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Abstract

The rapid surge in data-intensive operations across multiple sectors has fuelled the growth of large,
complex data centers that house a vast number of servers and consume energy comparable to that of a
small municipality. These server farms demand massive computational resources, leading to formidable
challenges such as elevated energy usage, heightened greenhouse gas emissions, and growing concerns
around backup and recovery processes. In response, this paper presents an integrated framework aimed at
achieving energy efficiency and minimizing carbon footprints in modern data centers. The framework
capitalizes on cutting-edge green IT practices—such as virtualization, cloud-based resource pooling, and
established environmental metrics—to systematically reduce power consumption and mitigate adverse
ecological effects. Divided into clear phases, it addresses every major component of data center
infrastructure, assesses performance through metrics including Power Usage Effectiveness (PUE), Data
Center Efficiency (DCE), and Carbon Emission Calculators, and sets benchmark standards for resource
pools. By aligning design, operations, and monitoring under a cohesive, metrics-driven strategy, the
proposed model facilitates the development of more sustainable data centers and lays down actionable
best practices to limit environmental impact.

Keywords: Energy Efficient Data Centers, Green IT Framework, Carbon Usage Effectiveness (CUE)

INTRODUCTION

Data centers are the backbone of our modern digital economy, powering everything from social media and
e-commerce platforms to enterprise resource planning (ERP) systems and streaming services. The latest
generation of data centers must now also accommodate the computationally intensive requirements of
artificial intelligence (Al) workloads, which include tasks such as deep learning model training, real-time
inference, and natural language processing. These Al workloads have very high performance demands and
can consume large amounts of energy, raising concerns about both operational costs and environmental
impact [1].

Conventional data centers already face substantial power consumption, with servers and cooling systems
accounting for the bulk of operational costs. As Al workloads proliferate, the need for efficient and
sustainable data center infrastructure intensifies. Green data centers have emerged as a strategic response—
facilities designed to minimize their carbon footprint and optimize energy usage while still meeting
computational demands. This shift involves a broad range of practices and technologies, including the use
of renewable energy, advanced cooling systems, hardware optimization, and intelligent workload
management [2].
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This review provides a technical examination of how green data centers can support Al workloads without
compromising performance. It begins by looking at trends in Al and data center power consumption,
followed by an exploration of design strategies, hardware innovations, and
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Fig. 1. Phases of proposed green IT framework.

software approaches that lead to lower energy usage. We also discuss the role of emerging techniques such

as liquid cooling, power-aware scheduling, and GPU-accelerated computation. Finally, the paper highlights

ongoing challenges—such as balancing cost and sustainability, managing rising data volumes, and

coordinating with regulatory frameworks—and suggests pathways for future innovation.

There are two overarching and complementary strategies for creating a more eco-friendly (or “green”) data

center. The first focuses on embedding sustainable features into the data center’s physical design and

construction, while the second seeks to incorporate environmentally responsible practices into daily

operations and maintenance. A number of research initiatives have explored the second approach—

managing data centers in a “green” manner—by implementing measures such as lowering facility operating

temperatures, maximizing server utilization, and curbing the energy demands of computing resources [3-

4].

A central question within this area is how to define objective criteria for gauging a data center’s overall

environmental impact. To that end, “green” performance metrics provide standards for both qualitative and

quantitative assessments of how running a data center affects the environment. Although the term “green

computing” is frequently used in marketing contexts without precise technical definitions, developing

robust green data center metrics lends clear structure and concrete benchmarks. These include [5]:

e Measuring and conveying a data center’s degree of “greenness,” for example by calculating its energy
efficiency or greenhouse gas output over a given period,

o Evaluating and comparing different data center products and architectures,

e Monitoring “green” performance over time to enhance a data center’s sustainability profile, and

« Providing guidelines for engineers, manufacturers, and service providers to innovate and refine future
green data center technologies.
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BACKGROUND

Widespread use of information technology (IT) has transformed businesses and society, delivering
significant benefits and convenience while seamlessly integrating into every aspect of daily operations.
However, the explosive growth of IT has also contributed to a range of environmental problems that often
go unnoticed, even among IT professionals. At every stage—production, deployment, and eventual
disposal—computing devices consume raw materials, electricity, and water, generating hazardous
byproducts. Data centers and servers now account for a growing share of overall global electricity usage,
with much of this energy coming from the burning of coal, oil, or gas. This consumption leads directly to
increased greenhouse gas emissions and intensifies concerns about climate change. Furthermore, obsolete
electronics, which contain toxic substances, frequently end up in landfills after only a few years of service,
posing ongoing risks to soil and water quality. Against this backdrop, it has become increasingly urgent to
adopt more sustainable approaches that make IT both resource-efficient and environmentally responsible[6-
7].

A. Environmental impact of IT

The immense use of IT has exploded in all areas of business activities offering great benefits and
convenience and irreversibly transforming businesses and societies into global world. But at the same time
IT has been contributing tremendously towards the environmental problems. Unfortunately, most people
including many IT professionals do not realize this. IT affects our environment in several different ways.
Each stage of a computer’s life from production, use to disposal presents environmental challenges.
Manufacturing computers and their various electronic and non electronic components consumes electricity,
raw materials, chemicals, and water, and generates hazardous waste. All these factors contribute towards
environment problems. Globally,the total electrical energy consumption by data centers, servers, and
computers is steadily increasing. The increase in energy consumption results in increased greenhouse gas
emissions as most of the electricity is generated by burning coal, oil, or gas. Countless old computers and
other electronic hardware, which contain toxic materials are discarded within a couple of years after
purchase, end up in landfills, polluting the earth and contaminating water. The increased number of
computers in use and their frequent replacements make the environmental impact of IT a major concern.
Consequently, there’s increasing pressure on us to make IT environmentally friendly [8].

Green IT encompasses a broad spectrum of practices aimed at managing power consumption, designing
data centers with energy efficiency in mind, and promoting responsible sourcing and end-of-life disposal
of hardware. It also involves developing metrics and labeling systems that gauge the carbon impact of IT
systems, along with embedding environmental objectives into business policies and workflows. Many IT
vendors are responding to mounting public and regulatory pressure by offering products and services
aligned with these sustainability goals, including streamlined data center operations, virtualization
strategies, and automated energy-saving modes. In essence, Green IT calls for a lifecycle approach—one
that addresses hardware manufacturing, use, and disposal—with the overarching aim of curbing carbon
emissions while reducing the industry’s broader ecological footprint. By doing so, organizations can not
only lower costs and comply with evolving environmental regulations, but also play a key role in mitigating
climate change [11].

Secondly, Green IT helps businesses address their broader environmental impact by leveraging technology
to reduce the carbon footprint of everyday operations. Several driving forces encourage organizations to
adopt eco-friendly IT practices, including lowering energy costs, cultivating a positive public image
through environmental responsibility, and complying with evolving regulations. When carefully planned
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and implemented, green policies and frameworks not only make organizations more sustainable but also

offer tangible benefits[9-10]:

¢ Reduced Energy Costs: By optimizing the use of power-hungry devices and improving load distribution,

organizations can significantly lower their electricity bills.

e Extended Equipment Life: Intelligent planning and timely hardware upgrades help data centers make

the most of existing infrastructure, prolonging the service life of servers and associated equipment.

e Lower Maintenance Overheads: Streamlined IT resources translate into fewer maintenance tasks and

reduced support expenses.

e Environmentally Friendly Hardware: Sourcing devices that use less energy and contain fewer toxic

materials helps reduce waste and mitigate pollution when it comes time to retire outdated hardware.

e Reduced Carbon Emissions: Cutting back on electricity consumption directly lowers the organization’s

carbon footprint, contributing to fewer global warming effects.

e Improved Air Quality: Decreasing pollution from fossil fuels lessens risks posed by smog and acid rain,

benefiting employees, communities, and ecosystems.

¢ Alleviated Strain on Power Grids: Scaling back overall electricity demand helps stabilize local energy
infrastructures.

¢ Tax Incentives and Credits: Many governmental bodies, utilities, and insurers encourage green initiatives

by offering favorable rates and financial breaks.

e Regulatory Readiness: By prioritizing sustainable methods and technologies now, organizations can be

well-positioned to meet future mandates and certification requirements.

B. Green Data Centers

A green data center takes this concept a step further, moving beyond theoretical ideas to concrete designs

that allow dense, energy-efficient computing. Whether built from the ground up or retrofitted into an

existing facility, a green data center weaves sustainability into its mechanical, electrical, and computing

systems [12]:

e Strategic Software Management: Storage and capacity demands are minimized by controlling data
growth, leveraging modern file systems, and enhancing compression or de-duplication efforts.

e Agile Service-Level Agreements (SLAS): Energy usage targets and performance goals are managed
together, ensuring that environmental considerations remain part of day-to-day operational strategy.

e Efficient Computing Infrastructure: Equipment is calibrated to balance high utilization levels with
minimal power draw, often by employing virtualization or containerization to merge multiple
workloads onto fewer physical servers.

e Optimized Physical Environment: Cooling, lighting, and building materials are chosen to reduce energy
consumption while maintaining reliable hardware performance.

Green data centers are an ideal starting point for organizations looking to improve corporate social

responsibility and environmental stewardship. They enable lower temperatures and energy costs, maximize

hardware and software resource use, reduce carbon emissions, and enhance both business continuity and

environmental compliance [13-14].

DESIGNING GREEN DATA CENTERS FOR Al
The rise of the green movement has been a long time; perhaps the oil shortage and record gas prices
mainstreamed the challenge for all business enterprises and government agencies. Regardless of how we
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finally reached this point in time, there is little argument that we are here. The environment and sustainable

energy have become a hot topic of conversation everywhere from kitchen tables to political arenas [15].

A. Site Selection and Renewable Energy Integration

One of the earliest decisions in data center construction is site selection. Locating facilities in regions with

cooler climates can reduce cooling costs, as the ambient temperature naturally lowers the energy needed

for heat dissipation. Additionally, proximity to renewable energy sources—such as wind farms,
hydroelectric dams, or solar arrays—can help data centers minimize their carbon footprint. Many green
data centers negotiate power purchase agreements (PPASs) that secure a continuous supply of renewable
energy, ensuring that Al operations, which can be quite power-intensive, remain as low-carbon as possible.

Examples of site-level sustainability initiatives [16-18]:

e Building data centers near hydroelectric power plants to leverage reliable, clean energy.

e Using reclaimed industrial sites that offer existing infrastructure and adequate ventilation.

e Installing solar panels onsite to supplement grid electricity, particularly in sunny regions.

B. Cooling Strategies

Heat management is crucial in any data center, and it becomes especially vital when hosting power-hungry

Al clusters. Traditional approaches rely on cooling methods like computer room air conditioning (CRAC)

units and raised floors to manage airflow. These systems can be energy-intensive, driving up the facility’s

Power Usage Effectiveness (PUE), a commonly used metric that expresses total power consumption

relative to power used by IT equipment [19].

To address this challenge, advanced cooling approaches have been developed:

e Liquid Cooling: Instead of using air as the main coolant, liquid-based systems (e.g., water or dielectric
fluids) can more effectively remove heat from GPU clusters. Direct-to-chip liquid cooling solutions
deliver coolant directly to processors, improving heat transfer and reducing fan usage.

e Evaporative Cooling: By evaporating water, these systems lower the air temperature in a data center
with less energy than traditional chilled-water air conditioning.

e Immersion Cooling: Servers or entire racks are submerged in non-conductive cooling fluids that absorb
heat directly. This approach can significantly reduce both the energy needed for cooling and hardware
failure rates [20].

C. Hardware Optimization for Al

Hardware choices significantly influence the energy efficiency of Al workloads. Modern Al infrastructure

typically involves a combination of:

e Graphics Processing Units (GPUs): GPUs excel at parallel computations and matrix operations
required by many deep learning algorithms. Leading GPU vendors incorporate features like dynamic
voltage and frequency scaling (DVFS) to reduce power usage during idle or lower-load periods.

e Application-Specific Integrated Circuits (ASICs): ASICs such as Google’s Tensor Processing Units
offer highly specialized pipelines for matrix multiplication, making them efficient for certain types of
neural network operations.

e Field-Programmable Gate Arrays (FPGAS): FPGAs can be reprogrammed to accommodate various
workloads. They are often more energy-efficient than general-purpose CPUs but less specialized than
ASICs.

By matching hardware to specific Al tasks, data centers can eliminate unnecessary overhead and reduce

power consumption. Many organizations are also adopting mixed-precision training, where computations

use lower-precision floating-point formats (e.g., FP16, BF16) to decrease memory bandwidth and energy
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usage without significantly harming model accuracy [21-23].

D. Intelligent Workload Management

Implementing sophisticated workload scheduling and orchestration is equally important. Al jobs often

require massive parallelization and can be scheduled in ways that minimize energy peaks. Approaches

include:

e Load Forecasting and Scheduling: Predicting resource demands for upcoming Al tasks (e.g., training
cycles, inference bursts) and distributing them among servers with

e available headroom [40].

e Auto-Scaling: Dynamically adding or removing compute nodes based on real-time demand, ensuring
that idle resources are powered down whenever possible.

e Thermal-Aware Placement: Assigning compute-intensive tasks to physical racks or zones that have
cooler ambient conditions or more efficient cooling systems [41].

Techniques such as these helps balance performance requirements with energy constraints, ensuring that

resources are used optimally rather than operating under maximum power indefinitely [24-25].
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Fig. 2. Overview of NextGeneration Green Data Center.

PROPOSED GREEN IT FRAMEWORK

A proposed energy efficiency and low carbon enabler green IT framework is designed to address both the
technological and organizational aspects of reducing a data center’s environmental footprint. At a high
level, it begins by assessing current infrastructure, including server hardware, cooling systems, and power
distribution methods, to pinpoint key sources of inefficiency [37-39]. The framework then applies a phased
approach for implementing eco-friendly practices—starting with straightforward optimizations like
consolidating underutilized servers or using more effective cooling methods, and progressing toward
advanced measures such as wide-scale virtualization and cloud adoption. Through detailed resource
pooling, workload balancing, and real-time performance monitoring, the framework seeks not only to
decrease electricity usage but also to minimize greenhouse gas emissions [26]. Metrics, such as Power
Usage Effectiveness (PUE) and carbon dioxide output, are integrated into every phase to measure progress
and refine strategy. Automated controls and software-based orchestration help ensure that computing tasks
are assigned to the most energy-efficient resources, and renewable energy sources are leveraged where
feasible to further reduce carbon intensity. Finally, a continuous improvement cycle ensures that new
technologies—such as liquid immersion cooling or next-generation solid-state drives—can be periodically
evaluated and incorporated. By merging technical best practices with managerial insight, this green IT
framework provides a roadmap for transforming large-scale server farms into more sustainable, low-carbon
data centers [27-28].
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Data center
infrastructure

e Infrastructure equipment includes chillers, power supplies, storage devices,
switches, pumps, fans, and network equipment.

e Many data centers are over ten years old. They typically use 2 or 3 times
the amount of power overall as used for computing, mostly for cooling

e Strategy is to invest in new energy efficient datacenters or retrofit existing
centers.

Power and workload
management

e Power and workload management software could save $25-75 per desktop
per month and more for servers.

¢ Adjusts the processor power states (P-states) to match workload
requirements. It makes full use of the processor power when needed and
conserves power when workloads are lighter.

e Some companies are shifting from desktops to laptops for their power-
management capabilities.

Thermal load
management

e Technology compaction in data centers has increased power density and
the need for efficient heat dissipation

¢ Thermal load management strategies include variable cooling delivery,
airflow management, raised-floor data center design, more efficient air
conditioning equipment, ambient air, liquid heat removal systems, heat
recovery systems, and smart thermostats.

Product design

e Microprocessor performance increased at approx. 50% CAGR from 1982
to 2002, but performance increases per watt over the same period were
modest.

e Energy use by servers continued to rise relatively proportionally with the
increase in installed base.

¢ The shift to multiple cores and the development of dynamic frequency and
voltage scaling technologies hold great promise for reducing energy use by
Servers.

¢ Energy proportional computing concept takes advantage of the observation
that servers consume relatively more energy at low levels of efficiency
than at peak levels.

Virtualization

e Data center virtualization affects four areas: server hardware and operating
systems, storage, networks, and application infrastructure.

e Virtualization enables increased server utilization by pooling applications
on fewer servers. Through virtualization, data centers can support new
applications while using less power, physical space, and labor. This
method is especially useful for extending the life of older data centers with
no space for expansion. Virtual servers use less power and have higher
levels of efficiency than standalone servers.

o Multiple operating systems can run concurrently on a host server which
can be segmented into several “virtual machines”, each with its own
operating system and application.
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e For large data centers, server usage ranges from 5-10 percent of capacity
on average. With virtualization, server workloads can be increased to 50-
85 percent where they can operate more energy efficiently. Less servers
are needed which means smaller server footprints, lower cooling costs, less
headcount, and improved manageability

Cloud computing and | e The term “cloud computing” refers to a computing model that aims to

cloud services make high-performance computing available to the masses over the
Internet

¢ Cloud computing enables developers to create, deploy, and run easily
scalable services that are high performance, reliable, and free the user from
location and infrastructure concerns.

e The “cloud” has long been a metaphor for the Internet. When combined

with “computing” the definition turns to services.
¢ As cloud computing continues to evolve it has increasingly taken on
service characteristics. These services include utility computing, software
as a service (SaaS), platform as a service (PaaS), and infrastructure as a
service (laaS)
TABLEIl. COMPUTING STRATEGIES
Source: [44-46]

LIMITATIONS AND CURRENT CHALLENGES

Organizations aiming to create greener data centers face several interconnected hurdles. First, they must
weigh the sometimes-substantial upfront costs of advanced cooling systems, specialized hardware, or
renewable energy investments against both budget constraints and the necessity of meeting performance
targets. Otherwise, insufficient resources or underpowered infrastructures could compromise service-level
agreements for demanding Al workloads [29-33]. Second, the ever-growing data volumes needed for Al
training and inference can quickly overwhelm storage systems, making data lifecycle management, de-
duplication, and efficient archiving indispensable for maintaining energy gains. In addition, operators must
navigate complex regulatory environments that differ by region—ranging from local energy policies and
carbon taxes to e-waste disposal regulations—all while contending with fluctuating electricity prices and
the unpredictable availability of renewable power. Finally, as GPUs, ASICs, and related accelerators pack
more transistors to deliver better performance-per-watt, their total power draw also increases, creating
thermal bottlenecks [42]. To address these challenges, researchers are exploring next-generation hardware
innovations such as lower-voltage chip designs, 3D-stacking, and advanced materials like graphene [43].

CONCLUSION

Green data centers represent a vital convergence of sustainability goals and the burgeoning demand for Al-
driven services. As society’s reliance on Al continues to expand, so does the imperative to balance
performance with eco-conscious infrastructure design [41]. By combining careful site selection, advanced
cooling systems, hardware optimizations, and intelligent workload management, data centers can reduce
their environmental footprints without compromising their ability to handle complex, compute-intensive
Al tasks [34-36].

Yet, achieving a truly “green” Al data center remains a multifaceted challenge. Organizations face trade-
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offs between up-front investments and long-term operational savings. They also must carefully consider
data growth, network overhead, regulatory constraints, and the evolving nature of Al hardware. Despite
these hurdles, a commitment to innovation in both technology and best practices can yield substantial
environmental benefits and cost efficiencies [45].

In this evolving landscape, collaborative efforts—among data center operators, hardware vendors, software
engineers, and policy-makers—are essential. By embracing holistic energy management strategies,
adopting purpose-built Al accelerators, and leveraging the latest in cooling and automation, next-generation
data centers have the potential to set new standards in sustainability. As the world moves toward heightened
awareness of climate change and resource management, investing in green data center infrastructure for Al
workloads is not just beneficial, but increasingly necessary for the future of responsible technology [46].
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