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ABSTRACT

Online education has witnessed explosive growth over the past decade, driven by advances in digital technologies, greater
broadband penetration, and pedagogical innovations. This rapid shift—accentuated by the COVID-19 pandemic—has
prompted educators, policymakers, and researchers to examine not only its instructional efficacy and accessibility but also
its environmental sustainability. Traditional classroom-based learning entails significant energy consumption on campus
facilities (lighting, heating, cooling), extensive use of physical materials, and daily commuting by students and staff, all
contributing to institutional carbon footprints. Conversely, fully online modalities eliminate or reduce many of these factors,
but introduce new sources of emissions: data-center operations, continuous network transmission, and increased use of
personal electronic devices. This study presents a comparative carbon-footprint analysis of online versus in-person education
by combining primary survey data from 200 participants with secondary emission factors drawn from established protocols.
We first quantify the average weekly CO: emissions avoided through reduced commuting and campus energy use when
courses move online. Next, we calculate the additional emissions generated by home-based learning activities—incremental
electricity for lighting and HVAC, plus device-powered instructional time—and by the back-end digital infrastructure
supporting learning management systems, video-conferencing, and content streaming. Using paired statistical analyses, we
reveal that, under current energy mixes and user behaviors, net per-user emissions may paradoxically rise in fully online
scenarios. We further explore user awareness of digital carbon impacts and assess willingness to adopt mitigation measures.
Finally, we propose a multi-pronged strategy for institutions and learners—ranging from renewable-powered data centers
and server optimization to energy-conscious user practices—to harness the true environmental benefits of digital education.
Our findings underscore the complexity of assessing “green” credentials in education technology and call for integrated

policy frameworks that align pedagogical digitalization with rigorous sustainability goals.
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Figure-1.Achieving Sustainable Digital Education
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INTRODUCTION

The landscape of higher education has undergone a profound transformation in recent years, with online learning emerging as a
central component of pedagogical strategy. Once a fringe offering, distance education has become mainstream, enabling learners
across geographies to access courses that would otherwise remain out of reach. Major universities have invested heavily in digital
platforms, video-lecture production, and interactive tools, while government policy and funding incentives have accelerated
adoption. The COVID-19 pandemic of 2020-2022 acted as a catalyst, forcing a rapid and widespread pivot to fully remote
instruction. As institutions scrambled to maintain continuity, questions arose not only about pedagogical quality, equity, and student
engagement but also about the environmental implications of a massive, sustained shift online. Traditional, in-person education
relies on physical infrastructures—classrooms, laboratories, libraries—that consume large quantities of energy for lighting, heating,
cooling, and equipment operation. Additionally, daily commuting by students and faculty generates significant greenhouse gas
emissions, particularly when private automobiles are the primary mode of transport. In contrast, online learning eliminates

commuting emissions and can leverage digital content reuse instead of printing physical materials.
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At first glance, this suggests a more sustainable model. However, the digital infrastructure underpinning online education—data
centers housing servers, network routing equipment, and personal computing devices— consumes substantial electricity, often
drawn from carbon-intensive grids. Despite growing interest in green data-center design and renewable energy procurement by
major cloud providers, many institutional deployments still rely on conventional energy sources. Host institutions may lack visibility
into the carbon intensity of the platforms they use, and learners may be unaware of how their device usage patterns and home energy
behaviors contribute to overall emissions. Against this backdrop, our research seeks to move beyond simplistic narratives by
rigorously quantifying the net carbon footprint of online versus in-person education. We combine a survey of 200 students and
educators with emission factor modeling based on internationally recognized protocols. By capturing real-world usage data—
commute distances and modes, incremental home energy use, device operational times, and data-transfer volumes—we aim to
provide a holistic assessment. We then perform sensitivity analyses to account for regional energy mixes and user-behavior
variations. Our central hypothesis is that while online education reduces travel-related emissions, the net environmental benefit may
be undermined by digital energy demands unless concerted mitigation measures are adopted. Through detailed comparison, we
aspire to inform institutional policy, platform design, and learner practices, ensuring that the future of education technology aligns

with broader sustainability imperatives.
LITERATURE REVIEW

Early studies in campus sustainability focused on quantifying institutional footprints, covering building energy, water use, and
transportation. Leal Filho et al. (2020) synthesized methodologies for assessing higher-education carbon footprints, emphasizing
standardized protocols such as the Greenhouse Gas Protocol. Campus operations—heating, ventilation, lighting—account for a
substantial portion of university emissions (Jones et al., 2019). Commuter transportation adds further impact; Martin and Hernandez
(2022) reported that at a major urban institution, the average student commute generated 4 kg CO- per day. Conversely, digital
learning’s environmental dimension has only recently attracted scholarly attention. Belkhir and Elmeligi (2018) estimated that ICT

was responsible for 1.8% of global emissions in 2015, projecting growth to 3.2%.

Data centers, intrinsic to online education platforms, consumed 200 TWh globally in 2018—1%-1.5% of total electricity—and are
forecasted to rise without efficiency improvements (Masanet et al., 2020). Studies such as Shehabi et al. (2016) highlight that
server-cooling systems can account for up to 40% of datacenter energy use, underscoring potential gains from advanced liquid
cooling and Al-driven load balancing. Research on end-user devices underscores another dimension. Study conducted lifecycle
assessments (LCA) of laptops, revealing that manufacturing embodied up to 70% of lifetime emissions, while operational use
contributed the remainder. Active online-class sessions prolong device run times, and even idle standby modes draw power. Network
transmission adds incremental energy: Zhang, Wang, and Chen (2019) estimated that one hour of HD video streaming incurs 150—

400 g CO2, depending on network efficiency and data-center sourcing.

Comparative analyses remain scarce. Allen and Seaman (2020) modeled that fully online programs could yield 30%—-50% emission
reductions versus on-campus counterparts, but their assumptions—near-zero home energy increases and carbon-free cloud
hosting—Ilimit generalizability. A more nuanced field study combined limited survey data with emissions accounting to show
marginal net benefits in regions with cleaner grids. Yet, no large-scale empirical survey has bridged the gap between user-behavior
data and comprehensive footprint modeling across multiple regions. Our work extends this literature by integrating primary survey

insights from India and the U.S., leveraging region-specific grid factors, device-usage patterns, and travel behaviors, and applying
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the GHG Protocol for consistency. We thus address a critical need for evidence-based guidance on aligning digital pedagogy with

climate objectives.
OBJECTIVES OF THE STUDY

The overarching aim of this research is to produce a robust, data-driven comparison of the carbon footprints associated with online

and traditional in-person education. Specifically, we pursue five objectives:

1. Quantification of Travel Emissions Avoided
We will measure the weekly CO: emissions saved per participant by eliminating campus commutes when courses transition
online. This involves collecting actual commute distances and transport modes to compute avoided kilometers traveled and
applying standard emission factors for cars, buses, trains, and other modes. The result will be a per-capita weekly and
annual estimate of travel-related emission savings.

2. Assessment of Home-Energy Use Increments
Recognizing that learners shift learning activities to residential settings, we will quantify additional electricity consumption
for lighting, heating/cooling, and appliance operation directly attributable to online lectures, study sessions, and associated
digital tasks. Participants will self-report incremental kWh usage, which we will convert into CO: equivalents using
regional grid emission factors.

3. Evaluation of Digital Infrastructure Emissions
To account for back-end impacts, we will estimate emissions from data centers and network transmission required to
support online platforms. This objective entails applying average carbon intensities per kWh for server operations and
network equipment, multiplied by user-level data on weekly hours of video streaming, file downloads/uploads, and LMS
interactions.

4. Comparative Net Footprint Analysis
By integrating the above components—avoided travel, increased home energy, and digital infrastructure emissions—we
aim to compute net weekly and annual CO: footprints per user under online versus in-person scenarios. Statistical tests
(paired t-tests) will determine the significance of differences, and sensitivity analyses will explore outcomes under low- and
high-energy scenarios and varying regional energy mixes.

5. Recommendation of Mitigation Strategies
Drawing on our findings and existing best practices, we will develop actionable recommendations for both institutions and
individual learners to minimize digital learning’s carbon impact. Potential strategies include institutional procurement of
renewable energy for data centers, deployment of energy-efficient server architectures, curriculum design to batch digital

activities, and learner guidance on device power settings and off-peak usage.

By achieving these objectives, we seek to furnish a comprehensive evidence base that informs sustainable policy making, platform

development, and user practices in the rapidly expanding domain of online education.
SURVEY OVERVIEW

To ground our emission calculations in real-world behaviors, we conducted a cross-sectional survey of 200 participants between

May and June. The sample comprised 150 students (undergraduate and graduate level) and 50 faculty members drawn from three
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universities in India and two in the United States. Participant recruitment leveraged institutional email lists and LMS

announcements. Key features of the survey design are as follows:

e Instrument Development
We developed a structured questionnaire with sections on demographics, commuting patterns, home-energy use,
device-usage habits, and awareness of environmental impacts. To ensure clarity and relevance, the instrument underwent
a pilot test with 20 respondents; subsequent refinements addressed ambiguous phrasing and response scales.

e Commuting Data
Respondents estimated their pre-pandemic weekly commuting distance (round-trip kilometers) and primary transportation
mode (private car, bus, metro/train, bicycle). We also collected typical vehicle occupancy data to refine per-capita emission
factors.

e Home-Energy Increment Reporting
Participants reported average additional daily hours of lighting, heating/cooling, and appliance use directly linked to online
learning activities. Where possible, they referenced home electricity bills or smart-meter readings to estimate kWh changes;
otherwise, they provided best-estimate ranges.

e Device-Usage Tracking
The survey captured average daily screen-on time for laptops/desktops during synchronous and asynchronous learning,
frequency of video streaming, and typical power-management settings (e.g., high-performance vs. balanced modes,
automatic sleep).

e Digital-Infrastructure Interactions
To approximate server and network loads, we asked participants to indicate the weekly number of hours spent on video
conferencing platforms, hours logged into the LMS, and average data volumes (in GB) uploaded or downloaded.

e Awareness and Behavioral Intent
Recognizing the role of awareness in driving sustainable practices, we included Likert-scale items measuring respondents’
familiarity with the concept of a digital carbon footprint and their willingness to adopt mitigation behaviors (e.g., adjusting
screen resolution, batch-downloading materials during off-peak hours).

e Data Quality and Ethics
Participation was voluntary and anonymous. The survey complied with each institution’s IRB requirements, and

respondents provided informed consent. Data were cleaned to remove incomplete records (fewer than 90% answered).

Survey results formed the empirical foundation for our emission computations. Detailed descriptive statistics informed the average

mileage and energy-use inputs, while behavioral-intent measures guided the discussion of mitigation feasibility.
RESEARCH METHODOLOGY

Our mixed-methods approach integrated primary survey data with emission-factor modeling under the Greenhouse Gas (GHG)

Protocol framework (WRI/WBCSD, 2015). The methodology comprised:

1. Emission Factor Selection
o Electricity: Regional grid emission factors—0.82 kg CO-/kWh for India (CEA) and 0.45 kg CO2/kWh for the
U.S. (U.S. EPA)—converted reported home-energy increments into CO: equivalents.
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o Data Centers: Adopting a conservative estimate of 0.5 kg CO- per kWh consumed by server operations and

cooling (Shehabi et al., 2016).

o Network Transmission: Factoring 0.06 kg CO- per GB of data transferred over broadband networks (Zhang et

al., 2019).

o Device Usage: Estimating 50 W average draw for laptops/desktops, converted via regional grid factors.

2. Data Processing and Computation

o Travel Emissions: Weekly commute emissions per respondent = (round-trip km x emission factor) x number of

commute days.
o Home-Energy Emissions: Weekly home-energy emissions = additional kWh/week x grid factor.
o Digital-Infrastructure Emissions:
= Server emissions = (hours of server engagement X server power draw) x CO2/kWh factor.
=  Network emissions = (GB transferred x network CO-/GB).
= Device emissions = (device hours x wattage) x CO2/kWh factor.
3. Statistical Analysis

o Descriptive Statistics: Means, standard deviations, and ranges for all emission components.

o Paired Comparison: Pre- versus post-shift weekly emissions per respondent, analyzed via paired t-tests

(a=0.05) to assess significance.

o Sensitivity Analyses: Scenarios modeling +£20% variation in home-energy use and data-center efficiency to test

robustness.

4. Validity and Reliability

o Instrument Reliability: Cronbach’s alpha for multi-item scales (awareness and intent) exceeded 0.80.

o Construct Validity: Face and content validity ensured through expert review by sustainability scholars.

o Data Triangulation: Cross-referencing survey inputs with national statistics (e.g., average household electricity

consumption) to detect outliers.

By uniting granular user-behavior data with established emission metrics, our methodology yields a comprehensive and replicable

blueprint for assessing online education’s carbon footprint.

RESULTS

Our analysis reveals nuanced patterns across the three emission domains:

1. Travel-Related Emissions Avoided

o Mean Weekly Commute: 100 km (SD =30 km) per respondent.

o Mean Emissions Avoided: 12 kg CO2/week (SD=3.6kg), translating to 480 kg CO: per academic year (40

weeks).
2. Home-Energy Emissions
o Reported Increment: 10 kWh/week (SD =4 kWh).
o Resulting Emissions:
= India sample: 8.2 kg COz/week (SD =3.3 kg).
= U.S. sample: 4.5 kg COz/week (SD = 1.8 kg).
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3. Digital Infrastructure Emissions
o Server Usage: 8 hours/week of active server engagement per user, equating to 4 kWh and 2.0 kg COz/week.
o Network Usage: 10 GB/week per user, yielding 0.6 kg CO..
o Device Operation: 60 hours/week at 50 W/hour — 3.0 kWh — 1.5 kg CO: (India) or 0.7 kg CO: (U.S.).
o Total Digital Emissions: ~3.6 kg COz/week (India) and ~2.3 kg COz/week (U.S.).
4. Net Weekly Emissions
o India: 12 — (8.2 + 3.6) = +0.2 kg COz/week (net increase).
o US.: 12-(4.5+2.3)=+5.2kg COz/week (net increase).
o Statistical Significance: Paired t-tests confirm that net increases are significant (p <0.05), indicating that current
modalities of online instruction may inadvertently raise per-user emissions.
5. Awareness and Mitigation Intent
o Awareness: Only 30% reported prior knowledge of digital carbon footprints.
o Behavioral Intent: 85% expressed willingness to adopt at least two mitigation behaviors, with highest interest in

using low-power device settings (70%) and scheduling downloads during off-peak grid hours (65%).

These results underscore that without targeted interventions—such as renewable energy sourcing for data centers and home energy

optimization—online education’s presumed environmental advantages may not materialize in practice.
CONCLUSION

This study offers the first large-scale empirical comparison of carbon footprints for online versus traditional education across diverse
energy contexts. While eliminating campus commutes yields substantial CO: savings, these benefits are largely offset—and in some
cases surpassed—by increased residential energy use and digital infrastructure demands under prevailing grid mixes and user

behaviors. Key implications include:

1. Data-Center Decarbonization: Institutions and platform providers must accelerate procurement of renewable energy for
server operations and adopt energy-efficient cooling.

2. User-Centered Practices: Learners should be educated on power-management settings, batching digital tasks, and
off-peak scheduling to minimize incremental home-energy emissions.

3. Policy Integration: Sustainability criteria should be embedded in online program accreditation, requiring transparency in
platform carbon metrics.

4. Further Research: Future work should extend lifecycle analyses to include embodied emissions of devices and explore

the impact of emerging low-energy communication technologies (e.g., 5G-optimized protocols).

By illuminating the hidden environmental trade-offs of digital learning, our findings challenge simplistic assumptions and advocate

for holistic strategies that align pedagogical innovation with climate stewardship.
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