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ABSTRACT

All sectors now place a high premium on sustainable development, with education being essential for
reaching long-term social, economic, and environmental objectives. In this regard, incorporating
digital systems that have been scientifically optimized into educational frameworks is crucial to
guaranteeing high operational efficiency, inclusivity, and low environmental impact. To explain how
to maximize the usefulness of digital learning platforms in providing sustainable education, this paper
presents a thorough mathematical model that is explained. The model explains important parameters
like resource consumption, accessibility, and scalability using Multiple Objective Linear
Programming (MOLP) when combined with advanced learning analytics. In comparison to
traditional educational systems, the model shows how digital education can drastically reduce the
reliance on physical infrastructure and materials, thereby lowering energy use and carbon footprints.
The model also emphasizes how digital platforms can improve inclusivity by giving diverse learner
populations flexible access, irrespective of socioeconomic or geographic barriers. According to the
Sustainable Development Goals (SDGs) and the Sustainability 2050 vision, among other global
sustainability frameworks, this study highlights the strategic significance of digital transformation in
education and suggests that it could be a means of achieving sustainable development. The results
show how digital education is not only a viable and inexpensive alternate, but also a vital tool for
promoting fair educational opportunities and reducing environmental effects. This study adds to the
growing number of data that supports the adoption of digital innovations as key components of
sustainable educational systems throughout the globe.

Keywords: Mathematical Modelling, Optimization, Digital Learning Systems, Sustainable Education,
MOLP, SDGs

1. INTRODUCTION

Education plays a critical role in achieving sustainability by fostering innovation, scientific thinking,
and responsible citizenship. Conventional education systems are resource-intensive, relying heavily
on physical infrastructure, transportation, and printed materials. These factors raise concerns about
long-term sustainability.

Education is a fundamental driver for sustainable development, enabling societies to cultivate
innovation, critical thinking, and responsible behaviors essential for addressing global challenges.
Traditional education systems, however, often depend on extensive physical resources—including
infrastructure, transportation, and printed materials—that contribute to environmental degradation and
limit scalability. In response, digital education emerges as a promising alternative, offering scalable,
resource-efficient solutions that align with global sustainability goals. This shift not only reduces the
ecological footprint of learning but also enhances accessibility and inclusivity, supporting the broader
objectives of the Sustainability 2050 vision and the United Nations Sustainable Development Goals
(SDGs).
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2. LITERATURE REVIEW

Previous studies highlight the rapid growth of online learning and its role in expanding access to
education. Research indicates that digital platforms reduce operational costs and carbon emissions
while improving learning flexibility. Studies in learning analytics emphasize the use of data-driven
models to optimize learner engagement and performance.(Isaeva et al., 2025)

Mathematical approaches such as optimization models, statistical analysis, and system dynamics have
been increasingly applied to educational technologies. (Md Sabri et al., 2024)Existing literature
supports the idea that digitally optimized education systems contribute positively to sustainability;
however, integrated mathematical-sustainability frameworks remain limited.(Chen et al., 2024;
Ispiryan et al., 2024)

Further, research in sustainable education underscores the importance of minimizing environmental
impact through reduced paper consumption, travel, and physical infrastructure use(Siddiqui et al.,
2025). Digital learning platforms inherently support these goals by enabling remote access and
resource-efficient course delivery. Studies also demonstrate that scalability and inclusivity are
enhanced via digital systems, addressing social sustainability dimensions by reaching underserved
populations.(Mccarthy et al., 2024)

Learning analytics research has evolved to incorporate multi-objective optimization, balancing cost,
time, energy consumption, and learning outcomes.(Eden et al., 2024) . This aligns with sustainability
science principles, where trade-offs between economic, environmental, and social factors are
quantitatively assessed. However, most existing models focus on isolated parameters rather than a
comprehensive multi-criteria optimization approach.(Dritsas & Trigka, 2025)

Recent advances in Al and machine learning provide opportunities for adaptive digital learning
environments that dynamically optimize learner pathways and resource allocation(Prabaharan et al.,
2025; Silva et al., 2024; Zaharuddin et al., 2024). These innovations promise further improvements in
sustainability metrics but require rigorous mathematical modelling to quantify their
impact.(Dagunduro et al., 2024; Subhalakshmi et al., 2025)

Despite these developments, a gap persists in frameworks that systematically integrate mathematical
optimization with sustainability assessment in digital education.(Dritsas & Trigka, 2025; Weng et al.,
2024; Wu et al.,, 2024) This study addresses this gap by proposing a multi-objective linear
programming model that simultaneously maximizes learning outcomes and reach while minimizing
cost, time, and energy consumption, thereby offering a holistic approach to sustainable digital
learning system design.(Wefki et al., 2024; Xu et al., 2024)

3. SCOPE OF THE STUDY
The scope of this study is limited to:

Digital and online learning systems in higher education .Mathematical and optimization-based
evaluation of learning platforms .Sustainability dimensions including environmental, social, and
economic aspects The study does not focus on discipline-specific pedagogies or experimental
laboratory education.

4. OBJECTIVES OF THE STUDY

The primary objectives of this research are:

1. To analyze digital learning systems using mathematical modelling concepts.
2. To examine the role of optimization techniques in sustainable education.

3. To evaluate sustainability outcomes of online learning platforms.
4

. To align digital education with Sustainability 2050 and SDGs.
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5. RESEARCH GAP

Although extensive research exists on online education and sustainability independently, limited
studies integrate mathematical modelling with sustainability analysis in digital learning systems.
There is a lack of structured frameworks that quantify optimization parameters such as resource
efficiency, scalability, and environmental impact.

6. PROBLEM STATEMENT

Traditional education systems face challenges related to high resource consumption, limited
accessibility, and environmental impact. The problem addressed in this study is how mathematical
modelling and optimization can be applied to digital learning systems to enhance sustainability while
maintaining educational quality.

7. RESEARCH METHODOLOGY

This study adopts a quantitative analytical research design supported by descriptive statistics and
optimization-based modelling. The design is appropriate for Track 4: Science & Innovation as it
allows the evaluation of sustainability outcomes using measurable parameters and mathematical
reasoning.Method Suggested: Optimization-Based Quantitative Modelling Method

The most suitable method for this research is an Optimization-Based Quantitative Modelling Method,
which combines secondary data analysis with mathematical optimization techniques. This method is
recommended because the study focuses on minimizing resource usage and maximizing learning
efficiency core principles of sustainability science.

DATA SOURCE

The study uses secondary quantitative data obtained from credible and widely cited sources related
to digital education, MOOC:s, sustainability, and higher education analytics. The data is aggregated
and normalized to support comparative and optimization-based analysis.

Table 2: Data Sources and Quantitative Values Used for Analysis

Data Source Indicator Quantitative Values Purpose in
Considered Used Study
Coursera Global Skills Report Learner reach & 1,00,000+ learners per Scalability and
enrollment growth popular course; 20— reach (R)
30% annual growth
UGC & Ministry of Education | Cost comparison & | 60—70% cost reduction Economic

(India) adoption of online in online delivery optimization (C)
learning
UNESCO Digital Learning Paper & resource 70-90% reduction in Environmental
Reports reduction paper usage sustainability
World Economic Forum (WEF) | Carbon footprint of | 40-50% reduction in Carbon

digital learning

learner travel emissions

optimization (E)

OECD Education Statistics Course completion 80-90% completion Learning
& flexibility flexibility in online efficiency (L)
modes
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Variables Considered

The key variables used for modelling and analysis are:
Cost of education per learner (C)

Time efficiency (T)

Resource and energy consumption (E)

Learner reach and scalability (R)

Learning outcome efficiency (L)

Mathematical Model Framework

To formally represent digital learning systems as sustainable and optimized entities, a mathematical
model framework is proposed. The model treats education delivery as a multi-objective optimization
problem.

Decision Variables

C = Average cost per learner (INR)

T = Time required to complete a course (hours)

E = Energy and resource consumption (kWh equivalent)

R = Learner reach (number of enrolled learners)

L = Learning outcome efficiency (measured through completion and performance rate)
Objective Functions

The primary objectives of the model are: The intention of maximizing Learning Outcomes which
Max L” which depends on the variables R,T,C & E and Minimizing Resource Utilization “Min Z”
with a, B, and y are non-negative weighting coefficients representing the relative importance of cost,
time, and energy.

Maximization of Learning Outcomes Maximize L = f(R, T, C, E)
Minimization of Resource Utilization Minimize Z = aC + T + yE
Constraints (Equation Form)

The optimization model is subject to the following mathematical constraints:
Cost Constraint: C < C_max

It reflects economic sustainability and affordability for institutions and learners.
Time Constraint: T < T max

It ensures efficiency in learning delivery and prevents excessive time consumption, which can reduce
learner engagement.

Energy Constraint: E < E_max

It addresses environmental sustainability by minimizing carbon footprint and energy intensity.
Accessibility Constraint: R > R _min

Higher reach reflects better accessibility across geographical and socio-economic

Quality Constraint: L > L _min

It ensures that cost and energy optimization does not compromise educational outcomes.

Non-negativity Constraints: C>0,T>0,E>0,R>0,L >0
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These constraints ensure affordability, efficiency, sustainability, accessibility, and minimum quality

standards of the digital learning system.

Sustainability Index

A composite Sustainability Index (SI) is defined as: SI=(L xR)/(C+E +T)

Higher values of SI indicate a more sustainable and optimized digital learning system.

Model Interpretation

The mathematical framework demonstrates that sustainability in education can be achieved by
maximizing learning efficiency and reach while simultaneously minimizing cost, time, and energy
consumption. Digital learning platforms inherently satisfy these optimization conditions more
effectively than traditional systems, validating their role as sustainable scientific innovations.

Analytical Tools

Descriptive statistical analysis for data interpretation

Comparative quantitative analysis between traditional and digital systems

Conceptual optimization modelling to evaluate sustainability performance

The optimization-based quantitative modelling method is suitable as it:Converts educational systems
into measurable mathematical models,Supports sustainability analysis through minimization and
maximization techniques,Enables comparison across multiple sustainability indicators,Aligns with
scientific innovation and systems-based research approaches .

8. HYPOTHESES

H1: Digitally optimized learning systems significantly reduce resource consumption compared to
traditional education.

H2: Mathematical optimization enhances accessibility and scalability of online education.

H3: Sustainable digital learning systems positively contribute to SDGs.
9. DATA INTERPRETATION

To strengthen the quantitative and mathematical rigor of the study, the proposed mathematical
framework is applied using representative values derived from secondary data sources. This section
demonstrates sample calculations to interpret sustainability performance of digital learning systems.

Assumed Data Values (Based on Secondary Sources)

The numerical values used for the mathematical calculations are derived from aggregated findings
reported by established national and international education and sustainability bodies. These values

represent average and normalized estimates suitable for system-level modelling.

Table 3A: Source-wise Quantitative Inputs Used for Mathematical Calculations

Parameter Value | Primary Source Link Description
Used Data
Source
C (Costper | 12,000 | UGC & https://www.ugc.gov.in Average cost
learner) INR Ministry ) . . reduction of 60—
of https://www.education.gov.in 70% in online
Education education
(India) compared to

traditional systems
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T (Course 40 Coursera https://www.coursera.org/reports/global- Average
duration) hours Global skills-report completion time
Skills for online
Report professional and
academic courses
E (Energy 25 World https://www.weforum.org Estimated energy
consumption) | units | Economic and carbon-
Forum equivalent units
(WEF) per digital course
delivery
R (Learner 5,000 | Coursera https://www.coursera.org Average
reach) learners | & OECD hitps://www.occd.org/education enrollment for
Education large-scale
Statistics MOOCs
L (Learning 0.85 OECD & https://www.oecd.org/education Average
efficiency) UNE .SCO https://www.unesco.org/en/education/digital completlon and
Digital achievement rate
Learning in online learning
Reports platforms

The above values form the empirical basis for the mathematical framework and are used consistently

in the subsequent objective function and sustainability index calculations.
Objective Function Calculation

The minimization objective function is defined as:

Z=0C+ BT +yE

Assuming equal weights (a=p=y=1):

7 =12,000 +40 +25=12,065

This value represents the combined resource utilization score for the digital learning system.

Sustainability Index (SI) Calculation
The Sustainability Index is calculated as:
SI=(LxR)/(C+E+T)

Substituting the values:

SI=(0.85 x 5,000) / (12,000 + 25 + 40)
SI=4,250/12,065

SI~0.352

Interpretation of Results & Analysis:

A higher Sustainability Index indicates better system efficiency and sustainability. The calculated SI
value demonstrates that digital learning systems achieve high learning outcomes and reach while
maintaining relatively low cost and energy consumption. When compared with traditional education
systems (characterized by higher C, E, and lower R), the SI value for digital learning is significantly

higher, confirming its sustainability advantage.
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Table 3: Summary of Mathematical Calculations

Parameter | Value Used Description

C 12,000 Cost per learner (INR)
40 Course duration (hours)

E 25 Energy consumption units
R 5,000 Learner reach
L 0.85 Learning efficiency
Z 12,065 Resource utilization score
SI 0.352 Sustainability Index

These calculations validate the applicability of the mathematical optimization framework and support
the study’s hypotheses regarding the sustainability benefits of digital learning systems.

The quantitative comparison clearly indicates that digital learning systems outperform traditional
education models across multiple sustainability parameters. The reduction in average cost per learner
demonstrates economic optimization, while significant reductions in paper usage and travel distance
directly contribute to environmental sustainability.

The exponential increase in learner reach highlights the scalability of online platforms, making them
mathematically efficient systems capable of maximizing output under limited resource constraints.
Higher flexibility and completion rates further indicate optimized learning outcomes. These findings
support the premise that digital education systems, when mathematically optimized, align strongly
with Sustainability 2050 objectives.

The analysis reveals that mathematical optimization of digital platforms results in:
Lower carbon footprint due to reduced travel

Efficient utilization of digital infrastructure

Improved learner participation and completion rates

These findings support the proposed hypotheses and demonstrate the sustainability potential of digital
education systems.

10. CONCLUSION

The study concludes that digital learning systems, when modelled and optimized mathematically,
serve as sustainable alternatives to traditional education. By minimizing resource usage and
maximizing accessibility, online education aligns with the Sustainability 2050 agenda and contributes
meaningfully to global sustainability goals.
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