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Abstract: The untamed growth of cloud services generated substantial data center demands
that caused major concerns about electricity consumption leading to greenhouse gas emissions.
An evaluation takes place to identify various software solutions combined with operational
methods that allow large-scale cloud facilities to achieve carbon neutrality objectives. The
research investigates the effectiveness of power distribution units equipped with advanced
liquid cooling systems integrated with modular rectifier-to-inverter configurations for
obtaining zero-level PUE metrics. Systems optimizing resource management through DVFS
as well as heterogeneous CPU-GPU scheduling and containerized microservices orchestration
achieve maximum efficient computation energy usage. Portable Photovoltaic storage and wind
power forecasting systems need to operate with intelligent demand-management protocols that
shift time-sensitive operations when renewable resource production exceeds facility
requirements. The article employs blockchain-verified renewable-energy credit approaches to
function as carbon-offset methods while providing independent assessment about direct air
capture at installation sites. The last portion shows automated virtual machine relocation
systems which track carbon intensities by following changes in regional power emission rate
levels. The prototype analysis proves that at least 45% of carbon emissions from cloud
infrastructure deployment can decrease while maintaining existing Service Level Agreements
for sustainable cloud infrastructure construction.
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1. Introduction

The rapid developments in cloud computing technology have transformed infrastructure by
giving all users easy access to computational services and resources. Data center expansions
due to the growth of these services produce substantial environmental challenges. Data centers
supporting cloud infrastructure constitute the essential foundation because they use 1-2% of
worldwide electricity that produces substantial atmospheric pollutants. As the need for
continuous computing power and storage escalates alongside power demands the situation
becomes more urgent which requires sustainable cloud practices immediately [1-3].

The growing digital economy requires green cloud computing to resolve conflicts between
technology expansion and worldwide climate targets. Creating sustainable cloud-based
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infrastructure requires developing eco-friendly and power-efficient design together with
responsible operation. Data centers reach carbon neutrality through multiple strategies which
unite enhancements in software with hardware developments and operational changes.

This research document examines progressive methods to build data centers with zero carbon
emissions. The approach includes using smart power management software combined with
renewable energy distribution and efficient resource planning together with blockchain-
verified methods for carbon offset verification. The research evaluates direct air capture (DAC)
technology solutions alongside dynamic workload migration methods that help decrease the
environmental footprint of cloud operation systems [4-6].

The recent data from the International Energy Agency (IEA) shows that global data center
electricity use was about 460 terawatt-hours (TWh) in 2023, making up around 2% of
worldwide electricity demand. The projected increase in data center energy consumption is 15—
20% annually as workloads for Al and digital services continue to grow. In addition, Uptime
Institute's report for 2024 shows that over 75% of data centers are pursuing energy efficiency
projects, including liquid cooling systems, Al energy optimization solutions, and renewable
energy contracts. Companies like Amazon, Google, and Microsoft have committed to using
100% renewable energy for their cloud services by 2025. However, even with numerous energy
efficiency and carbon reduction initiatives by data centers, the challenge remains of making a
true carbon neutral claim, since the indirect (Scope 3) emissions from data center supply chains
often amount to a bigger environmental burden. The new data provides even greater impetus
for developing an innovative, systematic approach that growth in computation occurs with
respect to environmental sustainability.

Power Usage Effectiveness (PUE = Total Facility Power / IT Equipment Power) and Carbon
Usage Effectiveness (CUE = Total CO: Emissions / IT Equipment Energy) are key metrics for
data center sustainability. PUE gauges energy efficiency, while CUE measures carbon impact,
both essential for evaluating and improving green cloud infrastructure performance.

The main target of this investigation aims to determine if implementing architectural alongside
operational combined with algorithmic methods effectively reaches minimal Power Usage
Effectiveness (PUE) metrics and decreases total carbon emissions by 45% without aftecting
current performance specifications.

2. Background

Businesses benefit from cloud computing by obtaining scalable IT resources through demand-
based methods although the environmental impact of data center energy consumption remains
a challenge. Data centers depend traditionally on electricity derived from fossil fuels to operate
high-density servers and cooling units and uninterrupted power supply units leading to major
greenhouse gas emissions. The quickening pace of worldwide digitalization makes it essential
to find ways to remove the connection between cloud expansion and environmental destruction
[7-9].

Data center operators widely use Power Usage Effectiveness (PUE) as a measurement for
assessing energy efficiency because optimal results should align with 1.0 values. Many
facilities operate with average PUE greater than 1.5 which indicates they experience power
delivery and thermal management problems. Green cloud computing makes progress by
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improving hardware capabilities while distributing renewable resources correctly and
promoting sustainable power usage toward zero-emissions.

The latest technological innovations including dynamic voltage and frequency scaling and
container-based microservices and smart workload scheduling systems help decrease energy
consumption. Solar along with wind power technology connects to battery storage systems
which provide climate-friendly electricity distribution options. Carbon offset mechanisms like
renewable energy credits and direct air capture enable the possible and effective approach to
sustainable digital transformation through green cloud computing by neutralizing unavoidable
emissions [10-12].

Power Usage Effectiveness (PUE = Total Facility Power / IT Equipment Power) and Carbon
Usage Effectiveness (CUE = Total CO. Emissions / IT Equipment Energy) are vital
sustainability metrics. Industry leaders like Amazon, Microsoft, and Google target PUEs near
1.1 and aim for net-zero carbon emissions across their data centers by 2030.

3. Methodology

The research combines simulation modeling with prototype implementation and performance
evaluation as a mixed-method to examine strategies for acquiring carbon-neutral cloud
infrastructure.

System Architecture Design

A conceptual architecture was designed to include energy-efficient components like modular
rectifier-inverter units and liquid cooling systems and renewable energy components such as
portable photovoltaic panels and wind turbines with forecasting modules as well as intelligent
resource management software. Solar Power Lab validates renewable energy credits through
automated tracking which uses carbon offset information supplied by blockchain technology
[13-15] (Figure 1).
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Figure 1: Conceptual Block-Diagram of System Architecture Simulation Tools and
Environment
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The platform integrated Cloud Sim and Green Cloud to track virtualized workload patterns
under different configuration scenarios. Simulations were conducted using nodes configured
with heterogeneous specs—CPU nodes (Intel Xeon E5-2680 v4, 2.4 GHz, 14 cores) and GPU
nodes (NVIDIA Tesla V100, 16 GB HBM2)—each operating under distinct power states. The
energy model assumed dynamic voltage and frequency scaling (DVFS) with active/idle power
profiles derived from SPEC power benchmarks. Region-based carbon intensity data was
sourced from real-time grid emissions datasets such as the Electricity Maps API and U.S. EPA
eGRID to simulate geo-aware workload distribution. Multiple scheduling test methods, cooling
algorithms, and voltage-frequency scaling operations were evaluated to assess energy
efficiency and carbon impact within the simulation framework established by researchers.

Workload Management Strategies

A dynamic scheduling algorithm was developed by engineers to optimize the allocation process
between CPU-GPU nodes and containerized microservices. Power grids transmitted real-time
carbon intensity data to workloads so they could perform migration technique assessments [16-
18].

Renewable Integration and Carbon Offsets

The test modules exhibited the interactions between solar and wind power systems with smart
programs that controlled consumer demand. The implementation of blockchain-based solution
sets enabled renewable energy validation integration with carbon credit management systems.
Scientists examined if Direct Air Carbon Capture systems installed at site locations could
become operational.

Evaluation Metrics

The assessment included Power Usage Effectiveness (PUE) with Carbon Usage Effectiveness
(CUE) metrics and their individual measurement alongside energy cost and workload latency
and SLA compliance metrics. The research included footprint assessment between base system
design and system optimization for carbon emission measurement.

4. Proposed Strategies and Technologies

This research outlines an extended solution set which includes strategies and technologies
arranged in four sections about energy efficiency alongside renewable integration and
intelligent scheduling and carbon offsetting mechanisms for providing carbon-neutral cloud
data centers operations.

Advanced Power and Cooling Infrastructure

Modern Power Distribution Units (PDUs) connect modular rectifier-to-inverter systems to
optimize power conversion performance while lowering heat dissipation. The installation of
liquid cooling technology makes HVAC units less energy-inefficient thus resulting in lower
overall PUE values.

Resource Optimization and Microservices

Dynamic Voltage Frequency Scaling (DVFS) features on hardware adjust device power usage
to match workload requirements as processes execute in real-time. The combination of
different CPU-GPU task schedulers helps enhance high-performance operations to reach
energy optimization goals. The Kubernetes management in containerized environments
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delivers extensive service control functionality that boosts performance outcomes together with
workload management features.

Renewable Energy and Demand Management

Predictive analysis from Al-driven solar PV arrays and wind turbines with mobile
characteristics enables the system to receive clean power using their forecasted output. The
implementation of demand-shifting protocols allows time-flexible tasks to advance into
execution queues when renewable energy systems reach their peak production periods.

Carbon Offsets and Blockchain Verification

Operating emissions receive blockchain-based Renewable Energy Credit and carbon offset
registry authentication for their management. The method creates an authentication system to
verify statements about carbon neutrality. Direct Air Capture (DAC) receives attention in the
study because it serves as an additional mitigation strategy for on-site needs.

Carbon-Aware Virtual Machine Migration

The system employs carbon-aware VM migration framework that dynamically relocates the
workloads from the virtual machines based on real-time regional power grid emissions. Data
can be imported from APIs, such as Electricity Maps or Watt-Time, and thus analyze carbon
emissions in many geographic areas. As soon as greener energy areas are identified in the power
grid emissions, the cloud system can live-migrate to the green area using VMware vMotion,
Kubernetes cluster federation or similar tools without service disruption. The framework relies
on workload sensitivity analysis and the metrics of energy cost, acceptable latency for the
workload complies with SLA compliance, to provide the optimum relocation decision. This
system alleviates indirect emissions, maintains operational effectiveness, and supports the
sustainability objectives of the organization's Cloud Infrastructure.

Real World Examples

To achieve carbon-neutral cloud operations, this research integrates advanced technologies and
real-world strategies including modular PDUs, liquid cooling, and DVFS-enabled hardware to
reduce energy waste and achieve PUE values as low as 1.1, similar to Microsoft’s Project
Natick. Kubernetes-based microservice orchestration enhances workload efficiency, while
predictive Al optimizes renewable use from solar and wind systems, which can supply up to
60% of a data center's power during peak output. Google’s carbon-intelligent computing shifts
workloads based on real-time grid data, reducing emissions by up to 30%. Blockchain-secured
carbon credit systems and Clime works’ DAC, which captures 4,000 tons of CO: annually,
enable verified carbon neutrality. Comparison of Proposed Strategies with Traditional Methods
is given in Table 1.

Table 1: Comparison of Proposed Strategies with Traditional Methods
Proposed

Category Strategy/Technology Traditional Method Key Benefits
Modqlar_ PDUs, Centralized PDUs, Reduces heat loss and

Power rectifier-inverter . . ) .

Infrastructure optimization liquid basic air-cooling Improves Power Usage
cooling ’ HVAC systems Effectiveness (PUE)
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DVFS-enabled

. Static resource . .
hardware, container- . Dynamic optimization,
Resource . . allocation,
. based microservice o better energy-to-
Scheduling . .. monolithic ;
orchestration with performance ratio
workloads
Kubernetes
Al-forecasted Grid-onl
solar/wind deployment, Y Up to 60% renewable
Renewable . dependency  (often ) X
; mobile PV  systems, . energy use, aligns with
Integration o fossil-fuel . 9 .
demand-shifting . emission reduction
. dominated)
algorithms
Carbon Blockchain-based REC
. and carbon  offset Manual or unverified Transparent, verifiable
Offsetting & . . . .
o tracking, on-site DAC offset claims carbon neutrality
Verification )
(e.g., Clime works)
Carbon-aware VM . .
migration using real- Locatlon-stat|c_ -
Workload . e workloads  without Reduces indirect
. . time emission  APIs . .
Migration - regard to  grid emissions by up to 30%
(e.g., Electricity Maps, emissions
Watt Time)
Liquid cooling,
Cooling immersion cooling (as Traditional HVAC Up to 40% cooling
Efficiency in Microsoft’s Project and chiller systems  energy savings
Natick)
Direct Air  Capture . .
Carbon (DAC) systems No active removal of A(_j<_j|t|o_nal emissions
) . mitigation beyond
Capture integrated with  CO: .
: operational changes
operational flows
Real-time  monitoring Static ener Enables proactive
Operational and ML-based . 9y energy and
LA . reporting and A
Visibility energy/emission . sustainability
. delayed analysis
forecasting management

5. Evaluation and Results

To assess the effectiveness of the proposed green cloud computing strategies, we conducted
simulations and analyzed real-world case studies. The evaluation focused on key performance
indicators: Power Usage Effectiveness (PUE), Carbon Usage Effectiveness (CUE), energy
costs, workload latency, and Service Level Agreement (SLA) compliance.

Power Usage Effectiveness (PUE) and Carbon Usage Effectiveness (CUE)

Implementing advanced cooling systems and energy-efficient hardware significantly improved
PUE and CUE metrics. A comparison of Carbon Usage Effectiveness (CUE) and Power Usage
Effectiveness (PUE) for different data center architectures is shown in Table 2. With a PUE of
1.91 and a CUE of 0.98, the basic typical data center exhibits the most inefficiencies. Google's
state-of-the-art facilities, on the other hand, achieve industry-leading efficiency with PUE at
1.10 and CUE at 0.45. There is a moderate improvement in Delta's Infra Suite. With a PUE of
1.12 and CUE of 0.50, the suggested green cloud architecture dramatically lowers energy
waste. Figure 2 graphically demonstrates these advances, demonstrating the possibilities of
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integrating intelligent cooling, renewable energy, and improved scheduling for sustainable
operations.

Table 2: PUE and CUE Improvements

Configuration PUE CUE
Traditional Data Center (Baseline) 1.91 0.98
Google Data Centers 1.10 0.45
Delta's InfraSuite Implementation 1.44 0.65
Proposed Green Cloud Architecture 1.12 0.50

PUE and CUE Comparison Across Configurations
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Figure 2: Graphical Representation of PUE and CUE Improvements

Energy Cost Savings

Adopting green cloud strategies led to substantial energy cost reductions. The annual energy
usage and associated expenses under three configurations are shown in Table 3. The Pre-
Virtualization system costs 32,715,600 and uses 876,000 kWh a year. Energy consumption
decreases to 459,900 kWh with post-virtualization, resulting in 21,425,690 in savings. With
the help of resource management optimization and energy-efficient hardware, the proposed
architecture further lowers consumption to 420,000 kWh at a cost of just 21,260,000. Figure 3
in the research data demonstrates how technological progress leads to lower energy prices. The
integration of sustainability features in data centers grants equal value to eco-cloud services
which lead to substantial financial economies.

Table 3: Annual Energy Cost Comparison
Configuration Annual Energy Consumption (kWh) Annual Cost (INR)

Pre-Virtualization 876,000 2,715,600
Post-Virtualization 459,900 1,425,690
Proposed Architecture 420,000 1,260,000
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Figure 3: Graphical Representation of Annual Energy Cost Comparison

Workload Latency and SLA Compliance

Dynamic schedule algorithms and resource optimization methods preserved workload delays
that verified existing SLA requirements. A table presentation in Table 4 shows the results of
latency tests and SLA compliance measurements that compare the two different green cloud
architectures. The conventional delivery method resulted in a typical 120 millisecond delay
time during operations with a 95% SLA satisfaction level. This new design method handles
99% SLA requirements and provides microservice infrastructure services at 105 milliseconds
because microservice containerization techniques and dynamic scheduling processes operate
together. Figure 4 displays the growth of green cloud performance indicators which arise from
their reduced ecological impact. Testing has validated intelligent workload management
systems that secure high availability and responsiveness functionalities in sustainable cloud
systems.

Latency and SLA Metrics
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Figure 4: Graphical Representation of Latency and SLA Metrics

8 Scholarly Publication



Radius: Journal of Science and Technology 2(1) (2025) 251008 Swati and Sharma

Table 4: Latency and SLA Metrics

Configuration Average Latency (ms) SLA Compliance (%)
Traditional Architecture 120 95
Proposed Architecture 105 99

Carbon Emission Reduction

Renewable energy systems combined with carbon offset projects created meaningful decreases
of carbon emissions. A yearly comparison of CO2 emissions between suggested cloud data
centers and conventional data centers exists in Table 5. Until 2020 the green design proposal
expects to cut emissions to 275 tons or 45% of the traditional 500 tons yearly emissions at the
data center. This noteworthy enhancement demonstrates how well green strategies work to
reduce environmental impact without sacrificing operational efficiency. A visual comparison
of these numbers is shown in Figure 5, which highlights the obvious environmental benefit of
implementing sustainable cloud infrastructure methods in contemporary data centers.

Table 5: Carbon Emission Reduction

Configuration Annual CO: Emissions (tons)  Reduction (%)
Traditional Architecture 500 -
Proposed Architecture 275 45

Carbon Emission Reduction
500
500

400

300

200

Annual CO:z: Emissions (tons)

100

Traditional Architecture Proposed Architecture

Figure S: Graphical Representation of Carbon Emission Reduction

6. Discussion

The study demonstrates how technology innovations when combined with smart resources
management and renewable power generation can dramatically decrease environmental
impacts of cloud data center operations. The effectiveness of data center energy efficiency
depends on low PUE achievement through advanced modular power systems with advanced
cooling capabilities. A carbon-aware scheduling method coupled with VM relocation system
uses real-time emissions data to adapt dynamically without affecting the performance level. Al
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forecasting of renewable power sources enables optimal usage of green energy at the same time
blockchain-verified emission reductions bring convenience through transparent accountability
of environmental statements. The strategies demonstrated their effectiveness through real-
world data center installations in Google and Huawei technology platforms. The widespread
adoption of renewable energy faces barriers due to expense requirements of implementation
and uneven geographic access to renewables alongside blockchain carbon credit
standardization obstacles. Universal adoption of carbon-neutral cloud computing on the global
level requires a comprehensive approach which includes innovative practices together with
policy backing and efficient management.

In the context of integrating off-grid renewable energy into cloud data centers, energy storage
systems are important for ensuring sustained energy availability during periods of low solar or
wind generation. While this research acknowledges emerging battery technologies such as
lithium-ion (Li-ion), and flow batteries are being increasingly adopted, it is assumed that Li-
ion are currently the most frequently considered storage technology due to their high energy
density and fast response times, which are important functionalities for short-range backup and
peak shaving applications. Flow batteries are capable of providing longer duration discharges
and can be larger in scale, making them useful for larger off-grid or hybrid on-site renewable
energy systems. Overall, integrating these off-grid energy storage systems can contribute to
stable operations, increase utilization of renewable energy, and minimize reliance on fossil-
based grid power. Nevertheless, cost, space, and lifecycle limitations need to be taken into
consideration before there is a broader adoption of these types of storage solutions in data
center applications.

7. Conclusion and Future Work

Scientists have established an entire integrated approach to achieve carbon-neutrality in cloud
data centers by combining existing hardware systems with intelligent workload management
techniques and renewable electricity supply infrastructure and carbon reduction methods.
Better power efficiency results from Power Usage Effectiveness through liquid cooling systems
which unite modular rectifier-inverter designs with processors that implement DVFS
technology. The combination of heterogeneous task scheduling methodology with
microservices deployed in containers creates the most efficient operational system design for
computation. The combination of Al-driven demand forecasting alongside adjustable workload
systems extends the capacity of renewable power integration by improving resource
distribution over periods with available clean energy. The integration of blockchain technology
for carbon offset verification allows users to see complete data about Renewable Energy
Credits (RECs) and direct air capture standards during sustainability claim validation
processes.

The assessment shows that these techniques reduce maintenance carbon emissions via Service
Level Agreements (SLAs) by at least 45 percent. The implementation of these approaches faces
infrastructure costs as well as unstandardized regulations and technology readiness
specifications.

Policy issues have a significant effect on sustainable cloud operations. Carbon aware workload
migration must comply with GDPR, especially when crossing international borders—
potentially outside of the EU—that could violate data sovereignty requirements. Migration
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systems must create region-based restrictions to prevent violations. A standardized carbon
reporting system is also required; existing emissions transparency frameworks such as GHG
Protocol, SBTi, and ISO 14064 exist, but the prevalence of inconsistent blockchain-based
carbon credits and reporting practices creates difficulties, necessitating a set of international
regulatory requirements to ensure accountability in claims of sustainable cloud operation to
prevent 'greenwashing'.

This study aims at developing standardized monitoring methodologies for carbon emissions
irrespective of their cloud vendor selection. Better forecasting of carbon intensity needs more
research as it helps in the successful deployment of decentralized energy storage systems.
Established domains that form standardized sustainability standards and carbon emissions
reporting systems are important drivers of green cloud computing. Organizations benefit from
advances in technology that create sustainable opportunities to maintain their speed of growth
of digital infrastructures while aligning with world-wide environmental standards.
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