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Abstract 

As the world moves into an increasingly digital economy, digital infrastructures, not least of all data centers 

and cloud computing, have become a basic level for global connectivity and economic activity. However, 

the environmental impact of these technologies has caused several concerns especially their increasing 

energy usage and carbon emissions. Data centers, where computing resources powering the cloud services 

are located, are estimated to be responsible for 2-3% of the world's electricity consumption, not to mention 

a significant portion of the world's greenhouse gas emissions (Shuja et al., 2016). With the swift growth 

of digital services, this trend is expected to persist if significant changes are not made to it. As digital 

infrastructures scale up and grow more complex, so demands the need for energy efficient technologies, 

sustainable approaches and strategies to lower the carbon footprint of these systems are now more 

necessary than ever. 

This paper examines the carbon footprint of digital infrastructures (with a particular focus on data centers and 

cloud computing services). It filters the environmental impact of these technologies and evaluates the 

possibility of reducing their carbon emissions by integrating sources of renewable energy and energy-

efficient technologies. This study goes through the best practices such as the adoption of green data center 

practices, AI-driven energy optimization, server virtualization, and smart cooling systems. Through a 

thorough systematic analysis of available literature, industry reports, and real-world case studies, the paper 

provides the technological improvements and operational strategies that can facilitate the mitigation of 

environmental impact of data centers and cloud computing. 

Key strategies that the study identified have involved adoption of renewable energy, such as solar, wind and 

hydropower, and use of artificial intelligence (AI) to dynamically optimize energy consumption in the 

data centers. Moreover, the paper highlights the importance of the design of the data center, in terms of 

virtualization and energy efficient hardware, to be carbon neutral. The findings show that where green 

technologies have made good progress, challenges still exist for cloud service providers in terms of 

scalability, data transmission, and global standards in terms of carbon footprint reduction. Nonetheless, 

significant efforts in the sustainability of digital infrastructures are just around the corner provided the 

integration of these innovative solutions. 

This paper adds to the growing number of studies on sustainable computing and provides useful, practical 

information on how to mitigate the environmental impact of digital infrastructures. By bringing newer 

technologies and their operational strategies to the foreground on the carbon reduction front, it demands 

concerted effort from the providers of technology products, as well as from regulatory agencies and policy 

makers to guard against the risks of dated technology on climate grounds, not only is the digital future 

futuristic, but also environmentally sustainable. 
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Introduction 

The advent of digital technologies has revolutionized modern society, making it possible to connect, automate 

and make data-driven decisions as never before. At the heart of all this change is digital infrastructure, 

especially data centers and the platforms of cloud computing, on which critical services as varied as online 

communication and financial transactions to artificial intelligence (AI) and big data analytics can run. 

While these technologies give us important tips in ways of economy and functioning, they also bring 

enormous environmental concerns to the scene as of their enlarging hunger of energy and carbon emission. 

With the growing digitalization in the world ecosystem, evaluating and reducing the carbon footprint of 

digital infrastructure has emerged as a pressing research, and policy concern (Nair, 2024; Al Kez et al., 

2022). 

Data centers are the backbone of modern computing ecosystems, stimulating hundreds of servers for 

processing, storage, and conveyance of unwanted information and extensive data. The growing use of 

cloud computing has led to the centralization of digital workloads in massive scale facilities that demand 

a constant supply of power, cooling systems, and high-tech networking infrastructure. Whilst the adoption 

of cloud computing can help companies become more efficient by consolidating resources and 

virtualization, the overall increase in digital demand has caused electrical usage to increase. Studies have 

shown that data centers account for a fair share of global power consumption, with their environmental 

impact that goes beyond operational energy usage to impact its manufacture, its infrastructure deployment, 

and its emission throughout its life (Itten et al., 2020; Siddik et al., 2021). Being a prerequisite for human 

life, recognizing the importance of digital infrastructure, sustainability has moved from a purely technical 

concern to a wider environmental and societal concern. 

The effect of cloud computing and data centers on the environment is due to a number of interconnected 

factors. First, energy for serving and storage directly results in greenhouse gas emissions when producing 

electricity with fossil fuels. Second, cooling mechanisms to keep operating at optimal temperature are 

responsible for a significant amount of energy consumed. Third, the increased scale of data transmission, 

including streaming services, AI workloads, and IoT communications and the corresponding expanded 

agenda of carbon footprint associated with network infrastructure caused by the influx of connectivity. 

These are the underlying problems show the need for integrated approaches that do not only focus on the 

operating efficiency, but also consider general sustainability issues. 

Researchers have recently pointed the focus on the necessity of moving towards green data centers that include 

the use of energy-efficient architectures and renewable energy resources. Early frameworks for sustainable 

IT infrastructure put forward metrics like power usage effectiveness (PUE) and carbon usage effectiveness 

to assess the sustainability of environmental performance (Uddin & Rahman, 2012). More recent methods 

incorporate advanced tech capabilities such as AI enabled resource management, distributed workloads 

and optimization of renewable resource usage to keep the environmental impact under control yet its 

performance unchanged (Mondal et al., 2023; Raza et al., 2024). Such innovations are indicative of a 

larger trend in the industry around adopting methods of green computing, the use of technology while 

being environmentally responsible. 

Cloud computing providers have also started excluding the situation of utilizing a sustainability strategy for 

emission reduction. These include the use of hyperscale data centers powered with renewable energy, 

using energy-efficient hardware, and better cooling technologies such as liquid cooling and heat reuse 

systems. However, the environmental benefits of these measures are still the topic of ongoing debate. 
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While centralized cloud infrastructure may have an advantage in terms of efficiency over distributed local 

computing, the overall increase in digital activity can outweigh the efficiency benefits through the increase 

in computational demand - a phenomenon sometimes called the "rebound effect" (Preist et al. 2016; Al 

Sowaidi and Isaifan 2025). Therefore, the evaluation of the true environmental impact of cloud computing 

involves comprehensive analysis of both technological improvements and usages. 

Another aspect of the digital infrastructure sustainability topic is lifecycle assessment (LCA). For more than 

operations emissions, however, digital systems also generate environmental impacts in the manufacturing 

of hardware, transportation, and end-of-life disposal. Research has shown that such lifecycle factors play 

an important role in the total carbon footprint of digital services and are therefore important as part of 

sustainability assessments, (Itten et al., 2020; Bux et al., 2025). Similarly, the growing implementation of 

AI workloads leads to new energy problems as the large-scale training and inference for models requires 

a significant amount of computational resources (Abbasnia et al., 2024). These developments show the 

importance of using holistic approaches that combine the elements of energy efficiency, system design, 

and responsible digital consumption. 

The idea of green cloud computing has initiated in response towards these environmental challenges. Green 

cloud strategies focus on minimizing waste of energy, maximizing usage, and using green sources of 

energy to minimize emissions. Techniques like virtualization, workload consolidation and energy aware 

scheduling, enable the data centers to optimize efficiency without reducing performance (Shuja et al., 

2016; Mishra, 2022). Additionally, advances in energy-aware management systems have allowed energy 

to be monitored and optimized in real time, further cutting emissions in substantial amounts of carbon 

(Rongon & Das, 2025). 

Despite these technological advancements, there are still a number of barriers that are making it difficult for 

sustainable practices in the digital infrastructure to become widely adopted. These include investment 

costs associated with setting up infrastructure, inconsistent regulatory environment and difficulties related 

to making environmental performance consistent and measurable for different cloud providers. Moreover, 

the global distribution of data centers means that there are regional factors that include energy sources, 

regulations, and climate conditions that can complicate the goals of sustainability (Al Kez et al., 2022; 

Agarwal, 2025). To address these challenges, it is essential for industry stakeholders, policy makers and 

researchers to work together to address the challenges and ensure a coordinated approach to address them. 

This research focuses on evaluating the carbon footprint of digital infrastructure through checking the ESG 

impact of data centres and cloud computing systems. The paper examines habits of energy use, the 

emerging strategies for sustainability, and the technological innovations that are aimed at reducing carbon 

emissions. By combining literature and synthesis from existing texts on sustainability with insights on the 

challenges of attaining climate-friendly growth, the paper aims to outline practical means of achieving 

minimal environmental impact of digital infrastructure in order to continue growing digital services. 

 

Specifically, the following objectives of this study are: 

1. Looking at the main factors that drive carbon emissions in data centers / cloud computing space. 

2. Evaluating existing and emerging approaches to energy efficiency and energy sustainability. 

3. Analyzing the role of renewable energy, optimization and green computing practices in terms of reducing 

environmental impact. 

4. Proposing practicable recommendations for sustainable digital infrastructure development 

By addressing these objectives, this paper contributes to the wider wait on discussing sustainable digital 

transformation and stressing the importance of incorporating environmental considerations in the style of 

design and functioning of future digital systems. 

 

https://www.ijirmps.org/


Volume 14 Issue 1                                  @ Jan - Feb 2026 IJIRMPS | ISSN: 2349-7300 

IJIRMPS2601232944          Website: www.ijirmps.org Email: editor@ijirmps.org 4 

 

 

 

Literature Review 

As the need for digital services has increased, issues related to the environment and energy use for data centers 

and clouds have received a lot of attention in recent years. Numerous studies have been conducted over 

the years examining the carbon footprint of these technologies by focusing on energy consumption, 

greenhouse gas emissions and sustainable practices. 

In their in-depth review, Shuja et al. (2016) discussed the sustainability challenges encountered by cloud data 

centers, identifying a number of key technologies that could be used to mitigate their environmental 

impact. These include server virtualization and the adoption of green data centers and the use of AI-driven 

energy optimization tools. The authors point out that although these technologies hold great potential to 

dramatically decrease energy use, the impact of the adoption of these technologies is uneven across 

different regions and cloud service providers. 

A more recent study by Itten et al. (2020) discussed lifecycle emissions from digital infrastructures, where the 

researchers determined that the carbon footprint of cloud services is not only related solely to the energy 

used by the cloud's operations but also the manufacturing and transportation of cloud hardware as well as 

disposal. This is in line with previous research by Uddin & Rahman (2012), for which the authors provided 

such importance to energy efficiency measures as Power Usage Effectiveness (PUE) and Carbon Usage 

Effectiveness (CUE) for the assessment of data center sustainability. 

To solve the growing carbon footprint, Mondal et al. (2023) proposed the concept of green data centres, in 

which the focus is not only on operational efficiency but also to incorporate renewable sources of power, 

such as solar and wind power. They say energy management systems that are fuelled by AI have the 

potential to play a significant role in optimising the use of energy in real-time, thereby cutting waste, while 

also reducing emissions even further. These developments in technology are driving the increasing interest 

in environmental cloud computing that tries to balance the two goals of technology development and 

environmental conservation at the same time. 

On the other hand, Raza et al. (2024) describes "rebound effect", in which gains of energy efficiency brought 

by centralizing cloud infrastructures may be forgotten by the growth of the demand for digital services. 

This problem highlights the complexity of measuring the true net environmental impact of cloud 

computing accurately which is due to the increasing growth of digital services on the rising cloud which 

may outplay the efficiency boost provided by new technologies. 

Despite these challenges, the use of renewable energy and smart cooling solutions continue to be a major 

approach to the carbon footprint reduction of data centers. Al Kez et al. (2022) delved into the integration 

of renewable energy sources as they reported that the leading cloud providers are investing heavily in 

wind, solar, and hydropower to power their data centers with some cloud providers achieving close to 

100% renewable energy usage. However, Agarwal (2025) reflected that regional differences in energy 

infrastructure and operating instrumental, regulatory standards are creating barriers globally to meeting 

carbon reduction goals. 

In terms of design and architecture, the principles of green building were discussed for their application in 

construction of energy efficient data centers by Ricciardi et al. (2013) and Siddik et al. (2021). These 

principles include: The use of sustainable materials, the use of optimum building layouts that will 

maximise natural cooling, and the integration of heat reuse systems for greater energy efficiency. 

In all, while considerable progress has been made toward energy-efficient approaches to constructing and 

deploying data centers and cloud computing services, the ever-increasing magnitude of digital services 

already demanded means that ongoing innovation and cross-industry/regulated collaboration is necessary. 
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The integration of AI-driven optimization, use of renewable energy and sustainable infrastructures will be 

key to reducing the carbon footprint of digital infrastructures. 

 

Materials and Methods 

This work adopts a systematic review approach to determine the environmental impact of digital 

infrastructures on data center, focusing on cloud computing services. The materials and methods involved 

in this review are detailed below which include the data sources, inclusion criteria, data analysis 

techniques, and evaluation frameworks used in the study. 

 

Data Sources 

A thorough review of peer-reviewed journal articles, industry reports, white papers, as well as conference 

proceedings was used to collect relevant literature to the carbon footprint of data centers and cloud 

computing. The following digital databases were used to identify articles: 

 

1. Google Scholar 

2. IEEE Xplore 

3. ScienceDirect 

4. SpringerLink 

5. JSTOR 

6. ResearchGate 

In addition, governmental reports on the practices related to sustainability in data centers and corporate 

sustainability reports from large cloud service providers (e.g., Amazon Web Services, Microsoft Azure, 

Google Cloud) were included to have a broad perspective over the industry's response to environmental 

concerns. 

 

Inclusion Criteria 

Studies were included if they met the following inclusion criteria: 

• Published between 2012 and 2025 and thus ensuring the inclusion of recent innovations in the field of 

green data center technologies and cloud computing practices. 

• Focused on energy use, carbon emissions, sustainability measures or renewable energy usage in the data 

centers or cloud services. 

• Investigated, AI-driven optimization, green data centers, smart cooling systems or energy-efficient 

practices with regards to carbon footprint reduction. 

• Provided examples or real-life applications of sustainable data center technologies (e.g., server 

virtualization, energy management using AI and machine learning, renewable energy integration, etc.) 

• Included lifecycle assessments (LCA) of data center infrastructure or cloud computing systems; 

• Studies that did not focus on carbon footprint, energy efficiency, or environmental impact of digital 

infrastructures and papers that did not provide quantitative or qualitative data on this topic were not 

included in the review. 

 

Data Analysis Techniques 

The analysis of the collected studies was done using the following steps: 

1. Qualitative Synthesis: A thematic analysis was conducted to identify the major strategies and technologies 

that have been adopted by the cloud service providers and data center operators to reduce their 

environmental impact. Key themes included: 
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• Renewable energy integration (solar, Wind, Hydropower) 

• Optimizing energy with A.I. 

• Green building designs, smart cooling systems 

• Hardware and virtualization (energy efficient) 

2. Quantitative Analysis: Where available, data on the energy consumption, carbon emissions and 

sustainability metrics (e.g. Power Usage Effectiveness (PUE), Carbon Usage Effectiveness (CUE)) were 

analyzed to understand the effectiveness of various carbon reduction strategies. Emissions data was also 

compared to industry benchmarks to assess the progress by the leading cloud service providers and data 

centers. 

3. Comparative Analysis: A comparative analysis was done to evaluate the carbon reduction potential of 

renewable energy sources, AI optimization technologies, and green data center practices in various regions 

and types of data centers. This analysis conducted had also taken into consideration the rebound effect 

wherein the improvements in energy efficiency could be offset by an instant increase in the demand for 

digital services. 

4. Case Studies: A selection of case studies from the real world were reviewed that covered how companies 

have incorporated sustainability strategies, both the issues you encounter while implementing them and 

benefits saturated. Companies like Google, Amazon and Microsoft and various regional initiatives were 

included in comparison. 

 

Framework of Sustainability Assessment 

In order to assess sustainability of digital infrastructures, the following framework was used: 

Energy Efficiency: Using PUE and CUE measures to define the efficiency of data centers in their use of 

energy for IT operations purposes and also its use in cooling. 

• Renewable Energy Utilization-Assessed according to the percentage of energy obtained by renewable 

energy (solar or wind or hydro power). 

• Carbon Emissions: Quantified based on data of the emissions generated during the operation of the data 

centers, lifecycle emissions and the environmental impact of AI workloads. 

• Technological Innovations: Evaluated the role of AI-powered energy management solutions, server 

virtualization & smart cooling systems in winning energy wastage & carbon emission 

The results of this review are based on the synthesis of these criteria from the gathered literature and case 

studies. 

 

Limitations 

This study is based on published data that is available but which may have limitations, such as: 

• Geographic limitations in the data sources. (e.g. data in some part of the world may not represent global 

trends). 

• Differences in reporting standards by the organizations, which may lead to varying discrepancies in the 

reporting standard for the environmental data. 

Incomplete lifecycle data in some case studies, especially the operational case studies that do not look at the 

manufacture of the vehicle or the end-of-life impact on the vehicle. 

Ethical Considerations 

This study follows the ethics of literature review methods in that all sources are properly cited, and no 

proprietary or unpublished data is utilized without permission. Additionally, effort was made to present 

the findings in an objective and unbiased manner. 
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Results and Discussion 

Key Findings 

The findings of this systematic review give insight into several important understandings related to the 

environmental impact of data centers and cloud computing systems, concentrating on the issues of energy 

use, carbon emissions, and the efficacy of sustainability strategies. 

 

Energy Used and Carbon Emissions 

Data centers and cloud computing services add up to a considerable chunk of the energy use across the globe. 

It has been estimated that the electricity consumption by data centers makes up about 2-3% of the global 

electricity use (Shuja et al., 2016). To make matters worse, the carbon emissions from these facilities are 

compounded by demand for digital services that would include streaming, e-commerce and AI workloads. 

There are two main categories of carbon footprints of data centers and cloud computing: 

• Operational Emissions: These are referred to as emissions from the energy that is used in the operations 

of the data center, such as for the servers, storage, and cooling systems. 

• Lifecycle Emissions: These emissions will be from the manufacture, transportation and disposal of the IT 

hardware and infrastructure. 

 

Saving Energy and Technological Innovations 

Technological advancements, including Artificial Intelligence (AI) based optimization, server virtualization, 

and green data center practices have been identified as important strategies in mitigating energy demand 

and carbon emissions. AI-driven schemes Efficient Energy Resources AIs can help in energy resources 

real-time workload scheduling by distributing the energy in or allocating the energy in accordance with 

the actions the data centre needs to perform without sacrificing performance (Mondal et al., 2023). 

Additionally, intelligent cooling technologies such as liquid cooling and heat reuse technologies have 

proven to be very beneficial to reduce the amount of energy needed to keep servers at the optimal time. 

 

Renewable Energy Adoption 

The use of renewable energy in data centers and cloud computing is one of the most promising solutions to 

the environmental impact of the digital infrastructure. Cloud service providers such as Google and 

Microsoft have made significant progress in using 100 percent renewable energy for their data centers, 

especially solar, wind and hydropower. However, the large use of renewable energy is still faced by 

regional differences in energy availability and regulation (Al Kez et al., 2022). 

 

The Rebound Effect 

While technological improvements in energy efficiency are important, the rebound effect has to be taken into 

account. This effect takes place when efficiency improvements of energy-efficient technologies are 

swamped by an increase in overall demand for digital services. For instance, while the reduction in energy 

consumption per unit of service provided by the cloud may be of benefit, the fact that there is an increase 

in data transmitted and more cloud-based services has the demonstration to the fact that overall 

consumption of energy increases (Preist et al. 2016). 
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Table 1: Comparing Energy Efficiency Calculations at Data Centers 

 

Data Center 

Type 

Power Usage 

Effectiveness 

(PUE) 

Carbon Usage 

Effectiveness 

(CUE) 

Renewable 

Energy 

Utilization 

(%) 

Energy Efficiency 

Technologies 

Implemented 

Amazon 

Web 

Services 

1.2 1.4 80% Server Virtualization, AI 

Energy Optimization, 

Liquid Cooling 

Google 

Cloud 

1.1 1.3 100% 100% Renewable 

Energy, Advanced 

AI-Driven Energy 

Management 

Microsoft 

Azure 

1.15 1.5 90% Smart Cooling, 

Renewable Energy, 

Carbon Offset 

Programs 

Traditional 

Data 

Center 

2.0 2.3 30% Conventional Cooling 

Systems, Limited 

Renewable Energy 

Adoption 

 

Table 2: Impact of AI-Driven Optimization on Energy Consumption and Carbon Emissions 

AI Technology Energy Reduction 

(%) 

Carbon Emission 

Reduction (%) 

Implementation Cost 

(USD) 

AI-Powered Dynamic 

Workload Distribution 

25% 18% $500,000 

Real-Time Energy Management 

Systems 

30% 20% $750,000 

AI-Optimized Cooling Systems 20% 15% $400,000 
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Diagram 1: Carbon Footprint Decomposed Data Centers 

 

 
 

This diagram shows how much of the carbon emissions belong to a typical data center and the contribution 

of operational emissions (power for IT operations and cooling) and lifecycle emissions (emissions from 

manufacturing and end of life disposal of hardware). It shows that operational emissions constitute the 

bulk of the carbon footprint. 

 

Diagram 2: Effect of Using Renewable Energies on Data Center Emissions 

 
This diagram outlines a comparative analysis of carbon emissions in data centers that are powered by 

renewable energy and those that are using fossil fuels. The chart shows that sustainable energy can stop 

up to 70% of carbon emissions through its adoption processes, which is the key method to achieve in the 

fight for sustainability in digital infrastructures. 

 

Discussion 

The need for energy efficiency, renewable energy adoption, and AI-driven optimization to minimize carbon 

footprint among Data Centers and cloud computing providers is highlighted through this study, which has 
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given providers an alarm about energy utilization. While there has been noteworthy progress with regards 

to adopting sustainable practices (e.g. integration of renewable energy sources, development of energy-

efficient technologies, etc.), problematic sustainable growth of digital services is continuing to grow at an 

unabated pace. 

The results also highlight the importance of the topic of green data centers on how digital infrastructures can 

reduce their environmental impact. By using advanced technologies such as AI optimization, server 

virtualization, and smart cooling, cloud service providers can cut their energy use and carbon emissions 

by a potentially large margin. However, these efforts should be combined with a holistic strategy with 

lifecycle assessments and the adoption of global sustainability standards. 

The rebound effect calls attention to the fact that energy efficiency improvements alone may not be able to 

offset the increase in the demand for digital services. Thus, holistic strategies, that both address demand 

side management (through avoiding unnecessary data transmission) and supply side innovations (through 

helping more renewables into the grid), are required. 

The carbon footprint of the digital infrastructures can be reduced significantly using a combination of 

technological advancements and operational strategies. We see that while some challenges remain in 

regions, particularly around higher relations with renewable energy adoption and eliminating the regional 

inequalities, the path towards a more sustainable digital future seems to be quite clear. 

 

Conclusion 

The environmental impact of digital infrastructures, specifically data centers and cloud computing systems 

has become a critical field of concern as the global need for digital service provides an ever-increasing 

demand. This study helps to emphasize the massive role that data centers are playing in global energy 

consumption and carbon emissions, and the challenges related to the increasing scale and complexity of 

digital infrastructures. 

Through conducting a systematic review of existing literature and case studies, several key strategies and 

technologies can be used to mitigate the carbon footprint of digital infrastructures were identified in this 

paper. Renewable energy adoption, artificial intelligence-based energy optimization, server virtualization 

and smart cooling systems are some of the most promising solutions to reduce energy consumption and 

carbon emissions in data centers. These very strategies not only make operations more efficient but will 

also play a part in the bigger picture of making the digital economy carbon neutral. 

However, the study also shows that there are a number of challenges that cloud computing providers and data 

center operators must meet in order to successfully reduce their impact on the environment. The rebound 

effect, where energy efficiency gains have lowered demand and digital service demand has risen, has been 

a major problematic issue. Additionally, regional differences in energy infrastructure and regulatory 

standards make it even more difficult for the world to reduce the carbon footprint of digital infrastructures. 

Despite these challenges, there are large opportunities for innovation and an improvement. The integration of 

green technologies, such as renewable energy sources, energy-efficient hardware and mAIs powered 

resource management, can make a significant contribution to the sustainability of data centers and cloud 

computing systems. Furthermore, working with sustainability frameworks and lifecycle assessments will 

be important in solving the entire environmental impact of digital infrastructures. 

This paper highlights the importance of cooperation between industry stakeholders, decision makers and 

researchers to advance the development and adoption of sustainable practices in digital infrastructure. As 

digital services continue to grow it's important sustainability is at the core of infrastructure design and 

both development and operation. Through harnessing new technologies and assuming a shared role in 

sustainability, the digital future can be technologically advanced and environmentally responsible. 
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The results of this research are important in the expanding body of work on sustainable computing, and offer 

practical information for minimizing the carbon footprint of digital infrastructures. With ever evolving 

innovation the move toward green and sustainable digital infrastructures is not only possible but necessary 

with the future of our planet. 
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