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Abstract

As global reliance on digital infrastructure surges, the carbon
footprint of hyperscale data centres has become a critical
environmental concern. This study explores Green Cloud
Computing, focusing on the integration of sustainable
practices and energy-efficient architectures to mitigate
environmental impact. The core of this study was the
implementation and evaluation of the Sustainable Energy-
Aware (SEA) model. This paper investigates how the cloud
computing industry can reduce its massive electricity use and
environmental impact. As the world moves more data to the
cloud, the energy needed to power and cool thousands of
servers has become a major source of pollution.

This study focuses on "Green Cloud" methods that aim to
keep the internet fast while keeping the planet healthy.

Key Words: Sustainability, Green IT, Green Cloud
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1. INTRODUCTION

Amid increased digitalization, the carbon footprint of IT
infrastructure is a significant issue [1]. The term "green cloud
computing" has recently gained popularity in the information
technology sector. It describes the environmental advantages
that may be realized via cloud-based services. Sustainable IT
is an approach to corporate information technology that aims
to minimize the environmental impact of IT operations and
their contribution to climate change [1].

Also known as green IT, sustainable IT involves finding
ways to design, manufacture, use and dispose of IT
equipment (laptop and desktop computers, servers and
associated systems) in eco-friendly ways. It also includes

understanding the impact of the complete IT operation to
identify opportunities for reducing carbon emissions and
creating energy efficiency [2].

Prior research in this areca has successfully introduced
"virtualization," which allows multiple tasks to run on a
single physical server to save power [1], [3]. However,
several unresolved issues remain. Specifically, most current
systems are not yet good at automatically shifting their heavy
workloads to times when renewable energy (like wind or
solar) is most available [4], [6]. Additionally, the physical
cooling of these massive server farms still wastes a huge
amount of water and electricity [2], [S], [7]. This research
addresses these gaps by evaluating new, sustainable practices
such as "carbon-aware" scheduling and more efficient
cooling designs [4].

2. LITERATURE REVIEW

The environmental footprint of data centers is a critical
concern, with projections suggesting they could consume up
to 13% of global electricity by 2030 (Perera et al., 2026).
Green Cloud Computing (GCC) addresses this by merging
sustainable operational practices with energy-aware
technical frameworks.

Virtualization & Consolidation: The foundation of GCC
lies in maximizing hardware utility. Katal et al. (2023) and
Khan & Khan (2025) demonstrate that intelligent Virtual
Machine (VM) consolidation—the process of migrating
workloads to fewer physical servers and powering down idle
hosts—can reduce energy consumption by approximately
18% without compromising performance.

Renewable Integration & GreenOps: Beyond simple
efficiency, recent literature emphasizes the carbon intensity
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of the power source. Masdari and Zangakani (2024) propose
"follow-the-sun" routing, where workloads are dynamically
migrated to data centers currently powered by solar or wind
energy. This aligns with the emerging "GreenOps"
framework, which integrates carbon-footprint tracking into
the cloud financial lifecycle (CloudKeeper, 2025).

3. METHODOLOGY

This research employs a quantitative, experimental approach
to evaluate the integration of sustainable practices within
cloud architectures. The primary focus is on optimizing the
trade-off between Quality of Service (QoS) and Energy
Efficiency.

The study was conducted using a simulated cloud
environment to ensure a controlled and repeatable setting.
We utilized CloudSim Plus, an extensible simulation
framework, to model a large-scale data centre.

e Simulation Duration: 24 hours of continuous workload
processing.

* Infrastructure Layout: A simulated data centre consisting
of 100 heterogeneous physical machines (PMs) with varying
power profiles, as shown in Table 1.

Table -1: Simulation Environment and Hardware
Configuration

Parameter Specification / Value

Simulation Tool CloudSim Plus
Simulation Duration 24 Hours
Number of Physical 100
Machines (PMs)
Heterogeneous (Varying
PM R Profil
esource Profiles CPU/RAM/BW)

Modified Best Fit Decreasing

[Host Selection Policy (MBFD)

'VM Placement Policy Power-Aware

Parameter Specification / Value

Power States |Active, Sleep, Off

The architecture is divided into three functional layers: the
Monitoring Layer, the Decision Layer, and the Execution
Layer.

The methodology follows a four-step procedure to minimize
the carbon footprint while maintaining performance:

1. Workload Characterization: Incoming tasks are
categorized by their computational intensity and deadline
sensitivity.

2. Host Monitoring: Real-time tracking of CPU, RAM, and
bandwidth usage across all PMs.

3. Dynamic VM Consolidation: We implemented a
Modified Best Fit Decreasing (MBFD) algorithm. This
algorithm identifies under-utilized hosts and migrates their
Virtual Machines (VMs) to other active hosts.

4. Energy-Aware Shutdown: Once a host is emptied of all
tasks, it is transitioned into a "Sleep" or "Off" state to
eliminate idle power consumption.

To validate the effectiveness of the proposed integration,
three key performance indicators (KPIs) were measured, as
shown in Table 2:

* Total Energy Consumption (kWh): The aggregate power
used by all hosts over the simulation period.

* SLA Violations (SLAV): The percentage of time where the
requested resources were not met due to migration overhead.

* Performance Degradation due to Migrations (PDM):
The impact on user experience during the movement of VMs
between hosts.

Table -2: Key Performance Indicators (KPI) Matrix

Metric |[Unit |[Description Goal
Aggregate
Total d b S
ota kWh power use . Y Minimize
Energy hosts during
simulation.
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Metric Unit |[Description Goal
Frequency  of
t
SLAV % nme resoqce Minimize
requests during
migrations.
Impact on
f D
PDM % gle;iggnanceVM Minimize
movement.
4. RESULTS

The following data represents the outcomes of the 24-hour
simulation using the PlanetLab workload traces. The
analysis focuses on the trade-off between power reduction
and the maintenance of service quality.

Data Analysis Procedure

Data was extracted from the CloudSim Plus output files and
processed using Python’s Pandas and Matplotlib libraries.
We performed a paired t-test to determine if the reduction in
energy consumption between the Static Threshold approach
and our SEA approach was statistically significant.

Energy Consumption Analysis

The primary objective was the reduction of total energy
consumption. Our findings indicate that the SEA approach
successfully consolidated workloads, allowing a higher
number of physical hosts to enter a low-power sleep state.

The results show that the SEA approach outperformed the ST
policy by approximately 13.2%, primarily due to the
dynamic adjustment of consolidation thresholds based on
real-time workload volatility.

Service Level Agreement (SLA) Violations

While energy saving is critical, it must not come at the cost
of performance. We measured SLA violations caused by host
over-utilization and VM migration delays.

* NPA Policy: Recorded 0% SLA violations as hosts were
never consolidated, maintaining maximum resource
overhead.

* SEA Policy: Recorded an SLA violation rate of 0.008%.

« Statistical Significance: The t-test yielded a p-value of
0.034, suggesting that while violations increased slightly
compared to NPA, the energy savings were achieved without
a statistically detrimental impact on the Quality of Service

(QoS).

VM Migration and Resource Efficiency

The SEA algorithm initiated 1,240 migrations over the 24-
hour period. Despite the high frequency of movement, the
average Performance Degradation due to Migrations (PDM)
remained below the 1% threshold. The integration of energy-
aware solutions resulted in a nearly linear correlation
between CPU utilization and power efficiency. As the system
reached a "steady state" of 70% cluster utilization, power
leakage from idle servers was reduced by 62%.

5. CONCLUSION

This research addressed the critical challenge of balancing
computational performance with environmental
sustainability in cloud environments. By integrating energy-
aware solutions with dynamic resource management, we
investigated a pathway toward Green Cloud Computing that
significantly reduces the carbon footprint of digital
infrastructure.

The core of this study was the implementation and evaluation
of the Sustainable Energy-Aware (SEA) model. Our findings
confirm that:

* Energy Efficiency: Through the use of dynamic VM
consolidation and an energy-aware shutdown policy, energy
consumption was reduced by 46.7% compared to standard
non-power-aware architectures.

*Performance Stability: The methodology successfully
mitigated the risks associated with server consolidation,
maintaining an SLA violation rate of less than 0.01%.

* Scalability: The results derived from the PlanetLab traces
suggest that these algorithms are robust enough to handle the
heterogeneous workloads typical of modern, large-scale data
centres.

Future Scope

While this study provides a robust foundation for energy-
aware cloud management, the rapidly evolving nature of
green technology leaves several avenues unexplored. This
section outlines the planned extensions of this work and
identifies the technical hurdles that future researchers must
navigate. The current research focused primarily on energy
reduction (using less power). However, a truly "Green" cloud
must also consider energy sourcing. Future studies should
integrate logic that prioritizes data centres powered by on-
site solar, wind, or geothermal energy. Our study utilized a
reactive approach—moving VMs once a threshold was
crossed. Future iterations could employ Long Short-Term
Memory (LSTM) networks or Reinforcement Learning to
predict workload spikes before they occur. This would
proactively move VMs, potentially bringing the SLA
violation rate even closer to zero.
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