternatives, appealing to consumers by minimizing their impact relative to
higher-material-consumption containers. The volume of HDPE flip-top cap bottles and environmental
impact per functional unit (1 L moisturizer) are clearly inversely correlated, according to this study.
Because of its optimal product-to-packaging ratio, which reduces material per liter, the 200 ml container
achieves the maximum Packaging Efficiency Index (PEI) of 8.203 and the lowest GWP of 0.511 kg
CO2 eq/L. It is a 38% reduction compared to the 40 ml (0.830 kg CO2 eq/L). Larger container forms
perform better than smaller ones across all ReCiPe Midpoint (H) categories, with the main loads coming
from water use, freshwater ecotoxicity, fossil shortages, and global warming.

According to previous HDPE packaging LCAs, the manufacture of HDPE resin accounts for 75-80%
of impacts, followed by injection molding (15-18%) and shipping (5-7%). The high cap-to-body ratio
(38.1%) of the 40 ml design exacerbates the excessive contribution of caps (30—40% of molding energy
despite 25-38% mass). Sensitivity analysis (£20% weight variation) validates material reduction as the
primary sustainability lever and supports robust rankings, as GWP scales linearly with mass.

These findings support life cycle assessment (LCA) principles, with larger volumes, upstream burdens
(transport, molding, and resin) are effectively spread, offsetting marketing-driven small-size
preferences that increase waste. To reduce environmental impact without sacrificing functionality and
increase market appeal through eco-labeling in Sri Lanka's cosmetics industry, designers should
prioritize cap simplification, thinner walls, and 100-200 ml shifts or refills. By encouraging stakeholder
cooperation and investing in recycling infrastructure, policymakers can use these results to improve the
National Action Plan on Plastic Waste Management.

As a limitation of the study, the cradle-to-gate scope relies on worldwide ecoinvent v3 averages from a
single facility, excluding use/end-of-life, labels, inks, and Sri Lanka-specific energy/transport data. For
generalizability, brand details are left out of the analysis, which covers a single flip-top design spanning
three volumes.

As the upcoming studies suggest, extend to cradle-to-grave evaluations using regional data, Monte

Carlo uncertainty analysis, recycling scenarios, and multi-design/material comparisons (rHDPE, bio-
PE). To increase transparency and applicability, add branded components and additional LCI tables.
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6. Conclusion

This study conducted a comparative cradle-to-gate LCA and PEI assessment of three HDPE flip-top
cap cosmetic bottles (40 ml, 100 ml, and 200 ml), revealing significant differences in environmental
performance and material efficiency. Due to improved volume-to-surface ratios, the 200 ml variant
demonstrated superior PEI (8.203) and the lowest GWP (0.511 kg CO-2 eq/L), a 38% decrease compared
to the 40 ml (0.830 kg CO: eq/L). These results confirmed an inverse relationship between container
volume and environmental burdens across 18 ReCiPe Midpoint (H) categories. These results
demonstrate that smaller-volume designs increase resource requirements and GWP per functional unit
(1 L moisturizer), exacerbating plastic waste in cosmetics packaging, despite consumer preference for
portability and affordability.

To improve sustainability and market differentiation, cosmetic firms should choose 100200 ml
packaging, streamlined lids, and reduced material use. These insights can be used by Sri Lankan
authorities to improve the National Action Plan on Plastic Waste Management through eco-design
guidelines and recycling incentives. Cradle-to-grave scopes, regional data, multi-design/material
studies (such as rHDPE), and uncertainty propagation in accordance with ISO 14044 should all be
included in future work.
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