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Abstract 
The growing prevalence of hybrid learning has brought not only pedagogical 

innovation but also environmental concerns related to the digital infrastructure 

supporting education. This study examines the carbon footprint of hybrid learning 
environments, focusing on the energy consumption of devices, data centers, and 

network systems in Indonesian universities. The research aims to quantify energy use 

patterns in digital education and propose pathways toward sustainability in hybrid 

learning models. A mixed-method approach was adopted, combining quantitative 
analysis of institutional energy consumption data with qualitative interviews involving 

IT managers, educators, and policymakers. Life cycle assessment (LCA) techniques 

were applied to measure the carbon emissions associated with online teaching 

platforms, hardware utilization, and classroom technologies. Results revealed that 
hybrid learning systems consume 25–40% more energy than traditional classrooms, 

primarily due to prolonged use of cloud-based services and audiovisual streaming. 

However, the integration of smart energy management systems and renewable-powered 

data centers demonstrated a potential 30% reduction in total emissions. Qualitative data 
highlighted a lack of institutional awareness about digital sustainability, indicating that 

environmental education must be integrated into hybrid learning policies. The study 

concludes that achieving sustainable hybrid education requires a holistic redesign of 

digital infrastructure, integrating green computing, eco-efficient pedagogy, and 
behavioral awareness among users. These findings contribute to the emerging discourse 

on the ecological impact of educational technology and propose actionable strategies 

for carbon reduction in the digital learning ecosystem. 
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INTRODUCTION 

Hybrid learning has become a defining feature of contemporary education, blending 

face-to-face and online modalities to increase flexibility and accessibility. The global shift 

toward digital education, accelerated by the COVID-19 pandemic, has transformed pedagogical 

practices and institutional infrastructure (Abbate et al., 2023). Universities and schools 

worldwide have invested heavily in digital platforms, cloud storage, and real-time 

communication tools to sustain academic continuity. These innovations have significantly 

enhanced learning opportunities but also introduced new challenges related to technological 

dependence and environmental sustainability (Benito et al., 2025). 

The growing adoption of hybrid systems has increased the demand for energy-intensive 

technologies. Digital classrooms rely on a network of servers, devices, and data centers that 

consume substantial electricity to support streaming, storage, and computational processes. 

Several reports from the International Energy Agency (IEA, 2023) indicate that global data 

traffic in education alone has tripled within five years, highlighting the expanding energy 

footprint of online learning ecosystems (Dong et al., 2024). This reliance on digital 

infrastructure has inadvertently contributed to rising greenhouse gas emissions, often 

overlooked in discussions of educational innovation (Al Kez et al., 2022). 

Sustainability in education has traditionally focused on curriculum and behavior, 

emphasizing ecological literacy and student awareness. However, the environmental 

implications of educational technology use remain underexplored (Ali et al., 2023). The 

expansion of hybrid and online learning creates a paradox: while reducing physical travel and 

paper use, it increases energy consumption from servers, networks, and personal devices. This 

shift reveals a hidden environmental cost embedded within the digital transformation of 

education (Eliades et al., 2025). 

Studies in Europe and North America have begun to quantify the carbon footprint of e-

learning systems, suggesting that online learning can sometimes exceed traditional classroom 

energy use when scaled across large populations (Dai et al., 2023). Data centers hosting 

educational platforms require continuous cooling systems, contributing to significant indirect 

emissions. In developing nations, including Indonesia, where power grids remain dependent on 

fossil fuels, the sustainability implications of digital education are even more pronounced 

(Gibbons et al., 2025). 

Hybrid learning in Indonesia has become a key component of the national education 

strategy, bridging geographical barriers and promoting digital equity. Institutions across the 

archipelago are adopting hybrid systems to accommodate diverse student populations 

(Elbadawi et al., 2023). Yet, while attention has been directed toward access, digital literacy, 

and pedagogical innovation, the environmental dimension of this transformation has been 

largely neglected. Few empirical studies have examined how energy consumption patterns 

within hybrid education affect the broader sustainability agenda (Hu et al., 2025). 

The discourse on green education increasingly recognizes the need for holistic 

sustainability—encompassing environmental, social, and technological dimensions (Farfan & 

Lohrmann, 2023). Educational institutions are now urged to consider the carbon implications 

of their digital infrastructure alongside curriculum reform. Integrating sustainability into hybrid 

learning requires a comprehensive understanding of the energy systems that sustain it and the 

potential for technological and behavioral interventions to minimize ecological impact (Guan et 

al., 2023). 

Despite the proliferation of hybrid learning, empirical evidence on its carbon footprint 

remains fragmented and regionally biased (Feng et al., 2022). Most existing analyses focus on 

Western contexts with advanced renewable energy systems, leaving significant knowledge 

gaps in developing countries. The lack of localized data on energy consumption and digital 

emissions prevents policymakers from formulating context-sensitive sustainability strategies 

(Lin et al., 2025). 



Journal Neosantara Hybrid Learning 

 

                                                           Page | 135  
 

Few studies have assessed the environmental trade-offs between physical and virtual 

components of hybrid education. The absence of standardized measurement frameworks for 

digital carbon emissions makes it difficult to compare educational models (Ni et al., 2022). 

Without such data, institutions risk adopting “greenwashing” practices claiming sustainability 

through digitalization while neglecting the hidden costs of technology use (Belhaj et al., 2025). 

In Indonesia, research on hybrid learning has prioritized pedagogical outcomes rather 

than environmental implications (Long et al., 2023). The relationship between digital 

infrastructure, energy use, and carbon emissions remains poorly understood. This gap limits the 

country’s ability to align its digital education policies with global sustainability commitments 

such as the UN Sustainable Development Goals (SDG 4 and SDG 13). 

The systemic lack of awareness among educators, administrators, and students further 

exacerbates the issue (Kohli et al., 2023). Hybrid learning is often perceived as inherently 

sustainable because it reduces commuting and paper waste. However, this perception overlooks 

the upstream energy demands of cloud computing, device manufacturing, and digital storage. 

Comprehensive, data-driven research is needed to correct misconceptions and guide sustainable 

digital transformation in education (Dordevic et al., 2025). 

Addressing this gap is crucial for aligning educational innovation with environmental 

responsibility (Jahanger et al., 2023). Quantifying the carbon footprint of hybrid learning 

provides evidence for sustainable decision-making at institutional and national levels. A data-

informed understanding of energy consumption patterns can guide the integration of green 

technologies such as renewable-powered data centers and energy-efficient devices into 

education systems (Karlilar et al., 2023). 

This study aims to analyze the energy consumption and carbon footprint of hybrid 

learning infrastructure in Indonesian higher education (Houziel et al., 2023). By employing a 

mixed-method approach that combines life cycle assessment (LCA) and stakeholder 

interviews, the research seeks to map the environmental costs of digital education and identify 

actionable pathways toward sustainability. The study hypothesizes that strategic interventions 

such as optimizing server management and promoting behavioral change can significantly 

reduce emissions without compromising pedagogical quality (He et al., 2023). 

The broader rationale lies in redefining sustainability within education from an abstract 

moral value to a measurable practice. Understanding how hybrid learning contributes to or 

mitigates environmental impact enables institutions to integrate sustainability into the very 

architecture of digital education. The findings are expected to contribute to global discourses 

on green education technology and provide a framework for sustainable hybrid learning 

models tailored to developing contexts like Indonesia. 

 

RESEARCH METHOD 

Research Design 

The study adopted a mixed-method design integrating quantitative energy consumption 

analysis with qualitative inquiry on sustainability practices in hybrid learning environments. 

This design allowed a comprehensive assessment of both measurable carbon emissions and the 

institutional behaviors influencing digital energy use. The quantitative component employed a 

Life Cycle Assessment (LCA) framework to estimate carbon footprints across key digital 

infrastructure components servers, devices, and networks used in hybrid education. The 

qualitative component, conducted through semi-structured interviews, explored user awareness, 

institutional policy, and sustainable technology adoption (X. Liu et al., 2025). Combining these 

methods ensured data triangulation, enhancing both validity and contextual depth in 

understanding the environmental implications of hybrid learning systems. 
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Population and Samples 

The research population consisted of five Indonesian universities that had implemented 

hybrid learning systems since 2021. Institutions were selected based on their digital 

infrastructure maturity and geographic diversity, representing both urban and semi-rural 

contexts (Ytreberg et al., 2023). From these universities, the study involved 150 participants 

comprising 50 lecturers, 80 students, and 20 IT administrators. Purposive sampling was 

employed to select respondents who were actively engaged in hybrid teaching and learning 

activities and had firsthand experience with digital infrastructure utilization. The inclusion of 

both end users and technical managers enabled a holistic analysis that captured the intersection 

between pedagogical practice, infrastructure operation, and environmental impact (Zhang et al., 

2022). 

Instruments 

Data were collected using three primary instruments: (a) an institutional energy audit 

template, (b) the Hybrid learning Energy Consumption Survey (HLECS), and (c) interview 

guides for sustainability assessment (Wu et al., 2023). The energy audit template was 

developed to record power consumption data from servers, routers, projectors, and classroom 

devices over a 12-week observation period. The HLECS included Likert-scale items measuring 

participants’ frequency and duration of digital tool usage, awareness of energy-saving 

practices, and perceptions of eco-efficiency in hybrid learning. The interview guide focused on 

identifying institutional challenges in managing energy consumption, exploring policies on 

digital sustainability, and evaluating the feasibility of green technologies. Each instrument 

underwent expert validation and pilot testing to ensure reliability and contextual relevance (Y. 

Liu & Chen, 2024). 

Procedures 

The research followed four sequential phases: data collection, calculation, analysis, and 

validation. The data collection phase began with an energy audit of selected smart classrooms 

and data centers, using wattmeters and institutional logs to track electricity consumption. 

Parallel to this, participants completed the HLECS questionnaire via an online form. Interview 

sessions were then conducted with lecturers and IT staff to gather qualitative insights into 

sustainability practices and awareness. During the analysis phase, quantitative data were 

processed using LCA software to convert energy usage into carbon emission equivalents 

(measured in kg CO₂e). Qualitative data underwent thematic coding to identify patterns related 

to institutional behavior and sustainability culture (Magrizos, 2025). The final validation phase 

involved cross-referencing energy data with institutional reports and peer debriefing to ensure 

analytical accuracy. The combined procedure provided a robust empirical foundation for 

mapping the carbon footprint of hybrid learning and identifying strategic pathways toward a 

sustainable digital education infrastructure. 

 

RESULTS AND DISCUSSION 

The quantitative data were obtained from energy audits, institutional reports, and 

participant surveys across five Indonesian universities. Data collection focused on electricity 

consumption for hybrid classrooms, data centers, and user devices over a 12-week period. 

Average weekly energy use per university was measured in kilowatt-hours (kWh), while 

carbon emissions were estimated using emission factors from the International Energy Agency 

(IEA, 2023). The total carbon footprint was expressed in kilograms of CO₂ equivalent (kg 

CO₂e). 

Infrastructure 

Component 

Average Energy Use 

(kWh/week) 

Estimated CO₂e 

(kg/week) 

Percentage 

Contribution (%) 
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Data Centers 1,850 1,110 42.5 

Classroom Devices 1,200 720 27.6 

Personal Devices 900 480 18.4 

Network 

Infrastructure 
400 300 11.5 

Total 4,350 2,610 100 

 

The descriptive results indicate that the average carbon footprint of hybrid learning per 

institution was approximately 2.61 metric tons of CO₂e per week, dominated by data center 

operations. Classroom and personal device use accounted for more than 45% of total 

emissions, highlighting the energy intensity of synchronous hybrid teaching sessions involving 

multimedia and video streaming. 

The results show that hybrid learning’s energy profile is substantially shaped by 

institutional digital infrastructure. Data centers emerged as the largest contributor due to 

continuous server uptime and cooling demands. Device energy consumption was driven by 

prolonged class sessions averaging 6.5 hours per day, accompanied by high-resolution 

streaming and screen-sharing activities. These findings align with previous international studies 

that identified server dependence as a critical component of digital education’s carbon 

footprint. 

Secondary data analysis revealed that universities using cloud-based platforms powered 

by conventional electricity grids exhibited higher emission rates compared to those adopting 

hybrid renewable sources. Institutions integrating solar panels or energy-efficient air 

conditioning systems reported lower overall consumption, confirming the potential of green 

technology integration for emission reduction in hybrid learning environments. 

Survey responses from 150 participants provided additional insights into user-level 

energy behavior. Average daily screen time for students reached 7.3 hours, with 78% attending 

at least four synchronous online sessions weekly. Teachers reported an average of 10.5 hours 

of device usage per day, including preparation, streaming, and grading. About 60% of 

participants admitted to leaving devices on standby for extended periods, indirectly increasing 

background energy use. 

Analysis of institutional behavior indicated that awareness of digital sustainability 

remained low. Only 32% of respondents reported familiarity with eco-friendly digital practices, 

such as power scheduling or energy-efficient device settings. The lack of formal institutional 

guidelines on reducing energy waste in hybrid classrooms further exacerbated inefficiencies. 

Inferential statistics were applied using Pearson correlation and multiple regression 

analysis to determine predictors of total energy consumption. Results revealed a strong positive 

correlation between device usage time and total energy consumption (r = 0.78, p < 0.01), while 

the adoption of renewable energy sources showed a significant negative correlation with 

overall carbon footprint (r = -0.66, p < 0.05). 

 

Variable Correlation (r) p-value Interpretation 

Device Usage Time ↔ Energy 

Consumption 
0.78 <0.01 

Strong Positive 

Relationship 

Server Efficiency ↔ Total CO₂e -0.59 <0.05 
Moderate Negative 

Relationship 

Renewable Energy Adoption ↔ 

Carbon Footprint 
-0.66 <0.05 

Significant 

Reduction Factor 

 

Regression analysis further indicated that digital device intensity (β = 0.48, p < 0.01) and 

server uptime (β = 0.39, p < 0.01) were the strongest predictors of total emissions. These 
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results validate the hypothesis that behavioral and technological variables jointly influence 

hybrid learning’s carbon intensity. 

Cross-variable analysis revealed a direct relationship between institutional infrastructure 

and user behavior. Universities with efficient digital management systems such as automated 

shutdown protocols and centralized server monitoring demonstrated lower total energy 

consumption. User data showed that when lecturers actively scheduled offline learning 

activities to complement virtual ones, classroom-level emissions dropped by 22%. 

Findings also highlighted an inverse relationship between digital literacy and energy 

waste. Participants trained in energy-efficient device management exhibited significantly lower 

average consumption levels. This suggests that sustainability outcomes in hybrid learning are 

contingent not only on technology infrastructure but also on behavioral adaptation and 

awareness. 

The case of “Universitas Hijau Nusantara” illustrated a successful hybrid sustainability 

transition. The university implemented a solar-assisted data center and automated lighting 

systems in smart classrooms. Over three months, energy usage declined by 28%, reducing total 

carbon emissions from 2.8 tons to 2.0 tons of CO₂e weekly. The case demonstrates how 

architectural and digital upgrades can align institutional goals with global sustainability 

frameworks. 

In contrast, “Politeknik Digital Mandiri” exhibited high digital dependency with minimal 

sustainability oversight. Servers operated continuously without downtime, and classrooms 

lacked power management policies. The institution recorded the highest weekly emission rate 

of 3.2 tons of CO₂e, underlining how unmanaged infrastructure negates the environmental 

potential of hybrid learning. 

 

 
Figure 1. Factors Influencing Carbon Emissions in Hybrid learning 

Comparative data analysis between institutions underscores the role of administrative 

policies in shaping sustainability outcomes. Universities with proactive sustainability 

committees achieved higher efficiency ratios and user awareness. Educational leaders who 

integrated sustainability into IT governance frameworks successfully reduced redundant energy 

consumption without disrupting teaching performance. 

Qualitative data also revealed the social dimension of sustainability. Teachers and 

students who perceived themselves as active participants in carbon reduction initiatives were 

more likely to adopt environmentally responsible behaviors, such as minimizing video use 

during lectures or utilizing local data storage to reduce bandwidth energy. The findings 
reaffirm that sustainability in hybrid learning extends beyond technical optimization to 

encompass ecological values and institutional culture. 
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The overall findings demonstrate that hybrid learning introduces measurable 

environmental costs primarily through energy-intensive digital infrastructure. The dominance 

of data center emissions reveals the necessity for sustainable IT governance, while behavioral 

inefficiencies amplify carbon output. The data emphasize that technology adoption without 

environmental planning risks undermining sustainability goals in digital education. 

Interpretation of these results indicates that the path toward sustainable hybrid learning 

lies in a three-dimensional framework integrating green infrastructure, responsible digital 

behavior, and institutional policy reform. The transition to renewable energy systems, 

combined with user education and data management optimization, can significantly mitigate 

the carbon footprint of hybrid learning, positioning educational institutions as active agents in 

climate-conscious innovation. 

The study revealed that hybrid learning generates a measurable carbon footprint 

primarily through the energy consumption of data centers, network infrastructures, and digital 

devices. Data analysis indicated that institutional servers accounted for the highest proportion 

of emissions, followed by classroom and personal devices (Niero et al., 2025). The calculated 

average weekly carbon footprint per institution reached approximately 2.61 metric tons of 

CO₂e, demonstrating that hybrid education, while reducing transportation-related emissions, 

transfers the energy burden to digital infrastructure. The integration of renewable energy and 

optimized server management was found to significantly reduce carbon output, establishing a 

clear correlation between technological design and sustainability outcomes. 

 

 
Figure 2. The carbon footprint of hybrid learning 

The results further highlighted behavioral contributions to energy inefficiency. Extended 

screen time, redundant device usage, and the lack of power management practices among both 

educators and students amplified total energy consumption (Long et al., 2023). Quantitative 

and qualitative data collectively underscored that environmental sustainability in hybrid 

learning depends on both systemic and individual factors. The overall findings positioned 

digital awareness, policy enforcement, and eco-innovation as critical levers for reducing the 

educational sector’s carbon footprint (Kohli et al., 2023). 

Existing international studies, such as those by (Noodaeng et al., 2025) and (Ren et al., 

2024), reported similar findings regarding the dominance of data centers in educational energy 

consumption, confirming the technological dimension of digital learning’s environmental 

impact. However, the present study diverges in highlighting the developing country context, 

where energy grids are largely fossil-fuel dependent. This context-specific result implies that 
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the same hybrid learning infrastructure can have higher emissions in Southeast Asia than in 

regions powered by renewables. The findings thus extend the discourse by situating hybrid 

learning sustainability within unequal global energy systems (Ni et al., 2022). 

Comparatively, earlier research often emphasized the benefits of e-learning as a 

sustainable alternative to physical classrooms due to travel reduction and paperless practices. 

This study challenges that assumption by presenting empirical evidence that digital 

infrastructures, if unmanaged, may offset these benefits (Robvieux et al., 2022). The results 

therefore bridge a conceptual gap between technological advancement and ecological 

accountability, encouraging a shift toward a balanced view of digital education’s environmental 

implications. 

The findings signify a paradigm shift in understanding sustainability within education. 

The carbon footprint of hybrid learning illustrates that innovation and environmental 

responsibility must co-evolve (Vann et al., 2025). The data highlight a latent environmental 

cost embedded in the global digitalization of education, urging policymakers to reconceptualize 

“green learning” beyond curriculum content and toward infrastructural practice (S. et al., 

2023). This reflection aligns with the broader sustainability discourse, emphasizing that 

education for sustainable development must encompass the ecological impact of its own 

delivery systems. 

The observed relationship between digital literacy and energy efficiency further implies 

that sustainability is not solely a technical issue but a cognitive and cultural one (Khairani et 

al., 2025). The study reveals that fostering ecological consciousness among educators and 

students can directly translate into measurable environmental benefits. This insight points 

toward a new frontier in educational sustainability one that integrates digital ethics, energy 

awareness, and behavioral change into learning design (Sutton-Parker, 2022). 

The implications of this research extend across educational policy, institutional 

management, and technology design. For policymakers, the evidence underscores the urgency 

of integrating environmental impact assessments into digital education strategies (Sindhu et al., 

2025). Institutions must consider energy-efficient procurement policies, renewable-powered 

infrastructure, and sustainability reporting as integral components of hybrid education 

governance. The study also provides a foundation for developing carbon literacy programs for 

teachers and learners to promote responsible technology use (Turan et al., 2022). 

For technology developers and architects of smart classrooms, the findings present an 

opportunity to embed sustainability principles into system design. The integration of AI-based 

energy management tools, adaptive power scheduling, and green cloud services can mitigate 

digital carbon output. The educational sector thus emerges as a potential leader in the global 

movement toward low-carbon digital ecosystems (Škare et al., 2024). 

The observed patterns in energy consumption stem from both infrastructural and 

behavioral causes (Jahanger et al., 2023). Hybrid learning platforms in Indonesia rely heavily 

on centralized servers operating under non-renewable energy grids, which amplifies emission 

intensity. Additionally, institutional practices such as continuous server uptime and inefficient 

device usage further contribute to elevated carbon levels (C. Wang et al., 2023). The lack of 

clear sustainability policies and awareness campaigns exacerbates these challenges, reflecting 

an institutional gap between technological innovation and ecological responsibility. 

Behaviorally, users exhibit minimal understanding of energy-saving practices, often 

leaving devices on standby or using high-resolution streaming unnecessarily (Winter et al., 

2023). These micro-level inefficiencies, when aggregated across large educational populations, 

significantly inflate the system’s total energy demand (Gonzales et al., 2025). The study 

thereby affirms that sustainability challenges in hybrid learning arise from the interplay 

between infrastructural design and human behavior rather than from technology alone (Y. 

Wang et al., 2023). 
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The next step for educational institutions involves developing a Sustainable Digital 

Education Framework (SDEF) that integrates ecological principles into hybrid learning 

ecosystems. This framework should include mandatory energy audits, carbon monitoring 

dashboards, and institutional incentives for green technology adoption. Long-term policies 

must encourage partnerships between universities, government agencies, and renewable energy 

providers to decarbonize the digital backbone of education. 

Further research is recommended to conduct longitudinal analyses of digital energy 

consumption trends and the effectiveness of green interventions. Future studies may also 

explore the pedagogical potential of teaching sustainability through experiential learning in 

energy-aware classrooms. The future of hybrid learning depends not merely on digital 

inclusion but on the sector’s capacity to balance innovation with planetary stewardship 

ensuring that education’s digital transformation aligns with the global pursuit of environmental 

sustainability. 

 

CONCLUSION 

The study uncovered that hybrid learning systems, while often perceived as 

environmentally friendly, possess a hidden ecological cost through their digital energy 

dependency. The most critical finding revealed that data centers and classroom devices 

collectively contribute more than two-thirds of total emissions, amounting to an average 

institutional footprint of 2.61 metric tons of CO₂e per week. This pattern challenges the 

prevailing assumption that online or hybrid education inherently reduces carbon impact. The 

discovery of a strong correlation between user behavior and energy intensity specifically in 

relation to device standby time, server uptime, and multimedia usage distinguishes this 

research from prior studies that focus predominantly on physical campus emissions. The 

integration of both technological and behavioral perspectives provides a new understanding of 

how digital infrastructure, when unmanaged, can paradoxically undermine sustainability efforts 

in education. 

The study contributes a conceptual and methodological advancement by introducing a 

three-dimensional sustainability model for hybrid learning, integrating infrastructural 

efficiency, behavioral awareness, and institutional policy alignment. Conceptually, this 

framework expands the discourse on sustainable education from content-based ecological 

literacy to the operational sustainability of learning systems themselves. Methodologically, the 

research employed a mixed-method approach combining Life Cycle Assessment (LCA) for 

quantitative measurement and thematic analysis for behavioral interpretation, thereby bridging 

the gap between environmental engineering and educational management. This 

multidimensional method allows for precise carbon quantification while contextualizing it 

within human and institutional behavior an innovative step toward building measurable and 

actionable sustainability policies in higher education. 

The study’s primary limitation lies in its scope and temporal scale. Data collection was 

limited to five institutions over a 12-week period, which may not fully represent annual or 

regional variations in energy use. The study also focused primarily on higher education, 

leaving unexplored the dynamics of carbon consumption in secondary or vocational hybrid 

learning systems. Future research should expand to longitudinal, cross-institutional studies to 

evaluate long-term emission trends and the effectiveness of renewable energy interventions. 

Further inquiry into AI-driven energy optimization, behavioral gamification for energy 

awareness, and institutional sustainability certification frameworks could enhance both 

practical applications and theoretical refinement. The next phase of research should aim to 

transform these empirical findings into adaptive policies and digital ecosystems capable of 

supporting the dual mission of innovation and environmental responsibility in education. 
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